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A B S T R A C T   

An interface sample between Portland concrete and Opalinus Clay with a contact time of 10 years recovered from 
a field experiment was investigated by SEM-EDX and X-ray CT. The concrete side showed a large chloride ingress 
from the claystone alongside a decalcification and an opening of the porosity. Additional XRD, TGA and leaching 
experiments of the concrete at few centimetres (~5 cm) away from the interface confirmed the chloride ingress. 
The interface was then subjected to a long-term percolation experiment accompanied with repeated X-ray CT- 
scans. Injection of synthetic claystone pore water proceeded into the claystone-part of the sample, and 
through the concrete part, whereby the outflow was continuously sampled. The bedding joints that were partially 
desaturated rapidly saturated, while hydraulic conductivity steadily decreased to values similar to unaltered 
claystone. The analysis of the exfiltrating aliquots shed light on the advective/diffusive properties of water 
transport and multi-component solute transport.   

1. Introduction 

In Switzerland and several other countries, the storage of radioactive 
waste is planned in deep geological facilities hosted in claystone known 
for its low permeability and its high sorption capacity favourable to 
contain radionuclides after breach of containers [1–3]. The safety of 
these repositories relies on the long-term isolation properties of the 
engineered barrier system and particularly of the geological environ
ment. Of concern are possible deleterious effects on clay stability, or 
modification of transport properties (water saturation, gas escape, 
preferential flow paths, cementation effects). Cementitious materials are 
an integral part of most repository designs (structural elements) or are 
present as waste matrix. The hyperalkaline pore waters of cementitious 
materials and their impact on clay materials (claystone, bentonite) as 
well as interactions with geosphere pore waters and its impact on 
cement hydration phases are therefore studied at time scales relevant for 
the operational phase (10’s-100’s of years) as well as for an entire ser
vice life of a repository (104–106 years). 

A large number of detailed studies on interfaces of claystone (e.g. 
Opalinus Clay (OPA), Callovo-Oxfordian claystone) from laboratory 
experiments, in situ tests in underground research laboratories and from 
natural and man-made analogues provided details mainly on 

mineralogical alteration in the cement matrix and the adjacent claystone 
[4–13]. A consortium project studied the interfaces recovered at the 
Mont Terri rock laboratory (St. Ursanne, Switzerland, www.mont-terri. 
ch) from the Cement-Clay Interaction (CI) Project including different 
types of concrete, mortars and pastes emplaced in 2007 and in later 
years. 

In addition to the normal hydration of the Portland clinker phases, 
Portland paste featured a continuous hydration of clinker phases at the 
interface due to the OPA pore water reservoir [6,8]. The analysis indi
cated the migration of calcium from the cement across the interface to 
the cation exchange sites of the OPA, releasing sodium to the OPA pore 
water, which diffused into the cement. After 3 years of concrete 
emplacement, portlandite was no longer observed up to ~0.2 mm from 
the interface, neither was ettringite up to ~1 mm, and there was a 
complete depletion of C-S-H up to 0.1 mm, while C-S-H content was 
strongly reduced to 1 mm-depth [6] with a decrease of the Ca/Si in the 
C-S-H [7]. A relatively large amount of magnesium was observed that 
precipitated in the OPA a few mm away from the interface [9]. The 
magnesium enrichment was four times higher than a fully magnesium- 
exchanged clay matrix [9] and therefore reflected a newly formed 
solid phase, but not detectable by μ-XRD analysis [6]. Additionally, a 
carbonated zone was observed in the cement matrix near the interface 
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and depending on the sample and the distance from the interface, a 
reduced or an enhanced porosity was detected [9,14]. 

Studies including pore space characterisation are scarce and are 
limited by the small size of most pores (micro porosity) present in both 
materials. Direct evidence of the effect of aged interfaces on transport 
properties (hydraulic conductivity, effective diffusion coefficients) is 
still missing. Sound physical, chemical, and hydraulic data are required 
to model the experimental observations that are now available for up to 
10 years of cement-claystone interaction. Understanding the coupled 
physico-chemical processes may allow for a more reliable modelling 
prediction. 

Experimental devices applying confining pressure with independent 
control of a hydraulic gradient across a sample provide an excellent way 
to look at the reactive transport properties of simple or compound 
samples [15]. In such a percolation experiment of a compound sample 
containing a material interface, the analysis of the exfiltrating aliquots 
shed light on the advective/diffusive properties of water transport 
(traced by deuterium) and multi-component solute transport (anions, 
cations), the latter being subject to complex mineral reactions and ion- 
exchange processes. If such an experiment is carried out in X-ray 
transparent equipment, repeated X-ray computed tomography (CT) over 
the experimental duration combined with the core infiltration data al
lows the tracking of the chemical and physical modifications (miner
alogy and porosity) both spatially and temporally. 

The objective of this work is to perform reactive transport experi
ments across an aged interface of Portland concrete (PC) and OPA Clay 
using a new X-ray transparent core infiltration apparatus that allows the 
monitoring of experiments by repeated CT imaging. The challenges were 
manifold with respect to equipment design and analytical techniques. 

2. Materials and methods 

2.1. Description of the core sample subjected to percolation 

A well preserved interface between Opalinus Clay and Portland 
concrete was recovered from the CI Experiment (Cement-Clay Interac
tion Experiment). This experiment was installed in 2007 at the Mont 
Terri rock laboratory (St. Ursanne, Switzerland, www.mont-terri.ch) to 
study the chemical, mineralogical, and petrophysical changes at 
different interfaces between clayey and cementitious materials over 
time. One focus was on the behaviour of the Opalinus Clay placed in 
contact with Portland concrete to elucidate the evolution of the interface 
zone. A detailed description of the set-up and sampling technique [9] 
includes an overview of results up to five years of cement-clay interac
tion. The interface between Opalinus Clay and the Portland concrete 
emplaced in 2007 was sampled in the latest campaign (2017) and cho
sen for the percolation experiment detailed in this study. 

