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A B S T R A C T

A Portland cement (CEM I) paste was poured onto an argillite disk in diffusion cells with reservoirs filled by
alkaline water and argillite pore water. The system evolution was followed over the course of 415 days. The
imposed temperature of 70 °C affected the mineralogy (precipitation of crystallized C-S-H) and mechanical
strength of the interface that became brittle over time. The interface consisted of a calcite/tobermorite/C-A-S-H
layer, whose thickness increased at a growth rate of 0.3 μm/d. Contrary to calcite crusts that formed in im-
mersion tests or when hardened cement was placed in contact with argillite, this layer had no significant effect
on the diffusion properties during the one-year duration of the experiment due to its microporous structure and
rather small thickness (100 μm). The argillite mineralogy was altered over 100 μm. In the cement paste, the total
porosity decreased because carbonation was enhanced with temperature, which counterbalanced the effect of
decalcification over 400 μm.

1. Introduction

Over the last decades, interest has grown regarding the geochemical
behaviour of cementitious materials in a clayey environment. Due to
the favourable radionuclide containment properties of argillaceous
rocks, disposal facilities for radioactive waste in natural clayey en-
vironments are considered to be a highly valuable option in several
countries, such as in Belgium, France and Switzerland. On the other
hand, cementitious materials are interesting for ensuring the mechan-
ical stability of galleries and future radioactive waste cells. The contact
created between the clayey rock and the concrete is known to inevitably
lead to an alkaline plume spreading from the concrete towards the host
rock, while a multi-ionic attack occurs from the clayey pore water
against the cementitious material side. These chemical perturbations
strongly impact the microstructure and diffusion properties.
Consequently, their global abilities of containment, especially at their
interfaces, could be altered. Additionally, heat is another parameter to

consider. Indeed, in the French disposal concept, the radioactive wastes
that emit heat are expected to cause a transient increase in the tem-
perature of up to 70 °C within the concrete plugs located in the high-
level waste cells. The same phenomenon would occur to a lesser degree
in the intermediate long-lived waste cells. The temperature effect on
interfaces between waste disposal components is, therefore, a key
parameter to study while assessing the performance of radioactive
waste disposals.

In the literature, studies have focused mainly on the physicochem-
ical evolution of clay under alkaline conditions, and not on the physical
interfaces between two materials. Only a few studies have discussed
interactions at the interface between cement binders and claystone.
Such interfaces were created at ambient temperature by pouring ce-
ment mixes into boreholes [1–5] or by putting disks of material into
contact in transport cells [6,7]. Even fewer laboratory studies have
focused on the impact of such a temperature on interfaces between
cement-based materials and clays (e.g., [7–8]). Mineralogical changes
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in the materials, i.e., precipitation and dissolution of solid phases,
would have consequences on the microstructure and volume of the
pores. The evolution of microstructure and spatial distribution of por-
osity during degradation are both important factors that must be un-
derstood to accurately model the mass transfer diffusion within ce-
mentitious porous media or at material interfaces (e.g., [9]), and
subsequently, to extend the modelling evolution of engineered barriers
to the long-term [10,11].

Although the understanding of the microstructural evolution at in-
terfaces is crucial, the literature is less extended on these questions
because the study of microstructural evolution is rather tricky and re-
quires specific analytical tools. This paper aims to fill the knowledge
gap regarding the evolution of geochemical, microstructural and dif-
fusional properties of clay/cementitious binder interfaces under full
water saturation and a representative temperature of 70 °C. Cell ex-
periments were performed using a Portland Cement (OPC) binder and
the Toarcian argillite extract out of the underground research labora-
tory (URL) in Tournemire (France). The cell experiments were per-
formed under well-controlled conditions and were launched in com-
plement to an in situ experiment setup in the Tournemire URL. The
same time of interaction was chosen for both set-ups [12].

The cement paste was poured onto the argillite disk and was placed
in the middle of the cell. Reservoirs were filled with alkaline water and
argillite pore water, respectively, on both the cement binder side and
argillite side. The purpose of these reservoirs is to simulate the chemical
effect of a thicker material and to facilitate indirect access to the evo-
lution of the pore water composition of each material. Three cells
running in parallel were successively dismantled over the course of one
year to determine the mineralogical and microstructural evolution. The
microstructure was investigated by X-ray micro-tomography and C14-
PMMA autoradiography. The first technique provides information on
the spatial distribution and value of the macro (capillary) porosity,
whereas the latter enables access to the total connected porosity.