The Opalinus Clay had previously been studied in detail [16]. The 
OPA, where the CI experiment is located, consists of approximately 62 
wt% clay minerals (24 wt% kaolinite, 20 wt% illite, 10 wt% illite/ 
smectite mixed layers, 8 wt% chlorite). Additionally, 20 wt% calcite, 10 
wt% quartz, 3 wt% feldspars, 2 wt% siderite, 1 wt% dolomite/ankerite, 
1 wt% pyrite, and < 1 wt% organic carbon were quantified [9]. The total 
porosity was averaged to 16 % with a water content of ~6 wt%. The 
porosity is known to be largely connected and therefore the water 
content also reflects the total (and connected) porosity. 

The concrete was made with Portland cement CEMI 42.5 R HS (238 
kg/m3, chemical composition given in Table 1) with w/c = 0.8 and sand 
and gravel according to SN EN 12620 (rounded river sediment consist
ing mainly of limestone, silicate rocks and quartz). 

2.2. Estimation of the cement paste chemistry, mineralogy and pore 
solution after aging 

Our sample recovered from the Mont Terri rock laboratory was 
subjected to the OPA environment during 10 years. The interface region 
(few first centimetres on either side) is expected to be modified. Further 
away of the interface, the cement phase assemblage and the in situ pore 
solution might differ from the phase arrangement of paste samples 
sealed without OPA pore water. Such samples casted in a laboratory and 
analysed up to 9 years of aging [9] serve as a reference for chemically 
isolated systems. Therefore, the chemical characterisation of the inter
face between OPA and PC but also of the PC matrix at 5 cm distance (see 
Fig. S 1) from the interface including chemistry, mineralogy and pore 
solution is necessary to understand physicochemical changes and 
related mass transfers. 

The identification of the hydrates in a concrete is known to be 
difficult due to dilution effect of cementitious phases, possibly with low 
crystallinity, in the large amount of aggregates composed of well crys
talline minerals. Therefore, the fraction of the cement paste at 5 cm from 
the interface was enriched by crushing and sieving at 250 μm. The 
fraction below 250 μm, which is enriched in cement paste, was further 
ground by hand below a particle size of 63 μm using an agate mortar. 
The content of remaining aggregate is estimated by X-ray diffraction 
(XRD) and thermogravimetric analysis (TGA) together with a qualitative 
assessment of the phase assemblage. 

XRD was performed at the University of Bern with a PANalytical 
X’Pert Pro MPD diffractometer, equipped with a Cu X-ray source and an 
X’Celerator detector. X’Pert Highscore plus v. 4.6.1. was used for 
qualitative phase analysis. TGA was carried out at Empa, Dübendorf, 
using a Mettler Toledo TGA/SDTA 851e under nitrogen atmosphere. 
Weight loss was measured while heating about 50 mg of sample from 30 
to 980 ◦C with a heating rate of 20 ◦C per minute in 150 μL alumina 
crucibles. 

Additionally, two samples of 0.6 g of enriched cement paste matrix at 
5 cm distance were put in 1.2 mL of Ca(OH)2 saturated solution. After 
10 days, the samples were filtrated and analysed by ion chromatography 
(IC) immediately after filtration. The dissolved concentrations of mag
nesium, calcium, sodium, potassium, chloride, nitrate and sulphate in 
undiluted solutions or in solutions diluted by a factor 10 or 100 were 
quantified using a Dionex DP series ICS-3000 ion chromatography sys
tem with a measurement error ≤ 10 %. The measured concentrations 
correspond to the leached ions and back calculations to pore water 
concentrations is required to estimate the pore solution composition. 

2.3. Sample preparation for percolation experiment 

To get a well-preserved interface in a 52 mm-diameter core without 
dislocations, we adopted a similar technique than the one used during 
field sampling campaigns [9]. Samples from the field were pre-cut and 
sealed after drilling and kept in cold storage. Further processing con
sisted of emplacing six parallel fiberglass reinforcements into boreholes 
arranged circularly (Fig. 1). Two times three boreholes of 8 mm diam
eter were drilled on a machining mill and filled with 5 mm diameter 
carbon fibre tubes embedded in Sikadur 52™ epoxy resin. After 3 days, 
the stabilized 52 mm core was gently dry drilled through the stabilisa
tion pins with a diamond drill bit and air cooling. 

Although the sample was well preserved, some partial drying could 
not be avoided during storage and subsequent sample preparation. 
During the preparation, the sample was subject to a short pre-wetting 
event due to an initial leak of the confinement medium, distilled 

Table 1 
Composition of the Portland cement used in the CI study obtained by XRF.   

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 CO2 Ref. 

CEM I 42.5 R HS 20.6 3.9 5.2 58.8 4.6 0.75 0.27 3.5 1.4 [17]  
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water (uptake in the sample assembly of 1.94 g / <1 wt% of the total 
core mass). After an initial saturation phase, the transport experiment 
pertains to a system behaviour in a pore water saturated state (see 
section 3). 

2.4. Set up of the X-ray transparent percolation apparatus 

Usually, a compromise has to be made between specimen size 
(spatial resolution), acceleration of transport (chemical resolution, 
experimental duration, and large hydraulic gradients), a focus on solid 
phase characterisation (e.g., X-ray computed tomography) or on 
recording the mobile phase (e.g., neutron imaging, positron emission 
tomography). 

Most detailed characterisations of the solid phase rely on post mor
tem analysis, while the internal evolution of the pore network largely 
remains unresolved. Recent developments in synchrotron techniques 
also allow highly resolved bulk chemical (μ-XRF, X-ray fluorescence) or 
mineralogical information (μ-XRD, X-ray diffraction) to be acquired in 
tomographic mode, but with limits on sample size and experimental 
duration (beam time). 

It is in this context that intermediate-scale laboratory experiments 
play an important role in bridging scales, by providing relatively highly- 
resolved information but in a set-up of sufficient complexity and at 

relevant boundary conditions to be representative of field-scale appli
cations or repository components. 

The main parts of the apparatus are a X-ray transparent carbon fibre 
pressure cylinder (lined with a polymer sheet), a sample core assembly 
sealed with O-rings, and a construction to hold small pressure containers 
for confining fluid, infiltration fluid, a sampling syringe and some valves 
and pressure indicators (Fig. 2). A fluid of the desired composition is 
injected on one side (bottom) for driving advective flow, and the outflow 
is collected on the other side (top). The apparatus is designed to fit into 
X-ray CT scanners, some positron emission tomographs, and to operate 
self-sustained for several days, e.g. without any connections. 

The cylindrical sample (Fig. 1) was mounted between two POM 
adapters and separated by a PEEK filter fabric with an additional small 
filter of CFK placed at the inlet and outlet of the PEEK capillary con
nections (Fig. 3). The adapters and filters were required to distribute and 
collect the inflow and outflow to and from a sample. 

The sample core was isolated from the confining medium (distilled 
water) by a Teflon membrane (chemical isolation) and an outer latex 
rubber sleeve (hydraulic barrier). The rubber sleeve was sealed with 
silicone to the adapter to provide a good initial seal. 

The combined assembly of sample and adapters (Fig. 3) was coupled 
to POM inserts and placed in the X-ray transparent cell (Fig. 2), sealed 
with O-rings against the carbon fibre cylinder. A spindle is used to adjust 

Fig. 1. Three sides of the core sample just after dry drilling: Concrete above, OPA (dark) below the oblique interface, dark vertical traces of intersected stabilisation 
pins. Dashed red lines visualise the bedding traces. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 2. a) Design of the transparent percolation cell; b) schematic sketch of the transparent percolation cell: its connection to a base station and in an indepen
dent mode. 
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to the length of the core assembly and to provide the axial confinement 
(fixed length). The system is self-sealing once the confining pressure is 
stepped up. Pressure is quasi-isostatic, with the axial load somewhat 
reduced compared to total stress by a small area where the adapters 
connect to the inserts. The confining pressure is generated in a water/ 
argon separation cylinder that also provides effective compensation for 
changes in laboratory temperature. PEEK capillary tubes of 1/16” OD 
(outer diameter) are fed to the surface of the filter and are sealed and 
held in place by compression fittings. Fluid flow is driven by compressed 
helium. The mass flow rate is determined at each sampling time, and an 
accurate hydraulic conductivity can be calculated for the sampling 
period according to Darcy’s law. 

Liquid samples were collected at ambient pressure in syringes and 
this provides a good protection from atmosphere and evaporation. A 
small back pressure is exerted by the friction of the plunger seal; this 
friction is approximately known and taken into account in the hydraulic 
conductivity calculations. 

The experiment presented in this study was carried out at room 
temperature (21–24 ◦C), slightly higher than the in situ temperature of 
the CI experiment (13–14 ◦C). An initial hydraulic head gradient of 40 
m/m was applied during 4 months, and then increased to 90 m/m. The 
injected OPA water was chosen to percolate into the PC as it can be 
expected that in a repository situation the water will come from the 
infinite host rock towards the cementitious components (hydraulic sink, 
initially some unsaturated engineered barrier components). 

2.5. X-ray CT scanner and image analyses 

Computed X-ray tomography (CT) was performed at the University 
of Fribourg, Department of Geosciences, with a Bruker Skyscan 2211 
Multi-Scale nano-CT instrument. Imaging was performed with a flat 
panel detector (6 Mp). Data were reconstructed with NRecon software 
optimised for GPU support. A primary data set of projections corre
sponds to 9.9 GB and a reconstruction of 5.2 GB, voxel size: 30x30x30 
μm3. All the reconstructions were carried out with the same setting for 
misalignment compensation (≤ 2.5), ring artefact reduction (60) and 
beam-hardening reduction (50 %). The ring artefacts were prominent 
and the ring artefact reduction filter during the reconstruction attenu
ated them, but did not completely remove them. The core was imaged 
repeatedly at different times to follow the infiltration process, particu
larly during the early phase of saturation and percolation. Over time, the 
core slightly shifted in the apparatus. Therefore, the registration of the 
raw images had to be done with the Elatix plug-in [18] to be able to 
compare the images over time. 

2.6. OPA-PC chemical profiles obtained by scanning electron microscopy 
(SEM) / energy-dispersive X-ray spectroscopy (EDS) 

An analogous sample of the same 10-year-old interface was used as 
basis for characterising the state before the percolation experiment. 