2. Materials and methods

2.1. Materials

2.1.1. Clayey rock
Samples of argillite (claystone) were collected out of the IRSN un-

derground research laboratory (URL) of Tournemire (Aveyron, France).
Tournemire URL is located in a tunnel that crosses a 250m thick for-
mation of Toarcian and Domerian ages [13]. Core samples 52mm of
diameter were extracted from the Upper Toarcian level and were cut
into 1 cm-thick disks. The disk section was almost parallel to the stra-
tigraphy. The Upper Toarcian argillite is mainly composed of clay mi-
nerals including illite, an illite/smectite mixed layer, kaolinite and
chlorite. Minor minerals include quartz, carbonates, such as calcite and
dolomite, feldspar and pyrite [14]. Approximately 1 wt% of organic
matter was measured [15]. Argillite pore water is fossilised seawater
containing mainly NaCl and sulfates with a pH of approximately 7.8
[13,14]. Main features are summarized in Table 1.

Porosity varies between 7 and 15% [14,16]. The hydraulic con-
ductivity of the argillite is very low (10−13 m/s) [13]. The effective
diffusion coefficient perpendicular to stratigraphy (De) is
7.7× 10−12 m2/s at 20 °C [17].

2.1.2. OPC paste
The selected cement binder was sulfate resisting Portland cement

from Val d'Azergues (CEM I 52.5 N), provided by Lafarge. Hydration
was performed with a water/cement mass ratio of 0.42. Cement paste
characterization by XRD confirmed the presence of portlandite, C-S-H,
Si-katoite (Ca3Al2SiO4(OH)8), ettringite, traces of calcite and anhydrous
species. More details on the characterization are given in Lalan et al.
[12]. The connected total porosity measured by the water method was
approximately 35% (± 1%) and was approximately 30% (± 3%)
measured by the polymethyl methacrylate (PMMA) method. The hy-
draulic conductivity was not measured, but this parameter is known to
be low for hydrated cement pastes with a W/C of 0.4. The effective
diffusion was approximately 6×10−12 m2/s at 20 °C. Within the cells,
since both materials have low permeability, the mass transport was
only driven by diffusion when fully hydrated and because the cells were
not submitted to any pressure gradients.

2.1.3. Synthetic pore waters
Four solutions were prepared in the laboratory from salts dissolved

in deionised water. The composition of these solutions was chosen to be
close to the equilibrium between the material and its pore water at
70 °C. The composition of the argillite synthetic pore water was adapted
from Chautard et al. [15,18], where equilibrium was calculated at
60 °C. The composition of the cement paste synthetic pore water was
calculated at equilibrium with portlandite, and alkalines were added to
reach the concentration measured in a young OPC paste. A second step
was necessary to finish preparing the argillite synthetic water in order
to obtain the CO2 partial pressure and pH measured in the rock. For this
purpose, a gas composed of 1% CO2 and 99% N2 was introduced to the
solution until it reached equilibrium. The compositions of these solu-
tions are listed in Table 2.

2.2. Experimental setup and protocol

After being cut, the argillite disks were resaturated by a vapour
phase by storing them in an airtight container at 100% relative hu-
midity. To set up the diffusion cell, the first step was to place the ma-
terials in the sample holder while ensuring water tightness around the
material. To achieve this, a thin rubber seal was placed on the porous
plate located at the bottom of the sample holder. The circumference of
an argillite disk was beforehand coated with mastic (Resoltech 3030)
and then embedded in a thick rubber seal (1 cm thick, 52mm inner
diameter). The circumference of the latter was also coated with mastic,
and finally, the entire assemblage was placed into the sample holder. A
second thick rubber seal was stuck on the top of the first. After mastic
hardening (24 h later), cement paste was poured onto the argillite disk
in the central space of the second thick rubber seal to shape (once
hardened) a 52mm diameter and 1 cm thick cement paste disk. After
24 h, the diffusion cell parts were screwed together and the reservoirs
were filled with water corresponding to the material in contact. Three
diffusion cells were simultaneously prepared using the same cement
mix and were then stored in a climatic chamber at 70 °C and 80% of
relative humidity. Fig. 1 shows the geometry of the diffusion cells.

Solutions were sampled every 3 days for the first two weeks, then
once per week for the following 20weeks, and finally once every two
weeks. Volumes of 2mL were sampled from the alkaline reservoir, and
volumes of 4mL were sampled from the argillite synthetic water re-
servoir. After each sampling, each reservoir was refilled with the cor-
responding initial solution at 70 °C. The experiments were terminated
after 76, 202 and 415 days by dismantling the diffusion cells.

Table 1
Mineralogical composition of Tournemire argillite at the underground laboratory depth.

Minerals Illite I/S Kaolinite Chlorite Quartz Carbonates Feldspar Pyrite

wt% 15–30 15–35 10–20 ≈5 10–20 10–15 ≈5 ≈3
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2.3. Analytical methods

2.3.1. Scanning electron microscopy (SEM-EDS)
Samples were freeze-dried for a week and embedded in epoxy resin.

Polished thin-sections centred on the interface were then prepared and
coated by carbon. During sample preparation, specific attention was
paid to ensure contact between the two faces of the interface.
Secondary Electron (SE) observations were performed by Scanning
Electron Microscopy (SEM, Hitachi S3500N - IRSN, Fontenay-aux-
Roses, France) for mineral morphological information. Chemical char-
acterizations were performed with an energy-dispersive spectrometry
(EDS) system that was adapted onto the SEM and was composed of two
EDS - Brücker SDD detectors working under a voltage of 15 keV at a
working distance of 16mm. The spot size of the EDS measurement was
approximately 1 μm and the SEM-Beam interaction pear was approxi-
mately 3 μm in depth.