Post-percolation data are not yet available because the experiment is 
still running. The uncoated sample surfaces were examined in a scanning 
electron microscope (Zeiss EVO-50 XVP) equipped with an EDAX Sap
phire light element detector in low vacuum mode (10 Pa) with a beam 
acceleration of 20 kV and a working distance of 9 mm. The beam current 
was adjusted to yield a dead time of 10–20 %. Element dispersive 
spectroscopy maps with 512 × 400 pixels were acquired using a dwell 
time of 300 μs and 32 or 64 averaged frames. Multiple maps were 
combined to cover the area of interest, requiring total measurement 
times of 8–12 h. Higher resolution maps (1024 × 800 pixels), but lower 
dwell times were used to acquire backscattered electron (BE) images, 
which depict the average proton number at beam location. Brightness 
and contrast of the maps were adjusted to reveal gradients within 
cement or clay matrix, often resulting in oversaturation or under- 
saturation (in grey-scale) of phases of no interest. Exploring precision 
of the SEM stage movement, electron beam stability, and image distor
tion, BE images and smaller maps at higher resolution were also ac
quired and assembled. 

Multiple EDX maps had been acquired in a grid with columns parallel 
to the interface and rows perpendicular to it. During the acquisition of 
each map, the EDX detector collected X-rays from the entire map area. 
The resulting spectra of each map were quantified standardless using a 
ZAF correction. The quantification of each column of maps parallel to 
the interface were averaged as in [7]. The averages were plotted as a 
function of the distance from the interface (chemical profiles across the 
interface); the range of the different element map quantifications in one 
column parallel to the interface indicates the chemical variability par
allel to the interface, plotted as bars in the figures. 

Small areas in the cement or clay matrix were analysed by EDS every 
50 μm perpendicular to the interface, avoiding any larger grains (e.g., 
quartz, calcite, dolomite, pyrite, aggregate) to obtain better resolved 
chemical profiles. The low-resolution and high-resolution profiles agree 
well in general for the OPA. The elemental profiles based on large 
averaged maps show a higher content of calcium, sulphur or iron due to 
large calcitic bioclasts and pyrite nests heterogeneously distributed, as 
detailed in [7], which were not measured in the manually defined area 
measurements avoiding such heterogeneity. Data of averaged element 
maps from concrete cannot be used due to the large aggregates filling 
random fractions of each map and masking the cement matrix chemis
try. In both standardless quantification approaches, the sum of all ele
ments present is normalised to 100 %, except H, O, and C. Therefore, an 
absolute decrease of one element concentration is compensated by an 
increase of all other elements. Porosity, mostly filled by the organic 
resin, is not part of the quantification. 

2.7. Preparation of the artificial Opalinus Clay pore water 

A recent NTB [19] summarises the analysis of the Opalinus Clay pore 
water and gives a composition for relatively undisturbed OPA pore 
water from exactly this location where also the interface samples were 

Fig. 3. Schematic of the core sample assembly.  
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recovered [20]. This report complemented earlier long-term experi
ments on the OPA pore water at Mont Terri. Several small aliquots were 
collected between January and July 2016 from a closed-in sampling 
interval after 10 years of equilibration time. The measured pH (at 24 ◦C), 
alkalinity and ion concentrations are summarised in the SI (Table S1). 
The alkalinity corresponds to the in situ CO2 partial pressure of the OPA, 
but at shallow depth. The calculated speciation (PhreeqC, default TDB) 
and saturation indices indicate supersaturation of the carbonate min
erals due to outgassing of CO2 and coupled increase in pH during sam
pling and sample storage. 

To keep it simple, the artificial pore water (APW) was back- 
calculated to calcite-dolomite saturation in equilibrium with the atmo
spheric CO2 partial pressure and was only composed of salts (Na+, K+, 
Sr+, Ca2+, Mg2+, Cl− , HCO3

− , SO4
2− ). The salts added to Milli-Q water are 

listed in Table 2 (nominal composition). The composition was modelled 
with PhreeqC in similar fashion as used for modelling the reference pore 
water compositions for Nagra’s safety case [21]. Finally, δ2H (2H2O) was 
added to the artificial pore water as a tracer. The chemical analysis of 
the artificial pore water is presented in section 3.4. 

2.8. Analysis of the solutions and the exfiltrating aliquots 

After the collection of each syringe sample, the pH was measured in a 
50 μL aliquot with a Thermo Scientific™ Orion™ PerpHecT™ ROSS™ 
combination pH micro electrode, and the rest of the sample was kept in a 
refrigerator until further analysis. 

The samples were analysed for major cations (sodium, potassium, 
ammonium, calcium, magnesium, strontium) and anions (fluoride, 
chloride, bromide, nitrate, sulphate) by ion chromatography using a 
Metrohm ProfIC AnCat MCS IC system with automated 5 μL and 50 μL 
injection loops. Si and Al were measured only for some samples by ICP- 
OES on a Varian 720 ES equipped with an autosampler Varian SPS-3 
supported by the ICP Expert II Ver. 1.1.2 software and Varian Spec
troscopy Database Administrator Ver. 1.6.0.20. Solution samples were 
diluted with 1 % HNO3 by a factor of 10 before injection. 

Stable isotope analysis of δ2H and δ18O were measured by cavity 
ring-down spectroscopy (CRDS) with a PICARRO instrument, with 
optimised sample vials to process samples of 0.3–0.5 ml. Data are re
ported as δ2H and δ18O in ‰ relative to VSMOW. 

2.9. Calculation of saturation indices 

Thermodynamic modelling was carried out using the Gibbs free en
ergy minimisation program GEMS [22] to calculate the saturation 
indices of the solutions. GEMS is a broad-purpose geochemical model
ling code which computes the equilibrium phase assemblage and 
aqueous electrolyte speciation in a complex chemical system from its 
total bulk elemental composition. From the measured concentrations in 
solution and the pH values, the activities of dissolved species were 
calculated using the geochemical software GEMS v3.7 together with the 
PSI database [23] and the Cemdata database [24]. 

The activity of a species i, {i}, is calculated from the measured 
concentrations considering the formation of different aqueous com
plexes; {i} = γi⋅mi, where γi is the activity coefficient and mi is the 
concentration in mol/kg H2O. The activity coefficients of the aqueous 
species γi were computed with the built-in extended Debye-Hückel 
(Truesdell-Jones) equation according to: 

logγi =
− Ayz2

i

̅̅
I

√

1 + Byai
̅̅
I

√ + byI (1)  

where zi denotes the charge of species i, I the effective molal ionic 
strength, by is a semi-empirical parameter (~0.123 for KOH electrolyte 
at 25 ◦C), ai = 3.67 Å (for KOH solutions) and Ay and By are P, T- 
dependent coefficients. This activity correction is applicable up to ~1 M 
ionic strength (Merkel and Planer-Friedrich, 2008). 

The saturation indices (SI) of the different solids were calculated 
from the ion activity product (IAP) based on the measured concentra
tions in the solution according to: 

SI = log
IAP
Kso

(2)  

where IAP is the ion activity product and Kso the theoretical solubility 
product of the solid. A saturation index (SI) < 0 indicates that the so
lution is undersaturated and the respective solid should not form or will 
dissolve if present, SI > 0 means that the solution is oversaturated and 
the formation of the respective solid is possible. 

3. Results and discussions 

3.1. Description of the 10-year-old interface before the percolation 
experiment 

3.1.1. Physical characterisation of the interface and geometry of the core 
sample before the percolation experiment 

The Opalinus clay – Portland concrete interface was examined with 
different techniques (Fig. 4): 4a and 4b are reflected light and the BE 
images obtained on the dry and resin-embedded samples prepared for 
SEM, while 4c and 4d show two reconstructed X-ray CT images (trans
versal and orthogonal) of the core before starting the percolation 
experiment. Both were collected from the same interface, a few centi
metres apart from each other. The fabric of the concrete can be observed 
by both techniques: macropores (black), aggregates (rounded features), 
and paste in between them. The OPA presents a more homogeneous 
matrix with jointing parallel to bedding and. Oblique to the interface (4b 
and 4c). Shrinkage cracks with distinct apertures (BE images, 4a and 4b) 
seen in dried samples may reflect features originating from a narrow 
drilling-disturbed zone. Such a fracture was also observed in the 
reconstructed X-ray CT images (Fig. 4 c and d) cross-cutting jointing, but 
it is less prominent due to the absence of complete desiccation. The 
intensity of the bedding-parallel jointing pattern varies at the field-scale 
and relates to the formation-internal regional deformation history [25]. 
Bright specks represent small inclusions of phases with very high X-ray 
attenuation, such as pyrite in the OPA. The sample preparation of the 
original interface sample and that in the laboratory for the percolation 
experiment did not result in further disturbances but preserved this 
fractured aspect well. Because the joints have no significant apertures, 
the hydraulic effect may be small or only initially be significant 
compared to intact OPA. 

Segmentation of reconstructed X-ray CT images for further volu
metric analysis and visualization were performed with Fiji software. Due 
to the geometry of the core and the resolution of the reconstructed X-ray 
CT images, only the macro porosity can be accessed, i.e. porosity larger 
than 60 μm (2 times the voxel dimension). Six segmented sub-volumes 
are visualised in Fig. 5, where a) corresponds to grayscale 8bit 
rendered data; b) visualisation of segmented volumes: b1 – large ag
gregates, b2 – paste intermixed with the smallest sand fraction, b3 – 
Opalinus clay, b4 – gas pores, b5 – regions of higher porosity close to 
interface within the cement paste matrix, b6 – damaged interfacial 
volume at the interface between OPA and PC, and c) represents the sum 

Table 2 
Salts (PA-grade) used for the artificial pore water.   

NaCl NaHCO3 CaCl2⋅2H2O KCl MgCl2⋅6H2O Na2SO4 SrCl2⋅6H2O 2H2O 

g/L 12.393 0.044 2.134 0.108 3.337 2.018 0.131 ~ 0.035  
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of the segmented sub-volumes. Based on segmentation and extrapola
tion of corresponding results to core size (μCT was performed on a re
gion around the interface between OPA and PC to increase resolution), 
the following volumes were calculated (see Table 3). The percentage of 
aggregate, paste and small sand particle and air void in the concrete 
were estimated to 57, 42 and 1 vol%, respectively. The obtained content 
of paste is higher than in the bulk concrete mix used (estimated around 
20–25 vol%), and this might be because we cannot resolve the finest 
sand in the paste, and because large aggregates were not statistically 
represented close to the interface during the emplacement (wall effect). 

3.1.2. Chemical analysis of the interface after 10 years 
The SEM/EDS profiles (Fig. 6) from an interface sample neighbour

ing the sample used for the percolation experiment (see Fig. 4) reflect 
the alterations that formed over the past 10 years at the interface be
tween the OPA and the cement paste excluding the aggregate in the 
concrete (as detailed in 2.6). 