2.3.2. X-ray diffraction (XRD)
XRD analyses were performed shortly after dismantling the cells and

directly on the solid, without drying or embedding the samples into
resin [19,20]. Between each measurement, the sample surface was
abraded with 350-grain abrasive paper (silicon carbide) and the new
surface was analysed. A thickness comparator was used to check the
depth of abrasion. The objective was to follow the mineralogical evo-
lution with distance from the interface. Mineralogical data were col-
lected using a PANalytical X'Pert diffractometer with an X'Celerator
detector (IMPMC, Paris VI University, France) relying on CuKα radia-
tion (λ=1.5405 Å). The working voltage and intensity were equal to
40 kV and 40mA, respectively. The clay section was scanned between 4
and 65° and the cement section between 5 and 60° with a step size of
0.02°, and a time per step of 0.50 s. Phase characterization was per-
formed using EVA software and the PDF database of the International
Centre for Diffraction Data (ICDD). Intensities of the characteristic
peaks of each phase were directly measured on the solid. Mineralogical
profiles were qualitatively built from the intensity values with respect
to a control mineral (e.g., C4AF).

2.3.3. X-ray micro-tomography
Analyses were performed on a non-embedded sample with an

approximate size of 1.5× 1.5×10 mm using a computed tomography
scanner Phoenix Nanotom S (GeoRessources, Université de Lorraine,
France). Scans were performed at 90 keV and 125mA with a voxel size
of 0.8 μm in order to optimize contrast between the different mineral
phases and the porosity. Once the sample reconstitution had been
performed, a porosity profile was obtained using the Avizo 9 software.

2.3.4. C-14 impregnation technique
C-14 PMMA autoradiography is based on measuring the radiation

from radioactive elements trapped within the sample. In the chosen
configuration, the beta radiation emitted from the C-14 is measured. To
produce high-resolution images, the maximal beta energy of this
emitter (156 keV) is suitable. The C-14-labelled compound, methyl
methacrylate (MMA), can intrude into nanometre-scale pores [21,22],
which makes it suitable for analysing nanoporous materials such as
clays. The sample is put against an imaging plate and the radiation
interacts with the latter. The imaging plate contains BaFBr:Eu photo-
stimulable crystals that undergo an oxidation reaction of Eu(II) to Eu
(III) when exposed to beta radiation. This reaction also liberates elec-
trons that are trapped in the bromine vacancies of the crystal lattice.
The more the plate receives beta energy, the more electrons are trapped
by the bromine vacancies. Once the imaging plate had been scanned,
the input is the intensity value of each pixel. The intensity is usually
expressed in grey levels (256 levels for 8 bit systems). The local con-
centration of trapped electrons in the plate is proportional to the grey
value intensity. These intensities are converted into corresponding op-
tical densities using Lambert's Law [23–26].

The uncertainties in C-14-PMMA autoradiography arise from errors
in physical parameters, calibration parameters and optical density
measurements. Mathematical treatment of the error has been presented
by Sammartino et al. [27]. Error increases when the measured activities
diverge from the linear range of the calibration curve [24]. In this work,
the relative error was found to be mostly within 10%, except for very
high and very low activity values. Low activity values are more difficult
to distinguish from the background, and high activity values suffer
saturation. The exposure time of the autoradiograph must, therefore, be
chosen carefully. High exposure times usually increase visual contrast,
but a larger amount of the autoradiograph shifts to the saturation range,
which gives lower porosity values than actually exist. The conclusions
from the empirical work and literature are twofold. First, a relative
error of 10% could be applied for C-14-PMMA autoradiography.
Second, the exposure time had to be chosen to optimize the visual
contrast and to have most of the autoradiograph within the linear range
of the calibration curve [24,27,28].

2.3.5. Aqueous sample analysis
The pH was directly measured twice in the reservoir; twice per week

for the first 15 weeks, and finally once per week. The pH probe used is
heating resistant from ambient temperatures to 140 °C (Steamline – SI
analytics) and is calibrated at 50 °C. Anion concentrations were mea-
sured by ion liquid chromatography using an 861 Advanced Compact IC
(Metrohm). Cation and silicon concentrations were measured by ICP-
OES (Inductively Coupled Plasma - Optical Emission Spectroscopy)
using ICAP 7000 (Thermo Scientific). Additional measurements were
performed on the argillite synthetic water samples to obtain the total
organic carbon (TOC) and total inorganic carbon (TIC) using a TOC
analyser (VarioTOC, ELEMENTAR) for solutions.