The bulk chemical composition of the Portland clinker calculated 
from the XRF analyses (from Table 1) is shown at the very left in Fig. 6. 
Few millimetres away from the interface (~ 5 mm), the chemistry in 
hydrated PC paste is expected to be unaffected by OPA interaction. 
However, we observe an in situ composition with a calcium content of 
about 45 mol% instead of 60 mol% in the bulk further away, silicon of 
30 mol% instead of 20 mol% and aluminium of 7 mol% instead 4.5 mol 
%. As detailed previously in [8], the content of Mg is rather high for a 
normal PC composition, about 5 ± 2 mol% with a large scatter, and the 
content of sulphate is higher than the initial content (> 2 mol%). This is 
in agreement with the presence of portlandite, ettringite, C-S-H and 

hydrotalcite observed by XRD and TGA in the cement matrix but the 
disturbance due to interaction with OPA is actually wider than the 4- 
mm-width investigated (limit of sample examination, TGA and XRD at 
5 cm are shown in SI). 

To document the compositional change at the interface excluding 
porosity, Fig. 7a and b image the Al/Si, K/Si, Na/Si ratios vs. Ca/Al close 
to the interface, based on the chemistry given in Fig. 6, segmented for 
the first 4 mm. The lightly coloured circles correspond to the measure
ments within the first millimetre while the diamonds correspond to the 
measurements between 1 and 2.5 mm from the interface, and the dark 
squares to the ones measured between 2.5 and 4 mm. 

Within the first mm, strong differences in chemical composition were 
detected. The cement paste at the interface contained less calcium (20 
mol% compared to 60 mol% in the unaltered cement paste), while in
creases of silicon (from 20 mol% to 42 mol%) and aluminium (from 4.5 
mol% to 20 mol%) were observed. The calcium-depleted zone at the 
interface is much wider (> 5 mm) compared to that after 4.9 years of 
interaction (0.1–0.3 mm) [9]. This Ca depletion was caused by the 
dissolution of cement hydrates up to different depths (portlandite, 
ettringite and C-S-H) and subsequent calcium diffusion into OPA [6]. 
The large difference to the 0.1–0.3 mm observed after 4.9 years might be 
due to a different geometrical configuration of the boreholes, but mostly 
due to a difference in porosity between the two samples (0.35 after 4.9 
years) which lead to a different behaviour in the long term. The in
creases of silicon and aluminium are explained by compensation of the 
Ca depletion within the standardless quantification method and does not 
necessarily indicate in-diffusion from the OPA (see section 2.6). How
ever, the latter cannot be excluded, accompanied by Si and Al uptake in 

Fig. 4. a) Reflected light and the BE maps obtained on the dried and embedded sample prepared for SEM/EDS, b) zoom of the BE map; sections of the reconstructed 
X-ray CT data c) transversal and d) orthogonal of the core before the percolation experiment. Both are from the same interface separated by only a few centimetres. 
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C-S-H. The source of Al and Si from OPA is not the pore water itself (e.g. 
very low Al concentrations), but likely some small amount of Al-silicate 
dissolution (clays, feldspars) right at the interface under elevated pH 
conditions. 

The content of sodium in the cement paste at the interface was 
measured to be higher than in the reference PC content: about 1–2 mol% 
instead of 0.5 mol%. Similarly to Na, the content of potassium was 
elevated at the interface (3 mol%) and decreased below 0.5 mol% 
further away, lower than the reference PC content (1 mol%) (see 
Fig. 6c). Chloride uptake in the cement from the OPA pore water 
behaved differently; usually below EDS detection in PC, it increased 
gradually from the interface (~ 0.5 mol%) up to 2 mol% at 4 mm dis
tance. S was depleted at the interface, but increased (up to 7 mol%) ~2 
mm away from the interface and decreased further away towards the 
initial content of ~2 mol% (Fig. 6b). This might be related to the low pH 
at the interface where neither SO4-AFm nor ettringite are stable. A 
slightly higher pH at ~2 mm accompanied by SO4 lead to precipitation 
of SO4-AFm or ettringite. 

The sulphate and especially the high Na and Cl present in the OPA 
pore water (see 3.4.2. Extracted aliquots) migrated into the concrete and 
possibly precipitated (see below). The K is rather low in the OPA pore 
water but it is present in the illite and would be available on partial 
dissolution as postulated above for supplying Al and Si. 

The ratios Al/Si, K/Si and Na/Si vs. Ca/Al close to the interface (light 
circles in Fig. 7a and b) confirm the generally elevated contents of Al, K, 
and Na vs. a decreased Ca content. Interestingly, the Al/Si and K/Si 

display the same trends, although not the same slopes (Fig. 7a and b). 
This might indicate the additional precipitation of a phase containing Al 
and K, and supposedly with Si as in C-A-S-H and/or hydrated alkali- 
alumino-silicate, such as a precursor of zeolite phases [26]. The con
tent of Na was also higher close to the interface as detailed above, 
certainly due to the high concentration of NaCl in the OPA pore water, 
its diffusion into the concrete, and the uptake of Na replacing some of 
the K in hydrates such as C-S-H [27]. 

The behaviour of Cl was different, while the Cl ingress was much 
deeper into the concrete only little Cl was observed at the very interface. 
Cl possibly replaced OH in the AFm (Friedel’s or Kuzel’s salt) [28] and 
hydrotalcite phases [29]. Fig. 7c displays the Cl/Al and SO4/Al ratios vs. 
Ca/Al and shows a linear trend between Cl and Ca, and between SO4 and 
Ca, that correlates with the incorporation of Cl and SO4 in AFm phases i. 
e. in mono sulphate phases, Friedel’s salt, Kuzel’s salt or possibly in 
hydrotalcite. Possibly, the Cl can be sorbed at the surface of C-S-H or 
more precisely can compensate the positive apparent surface charge in 
its diffuse layer [30] and Cl/Si ratios in C-S-H up to ~0.2–0.3 were 
observed by SEM/EDX [29,31]. The positive apparent surface charge 
occurs in C-S-H with a high Ca/Si [32–34]. This could explain why the 
uptake of Cl is lower at the interface where C-S-H are decalcified (i.e. 
presenting low Ca/Si) than further away from the interface where the 
less altered paste is present with high Ca/Si C-S-H. 

The OPA is weakly altered compared to the PC concrete. This can be 
explained by the lower porosity and diffusion coefficient in OPA which 
minimise the mass transfer needed for precipitation in OPA. 

Fig. 5. Visualization of tomography data, a) grayscale 8bit rendered data; b) visualization of segmented volumes: b1 – aggregates, b2 – paste, b3 – Opalinus Clay, b4 
– gas pores, b5 – regions of lower porosity close to interface, b6 – interfacial volume between OPA and PC; c) represents the sum of the segmented sub-volumes. 
Dimension of block: 8.0 × 8.9 × 7.5 mm3. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.) 

Table 3 
Dimensions and volumetric characteristics of the Portland concrete/Opalinus Clay interface core.   

Core Opalinus Clay Portland concrete Interfacial zone    

Total Aggregate Paste Gas void  

Averaged thickness (mm)  49.1  20.4  28.6     
Diameter (mm)  51.9       
Volume (calculated from μCT) (cm3)  90.48  35.17  54.47  31.1  22.76  0.70  0.84  
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Additionally, the clay minerals of the OPA show extremely slow disso
lution kinetics, and abundant calcite and quartz are rather stable. 

3.2. Physical changes in the core during the percolation probed by X-CT 

As detailed above, some partial drying could not be avoided during 
storage and subsequent sample preparation. The joints parallel to 
bedding seen on the reconstructed X-ray CT images (Figs. 4c, 8) dis
appeared shortly after starting the infiltration (Fig. 8, after 25 h). This 
indicates that the OPA is particularly sensitive to partial drying and 
enhancing jointing, but relatively fast swelling is closing the very small 
apertures during resaturation. This is direct evidence for the self-sealing 
ability attributed to OPA. In contrast, an oblique fracture (Fig. 8, left 
side) that relates to artefacts of the original borehole disturbed zone (see 
Section 3.1.1) or to sample preparation remains open for much longer, 
but does not connect from base to top and therefore is not hydraulically 
active. 

Segmentation and quantification of the joint system was not possible 
due to the very small apertures. To evaluate the more pronounced 
changes in the core over time, the interface region (Fig. 5, b6) between 
OPA and PC with air voids (Fig. 5, b4) and zones of elevated porosity 
(Fig. 5, b5) close to the interface were extracted from the core sample 
(Fig. 9, a) and processed as a function of time. OPA and PC are presented 
in original grey scale of X-ray attenuation (Fig. 9a) as reconstructed from 
the X-CT data. Three time steps (Fig. 9b, c, d) correspond to the same 
block, where (b) is the reference (initial) state, (c) documents changes 
after 25 h and (d) after 111 days. The colour mapping documents rela
tive changes and is identical for all snap shots, and it is normalised, 
where 0 is set as the state at t = 0 for the region of interest (see Fig. 9b). 
To obtain the evolution over time, the initial state of the interface zone 
and air voids were subtracted from subsequent measurements in 8-bit 
grayscale values. The colour scale bar “physics” from Fiji lookup ta
bles was used to present the changes, where 0 (blue) corresponds to 
initial state, while 1 (red) is set at maximum changes between 0 and 111 
days. In all cases, the changes correspond to a brightening of voxels, 
interpreted as an increase in water saturation, displacing initially gas- 
filled void space. The main changes (red) were located in the air void 
region while the porous interface zone underwent less change. The 
interface zone appears to already have contained some pore solution or 
low density gels and thus only limited changes were observed by X-CT. 

3.3. Transport properties 

3.3.1. Darcy’s law 
The bulk hydraulic conductivity of the core sample along its cylin

drical axis can be calculated according to Darcy’s law, simplified for one 
dimension: 

q =
Q
A
= K

Δh
l

(3) 

With: 
q = specific discharge (m/s) or specific flux (m3/m2/s) 
K = hydraulic conductivity (m/s) 
Q = average volumetric flow rate (m3/s) 
l = length of sample (m) 
A = cross sectional area of sample (m2) 
Δh = average hydraulic head difference (m water column); 
Knowing the bulk conductivity, a back-analysis of the hydraulic 

conductivity of the perturbed interface can be calculated knowing or 
assuming a range of values for the individual properties of the Opalinus 
Clay and Portland concrete involved. Darcy’s law can be generalized for 
a layered medium (perpendicular to the flow direction), using the hy
draulic resistivities of the individual layers of thickness li, Ri = li/Ki in Eq. 
(4). 

Fig. 6. Element concentration profiles determined by EDS across the interface 
Portland paste in contact with OPA after 10 years. Dark symbols show the 
average composition of an area (see 2.2) while the light symbols correspond to 
surface spot measurements chosen by hand in the homogeneous matrix close to 
the interface. (For interpretation of the references to colour in this figure, the 
reader is referred to the web version of this article.) 
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q =
Δh
∑

iRi
(4) 

For a three-layer medium, such as the core used in this experiment, 
consisting of Opalinus Clay, Portland concrete and an alteration zone 
(skin), one may write: 

q =
Δh

lPC
KPC

+ lskin
Kskin

+ lOPA
KOPA

(5) 

It is evident in the above equation that layers of low hydraulic con
ductivity and a relatively large thickness are dominant in controlling the 
flux. Portland concrete with a hydraulic conductivity much larger than 
Opalinus Clay bears little weight in the Eq. (5). A skin can only be hy
draulically effective (detectable) if its hydraulic resistance is similar or 
larger than that of the OPA layer. Given the small thickness of the skin 
(mm), its hydraulic conductivity needs to be correspondingly much 
smaller to be detectable in such an experiment, by a factor of 10–20 at 
least. Results are presented further below. 