2.4. Modelling approach and data

To support the interpretation of experimental diffusion data and
porosity evolution, the diffusion of potassium under water-saturated
conditions was calculated using the reactive transport code HYTEC
[29]. The pore water chemistry and cation exchanges were only con-
sidered using the multi-site cation exchange model of Tremosa et al.
[14]. The cationic exchange capacity (CEC) of the Tournemire argillite

Table 2
Synthetic pore water compositions used in the reservoirs of diffusion cells.

Argillite water (mmol/L) Alkaline water (mmol/L)

NaHCO3 3.6 NaOH 50
Na2SO4 8.1 KOH 270
NaCl 1.4 Ca(OH)2 0.6
KCl 0.7
CaCl2, 2H2O 1.7
MgCl2, 6H2O 0.8

Cap 
Poured CEMI 
cement paste 

Argillite disk 
(10mm wide)

Alkaline water Argillite synthetic Thick rubber 
 Porous plate 

Fig. 1. Scheme of the diffusion cell displaying the cement and argillite disks in
contact with the reservoirs filled with alkaline water and argillite pore water.
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measured at the tunnel height is 8.64×10−2 molc/kg of grain. The
geochemical module of HYTEC (CHESS) was also used to build stability
phase diagrams using the Thermoddem thermodynamic database [30].
Thermodynamic data for the solid phases were selected from Lalan
et al. [12].

3. Results

3.1. Prerequisites

3.1.1. Interface evolution, hardened cement disk versus cement poured into
the cell

Prior to the experimental work, the protocol to produce a perfectly
joined interface had to be determined. The first attempt consisted of
putting together an argillite disk and a hardened cement paste disk.
Observation of the polished sections by SEM confirmed that this test
protocol did not create a perfect contact between both disks (Fig. 2a).
Precipitation of calcite crystals in the interstice was favoured by a void
of a few tens of microns. In the present study protocol, the fresh cement
mix was directly poured onto an argillite disk within the sample holder.
Fig. 2b perfectly illustrates that the interface was sealed, easily iden-
tifiable and localizable with this protocol. No mixing zone was ob-
served. In saturated conditions, the formation of calcite crystals at open
cement/argillite paste interfaces and in adjacent fractures of argillite
had already been demonstrated at 80 °C. Nevertheless, in areas where
the interfaces were contiguous, cohesion of the materials was main-
tained [31]. Thus, an initial gap at the interface favours interface
clogging by calcite crust, whereas pouring the cement mix onto the
argillite favours diffusive transfer. The second protocol was found to be
more representative of disposal conditions and, therefore, chosen for
the present study.

3.1.2. Reproducibility in the three diffusion cells
The chemical evolutions of the reservoirs were simultaneously

monitored to ensure that the post-mortem analysis of the three diffusion
cells could be used as three different phases of the same process. Fig. 3
shows the good reproducibility of the evolution over time of the pH and
the potassium concentration in the three cells.

3.2. Mineralogical and microstructural evolution over time

3.2.1. Tobermorite precipitation at the interface
The interface was still cohesive at 76 days, but not after 202 days

(Fig. 4, right). After 202 days, the presence of a layer of white phases
was observed with the naked eye on both sides of the interface. This
brittle layer was determined to be a layer composed of C-S-H, to-
bermorite and calcite using SEM-EDS. This result was confirmed by
XRD analysis (Figs. 4 and 5). Tobermorite is a crystalized calcium si-
licate hydrate structured in layers and is approximately denoted by
C5S6H5 (5CaO·6SiO2·5H2O) in cement chemistry notation [32]. The

Ca/Si and Al/Si ratios measured for the C-S-H by EDS were 0.83 and
0.18, respectively. Both ratios are consistent with tobermorite (Ca/
Si= 0.83) and C-A-S-H. Nevertheless, the second one could also be
consistent with decalcified C-S-H. The average width of this layer was
approximately 100 μm at 415 days according to SEM-SE pictures
(Fig. 5) and XRD measurements (Fig. 4, right).

3.2.2. Decalcification and carbonation of the cement paste
The consequences of a temperature increase on the mineralogy of a

similar cement paste have been investigated previously [12]. At 20 °C,
the cement paste of the present study was composed of portlandite, C-S-
H, ettringite, and traces of calcite and katoite. After an increase in the
temperature to 70 °C, ettringite was no longer observable and the
amount of katoite increased. Based on previous studies, mono-
sulfoaluminate was expected but was not detected. As shown in Fig. 4
(left), the XRD intensity profile of portlandite decreased from the in-
terface to 250 μm at 76 and 202 days and to 400 μm at 415 days. In the
youngest sample (76 days), the portlandite pattern was identified
within the argillite on XRD profiles. Nevertheless, portlandite pre-
cipitation in the argillite while pouring the cement mix is unlikely, as
the argillite was fully water-saturated. Due to the way that the XRD
measurement was performed (see Section 2.3.2), the portlandite pre-
sent within the cement paste was measured by transparency in the ar-
gillite close to the interface. Since it was an artefact, the measured in-
tensities are represented with empty diamonds on the profile in Fig. 4.

The dissolution of portlandite was a rapid phenomenon, occurring
as soon as the diffusion cells were sealed. Cement paste was decalcified
at the interface as later confirmed by EDS analysis. The portlandite
clusters, visible in the sound cement paste on the elementary maps of
Ca (Fig. 4 right), were smaller and less abundant at the interface at the
same depth. Carbonation of the cement paste by calcite precipitation
was not observed at 76 days, but at 202 days, the presence of calcite
was revealed in the first 150 μm from the interface and in the same area
at 415 days (Fig. 4, left). At the interface, calcite crystals were un-
equally distributed for the two latest samples. Progressive carbonation
of the C-S-H and tobermorite layer at the interface was also noticed
(Fig. 6).

3.2.3. Argillite alteration: carbonation and disturbance of the clay minerals
Evolution of the argillite phases was followed by XRD analysis of the

rock (Fig. 4 and Fig. S1 in the supplementary data file). Slight carbo-
nation of the argillite occurred within the argillite as calcite pre-
cipitated. Signals of the argillite phases decreased at the interface. This
general and concomitant decrease could be due to a matrix effect.
Dissolution and precipitation probably occurred in this area and led to
an evolution of the material structure. Therefore, it was difficult to fully
determine an argillite disturbance only from the XRD analysis. Never-
theless, it seems reasonable that the argillite was altered over 100 μm
from the interface and that this alteration mainly affected the clay
phases. The kaolinite main peak intensity to illite main peak intensity

Cement paste Argillite i Cement paste Argillite i 

Fig. 2. Very different cement/argillite interfaces are obtained after 2months depending (a) on whether a hardened cement disk was put into contact with the argillite
disk or (b) the cement was directly poured onto the argillite (SEM images in SEB-SE mode, i stands for interface).
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ratio was always higher than that in the sound argillite. This ratio
progressively dropped below one moving towards the interface in the
76- and 415-day samples (Fig. 7). This evolution could be explained by
kaolinite dissolution and to a lesser extent, illite may have precipitated.
Dissolution of chlorite in the argillite could have occurred because its
signal was no longer present more than 50 μm away from the interface
at 415 days. Unfortunately, this conclusion could not be confirmed by
the 202-day sample because no signal of chlorite in the sound argillite
could be identified from the diffractogram background.

3.2.4. Macroporosity opening and texture evolution within the cement paste
Macroporosity was characterized using microtomography at a re-

solution of 1 μm. Therefore, only a portion of the largest pores was
characterized (i.e., the pores larger than 1 μm). This is why the term
macroporosity is used here, instead of porosity. Microtomography
analyses were performed on the cement paste side of the separation
surface between the materials. The argillite side of the separation sur-
face was not analysed because the majority of the argillite pores has an
average diameter smaller than 200 nm [33]. Nevertheless, some argil-
lite was analysed in the cell that was dismantled after 76 days, as both
materials remained stuck to each other. This proved by another means
that the interface was contiguous (Fig. 8a). The pores hold air, which is
less dense than other materials so that they appeared with the darker
pixels on the microtomography pictures of Fig. 8. According to mor-
phological considerations, a grey-level threshold was established to
separate the porosity from the material phases. Using this threshold, the
surface occupied by pores on each slice parallel to the interface was
quantified to build macroporosity profiles (Fig. 8d).

On the microtomography slides (Fig. 8a), the brightest clusters, or
the densest, were mainly composed of portlandite. Over time, the large
and light clusters close to the interface decreased in size and their
amount decreased compared to the sound material in a consistent
manner with the XRD analysis presented before where portlandite
dissolved over 400 μm. After 415 days, a macroporosity opening spread
approximately 100 μm. Fig. 8 clearly shows the layer of C-(A)-S-H, to-
bermorite and calcite at the interface, as well as the physical separation
between the argillite and the cement at 202 and 415 days.

3.2.5. Evolution of total connected porosity
Autoradiographs of the diffusion cells are shown in Fig. 9 (left).

First, these results indicate that the C14-MMA intruded fully into the
samples' pore space. Since the size of the MMA molecule is close to the
size of water molecules, the MMA molecules can fully penetrate into the
connected porosity. At 76 days, materials are still in direct contact with
each other (cohesive interface). In front of cracks that were initially
present within the argillite, at both 76 and 202 days, the porosity de-
creased sharply to 25% (green profile) in the cement paste. Cracks are
preferential pathways for fluids, promoting the precipitation of phases
such as calcite. The porosity decrease remained circumscribed and did
not propagate along the interface. Therefore, the interface was cohesive
throughout the whole experiment, and the interface opened after the
alteration processes while dismantling and preparing the samples for
analysis.

In the cement paste zones not affected by cracks, the porosity de-
creased from 33 to 29% over a 3-mm depth after 76 days. The porosity
decrease extended deeper than the macroporosity opening detected by
tomography and the mineralogical perturbations revealed by XRD. At
202 days, the porosity did not change. However, at 415 days, the ce-
ment paste porosity increased, with an average porosity value of 34% at
the interface and maximum values of 37%. This reversible trend was
not observed on the in situ sample, where a porosity decrease was still
present after one year (Fig. 9, bottom graph). The mean porosity value
obtained on the whole cement paste surface did not show any clear
trend (Table 3). The high porosity found at the outer edges of the ce-
ment paste is probably an experimental artefact.

In the argillite, after 72 days, a thick band of lower porosity close to
the interface was observed. In that area, the porosity decreased from
15% to 10%. This trend was not observed at 202 and 415 days, but a
similar phenomenon occurred in the in situ samples that were aged for
one year (Fig. 9, bottom graph). Further from the interface, the argillite
porosity is significantly higher than the sound value (Fig. 9). Table 3
indicates that the total porosity constantly increased with experiment
time (from 13 to 19% after 405 days). This could be due to uniform
dissolution of the minerals induced by the highly alkaline plume that
crossed the full sample (e.g., kaolinite dissolution, although not de-
tected by XRD). The progressive release of dissolved organic matter

Fig. 3. Evolution over time of pH and K concentration in the alkaline reservoir
(grey) and in the argillite reservoir (yellow). The cells were dismantled after
76 days (diamond), 202 days (square) and 415 days (disk). The dissolved total
organic carbon was only measured in the argillite reservoir. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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from the clayey material (Fig. 3), concomitant to the propagation of the
alkaline plume, has already been observed with the Tournemire argil-
lite [15]. This plume of TOC could be an indicator of a strong pertur-
bation of the argillite texture. The in situ sample also showed an in-
crease in the argillite total porosity after one year (Fig. 9, bottom

graph), although less intensely than in the cells.
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4. Discussion

4.1. Mineralogical and microstructural evolution

The deepest alteration process was portlandite dissolution within

the cement paste and clay mineral disturbance within the argillite. The
first mechanism occurred at a maximum depth of 400 μm, whereas the
latter took place at 100 μm. C-S-H decalcification and carbonation also
occurred over 150 μm in the cement paste. In the argillite, dissolution/
precipitation processes affected kaolinite, chlorite and illite. At the in-
terface, a layer of tobermorite, C-(A)-S-H and calcite was formed be-
tween 75 and 200 days and constituted a fragile plane with a loss of
cohesion between cement and argillite. This layer was carbonated over
time.

Porosity evolution was evaluated by X-ray microtomography and
C14-PMMA autoradiography. Microtomography has a resolution of
1 μm only and macroporosity could be measured by the latter method.
In the sound cement paste, the macroporosity was approximately 1 to
2% (i.e., only a small fraction of the total porosity). The macroporosity
of the cement paste increased to over 100 μm thick after one year. This
is directly related to the dissolution of portlandite clusters.
Autoradiography facilitated a quantitative measurement of the total
connected porosity with a nanometre-scale resolution. The total con-
nected porosity decreased during the first 6 months.

This trend was reversed in the subsequent months, and the total
connected porosity was clearly higher than the sound material value
after 415 days. A porosity decrease was only noted in the in situ device
[12], due to the precipitation of ettringite and calcite. Ettringite pre-
cipitation did not occur in the present cell experiments. The total

Fig. 6. SEM-SE picture and EDS element maps of Ca and Si at 415 days showing the carbonation of the C-(A-)S-H and tobermorite layers at the interface.
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porosity of the cement paste decreased from 33% to 25% in front of
argillite cracks. In the argillite, the total porosity increased over the
total thickness of the argillite disk. This porosity opening constantly
progressed over time. The increase in the total connected porosity
within the argillite was likely due to the passage of the alkaline plume.
However, the observations and analyses did not indicate such a deep
and homogeneous perturbation of the rock. Only the cell dismantled at
76 days presented a band of lower porosity, in the argillite close to the
interface, which is consistent with the in situ experiments.

The precipitation of ettringite and zeolite was not observed in the
cement paste, in contrast to a similar experiment performed under in
situ conditions [12]. The lack of ettringite and monosulfoaluminate
could be explained by the relatively high amount of C4AF compared to
C3A in the OPC used for the present experiment, which may have
changed the equilibrium between ettringite and monosulfoaluminate at
high temperatures at the benefit of katoite (see discussion in Section 3
of Lalan et al. [12]). In the diffusion cell, the pH in the argillite side
reservoir progressively increased to reach 11 at 70 °C after 200 days
(Fig. 3). It worth recalling that temperature shifts the pH to lower va-
lues and, therefore, that a pH of 11 at 70 °C corresponds to a hyper-
alkaline solution (a pH of 11.0 at 70 °C roughly corresponds to a pH of
12.4 at 20 °C in the present conditions). Fig. 10 shows that the zeolite K-
phillipsite found in situ is not stable at pH 11 and that C-A-S-H can
precipitate in equilibrium with tobermorite provided that the alumi-
nium concentration is approximately 5× 10−4m at 70 °C.

The pH remained relatively high in the cement paste, close to the pH
value of the sound material. Therefore, the mineralogical and porosity
disturbances within the cement paste progressed less deeply in the
diffusion cells than in the in situ device [12].

4.2. Growth of tobermorite at the cement/argillite interface

Tobermorite-11A (i.e., structured in 11 Å thick layers) was identi-
fied by XRD. This mineral is a calcium silicate hydrate with a low Ca/Si
ratio (0.83) and a well-defined crystal structure. It could crystallize
from silicon released by the alteration of argillite (montmorillonite and
kaolinite dissolution) and calcium released by decalcification of the
cement phases (portlandite dissolution and C-S-H decalcification)

around the interface. At 20–25 °C, tobermorite-11A is more stable than
C-S-H phases according to the stability diagram displayed in Fig. 10
based on thermodynamic equilibrium. Tobermorite is normally not a
cement phase. That is, it is not a product of cement hydration at low
temperatures. Its occurrence in the phase diagram at 25 °C is thermo-
dynamically possible but kinetically inhibited. Tobermorite can be
synthesized at 60 °C from CH and silicic acid in suspension [32]. At
70 °C, the stability diagram indicates that tobermorite is stable over a
rather large pH range from 10 to 11.6 (at 25 °C the pH range would be
11–12.5). The zeolite K-phillipsite is more stable than tobermorite at
lower pH values, and C-S-H with a Ca/Si ratio of 1.6 is more stable than
tobermorite at the highest pH value. This fits well with the present
observations where tobermorite precipitation took place at 70 °C, but
only at the interface, and not within the hydrated cement paste.

Fig. 11 reports the temporal evolution of the width of the layer at
the interface between the cement and the argillite. The layer required
between 75 and 202 days to begin precipitating. This delay remains
unexplained, but it could be due to the formation of an amorphous
precursor not detected by XRD. The growth occurred in a single di-
rection perpendicular to the disk section due to the cell geometry and
was almost linear with time during the experiments. The growth rate
was approximately 0.3 μm/d. This is consistent with the growth rate of
0.2 μm/d measured at the surface of a nuclear glass in contact with
alkaline water at 90 °C, where the growth of the zeolite crystals was also
perpendicular to the surface of the material [34].

4.3. Evolution of diffusion properties at the interface

The diffusion cells provided insights into the possible consequences
of the formation of the secondary product layer at the interface on

Table 3
Mean porosity value obtained by autoradiography on the entire sample surface
(associated errors± 1%).

Experiment time
(day)

Clay porosity
(%)

Cement porosity
(%)

Sound materials 13 32
76 16 32
202 17 33
415 19 34

Fig. 10. Simplified phase diagrams of stability of the secondary phases CASH, tobermorite, and the potassic zeolite phillipsite, versus pH at 20 and 70 °C (act.
Ca2+=10−3, act. K+=10−1, [H4SiO4]total = 10−3m).
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Fig. 11. Thickening over time of the layer made of a mix of C-S-H, tobermorite
and calcite at the cement/argillite interface.
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diffusive transfers between cement and argillite. The cells were de-
signed so that diffusive transport was predominantly 1D to simplify the
modelling. To account for the temperature increase from 20 to 70 °C,
the effective diffusion coefficient was multiplied by a factor 3 for the
argillite, as found both for the Callovian-Oxfordian clay [35] and the
Opalinus clay [36], and by a factor 10 for the OPC paste [37]. The
modelling of potassium diffusion within the two materials corresponds
well experimental data using such coefficients, particularly in the ar-
gillite reservoir (Fig. 12). It is worth noting that in the present experi-
ment that has a high potassium concentration in the alkaline reservoir,
potassium almost behaves similar to a perfect tracer. Taking into ac-
count that cation exchange does not significantly change the temporal
evolution of potassium concentrations in the reservoirs (Fig. 12), the
exchanger was saturated with potassium in less than 10 days. The
lowest low-potassium concentrations in the alkaline reservoir (Fig. 12)
correspond to the experiment cell that was dismantled after 202 days,
as is shown in Fig. 3 (square symbols). The experiment conducted over
the full 415 days was considered to be the most consistent reference for
modelling. The temporal evolution of the potassium concentration did
not indicate any decrease in the diffusion fluxes caused by porosity
clogging.

The weak effect of the altered layer on diffusive transfer can be
supported by a calculation assuming a diffusive system in a series
(Fig. 13a). Indeed, in a first approximation, the sound cement paste
(cem), the altered interface layer (ail) and the sound argillite (arg) can
be considered as a three-layer system. By the analogy with electrical

conductivities, such a system made of 3 parallel layers each with a
diffusion coefficient Di and a width wi can be likened to a series circuit
[38]. Then, the mean diffusion coefficient of the global system, De , as a
function of the thickness of the altered zone, can be calculated ac-
cording to the following relationship

= + +
w
D

w
D

w
D

w
D

tot

e

cem

e cem

ail

e ail

arg

e arg, , , (1)

In the absence of an altered interface layer (wail = 0), the mean
diffusion coefficient De is 3.3× 10−11 m2/s at 70 °C
(wtot =wcem+warg= 10−2 m+10−2 m=2×10−2 m;
De,cem= 5.8× 10−11 m2/s; De,arg= 2.3×10−11 m2/s). In the present
study, the thickness of the C-S-H layer at the interface was at most
approximately 100 μm after 415 days (Figs. 6 and 11). Furthermore, C-
S-H phases are not dense materials, but present a microporous structure
allowing for mass transfer diffusion. The effective diffusion coefficient
of synthetized C-S-H is approximately 10−10 m2/s, whatever the Ca/Si
ratio, whereas it is approximately 3× 10−11 m2/s inside a hydrated
cement paste [9]. The former value is greater than the effective diffu-
sion coefficient of the cement and argillite disks. The latter value is
within the range of the effective diffusion coefficient of the cement and
argillite disks. Therefore, in both cases, the influence on the mean
diffusion coefficient remains negligible after one year of interaction,
according to Eq. (1) (Fig. 13b).

Fig. 13b also indicates that the mean global coefficient decreases by
less than one order of magnitude if the altered width is increased by one
order of magnitude at a constant diffusion coefficient, or if the altered
zone diffusion coefficient decreases by two orders of magnitude at a
constant width. In contrast, if the altered zone diffusion coefficient is of
the order of a non-porous calcite layer, i.e., 10−19 m2/s [39], the mean
coefficient dramatically decreases by 6 to 7 orders of magnitude
(Fig. 13b). This explains the clogging effect of calcite crust in experi-
ments where cement pastes were immersed into carbonated water [40].

5. Conclusions

The diffusion cell with reservoirs has provided key information on
the temporal evolution of pore water chemistry, secondary phase pre-
cipitation, porosity and diffusion properties. The main artefact of the
present cell experiments was that the constant high-pH condition of the
alkaline reservoir attenuated the alteration of the cement paste.
Compared to the in situ sample, the decalcification front was half as
deep as that in the cells, and the total porosity did not significantly
decrease by carbonation after one year.

The present protocol where the cement paste is directly poured on
the argillite generates a contiguous and homogeneous interface made of
calcite/tobermorite/CASH layer. This corresponds to the formation of a
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brittle layer of secondary products with physical separation between
the cement and clay observed after 6months. The thickness of the layer
(and probably its density) clearly increases with time. The layer of
secondary products does not have a significant effect on diffusion after
one year of interaction due to its rather small thickness and its micro-
porous structure. In contrast, the formation of a non-porous calcite crust
(in immersion tests or when a hardened cement disk is put in contact
with the argillite disk) significantly slows diffusion and the progression
of alteration fronts. A simplified modelling of clogging with Archie's
law (i.e., porosity decrease due to tobermorite precipitation) is not
applicable. A multi-scale description of the porosity is required.

Away from the interface, the investigation of the microstructure
shows a closure of the total porosity in the cement paste (associated
with carbonate precipitation) despite an opening in the macroporosity
(linked to the dissolution of portlandite) over 400 μm after one year. In
the argillite, the mineralogical alteration is restricted to 100 μm with a
slight decrease in the total porosity. However, the alkaline plume
clearly penetrated further away from the interface and progressively
increased the rock porosity over 1 cm. Total porosity seems to be a finer
indicator of chemical alteration than mineralogical analyses.

Compared to the results obtained at room temperature, a tempera-
ture of 70 °C has consequences on the mineralogy at the interface with
the precipitation of the crystallized C-S-H tobermorite in the cell device
and the formation of zeolite in situ, as well as the mineralogy of the
cement paste with ettringite dissolution in the cells and in situ. The
temperature increase also affected the mechanical strength of the in-
terface, which became brittle over time. The total porosity at ambient
temperature under interface conditions opens into the cementitious
material [1], whereas it decreases at 70 °C. Consequently, the depth of
mineralogical alteration is shallower at 70 °C than at 20 °C. Carbonation
(in this joint interface system) is accentuated with temperature and
counteracts the effect of decalcification. Therefore, it is not trivial to
extrapolate the results obtained at room temperature to higher tem-
peratures.

On-going analyses of similar interfaces subjected to 5 years of in situ
interactions in the Tournemire URL could confirm whether the densi-
fication of the layer of secondary products increases with time to
eventually lead to significant decreases in diffusional transfer.
Investigating the effect of temperature on the evolution of interfaces
between argillite and low-pH cement pastes is also in progress.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cemconres.2018.09.018.
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