3.3.2. Porosity evaluation and transport properties of the OPA and 
Portland concrete 

The porosity in the OPA is well known [35], about 16 % for the 
shaley facies (mostly micro and nano porosity). Hydraulic conductivity 
of the Opalinus Clay from Mont Terri has been widely studied and de
pends on sample lithology and possibly also on sample preparation and 
the experimental approach. A range of 3⋅10− 15 to 5⋅10− 13 m/s is re
ported by [16]. More appropriate is a well constrained value of 
1.3⋅10− 13 m/s experimentally measured perpendicular to bedding [15] 
over a period of 15 years on a sample from the same facies and from very 
near the location of the CI experiment. A recommended average value 
for the shaley facies from the latest summary is nearly identical, 
2.0⋅10− 13 m/s [35], also meant for an orientation perpendicular to 
bedding. The anisotropy ratio (parallel/perpendicular to bedding) is 
approximately 5 for a water tracer like HTO for the effective diffusion 
coefficients [36], but is experimentally not well constrained for hy
draulic conductivity. It is most likely that also the hydraulic conductivity 
is significantly larger parallel to bedding compared to a direction 
perpendicular to it. 

The porosity of fresh concrete depends mainly on the two factors, w/ 
c and degree of hydration [37]. In the case of our specific concrete, the 
w/c was very high (0.8) but the degree of reaction continuously 
increased due to water supply provided by the OPA [8]. Thermodynamic 
modelling of the hydration of PC paste in a closed system (detailed in SI, 
Fig. S 3) results in a porosity between 45 and 60 vol%, representative for 
cement matrix not affected by interaction with OPA. The permeability in 
concrete depends mainly on its capillary porosity [38]. Comparable 
Portland pastes and mortars aged for 2 years and with a low w/c of 0.47 
yielded values between 9⋅10− 11 m/s (mortar) and 2⋅10− 10 m/s (paste) 
[39]. The PC in question can be expected to be significantly more 
conductive due to its much higher w/c. 

The paste close to the interface is less dense as seen in X-CT data (see 
Fig. 5, b5), indicating continuous leaching of the paste and generation of 
additional porosity due to the in-situ interaction during the past 10 
years. Similarly, but with a more pronounced increased porosity is the 
interfacial zone compared to the OPA and also to the paste of the con
crete. There is no independent information of the hydraulic conductivity 
across the interfacial zone. From the above analysis it follows that the 
bulk hydraulic conductivity is dominated by the OPA (Eq. (5)). 

(caption on next column) 

Fig. 7. a) Al/Si molar ratio vs. the Ca/Al molar ratio b) K/Si and Na/Si molar 
ratios vs. the Ca/Al molar ratio c) Cl/Al and S/Al molar ratios vs. the Ca/Al 
molar ratio from the surface spot measurements chosen manually in the ho
mogeneous matrix close to the interface from Fig. 6. “REF” values correspond to 
the bulk ratio for the reference composition of the PC cement. Categories relate 
to distance range [mm] from the interface. 
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The interface sample expelled gas during the first 2 weeks of 
percolation, and at least 20 mL was quantified from the exfiltrating al
iquots. This volume is the sum of unsaturated porosity in the core, 
entrapped air in the experimental set-up, and any gas produced during 
the experiment. Gas production (microbially induced processes, small 
amounts of dissolved He from the percolation solution, seepage of Ar 
used in the confining medium) is not known, such that we cannot 
calculate the initially unsaturated volume of the core. 

3.3.3. Evolution of hydraulic conductivity with time 
The measured hydraulic conductivities of the bulk core were calcu

lated from the incremental solution mass (only liquid) recovered over 
time, the core dimensions and the average hydraulic head difference for 

a given sampling interval (Fig. 10, Eq. (3)). The hydraulic conductivity 
reached ~1.8⋅10− 11 m/s during the first two days. It decreased to 
7⋅10− 12 m/s after 10 days, and more slowly to 2.5⋅10− 12 m/s after 116 
days. This is about one order of magnitude larger compared to a sample 
of reference OPA only (2.0⋅10− 13 m/s), oriented perpendicular to 
bedding. The limiting value for the tested OPA segment (lOPA/lcore = 0.4, 
Table 2) is ~1⋅10− 12 m/s assuming infinite conductivity for the PC and 
interface. This is still a factor of 5 smaller compared to an intact sample 
of shaley facies oriented perpendicular to bedding. Our sample is ori
ented oblique to bedding, with bedding traces intersecting both the inlet 
surface of the core as well as the interface (Figs. 1 and 4c). A significant 
part of the apparent elevated hydraulic conductivity at later times may 
therefore be due to the orientation effect of bedding and only to a limited 

Fig. 8. Reconstructed X-ray CT data of the same transversal section of the core a) before the percolation experiment and b) after 25 h of fluid infiltration. The arrows 
indicate joints that close shortly after infiltration. 

Fig. 9. Graphical rendering of a time series 
for the interface region. OPA and PC solids 
are in grey scale, interface zone and air voids 
are in colour. a) - OPA and PC with voids and 
interface zone removed; b) t = 0; c) t = 25 h; 
d) t = 111 days. Colour scale indicates rela
tive changes (O: initial state b, 1: largest 
change found after 111 days in d). Di
mensions of block. 16.8 × 15.9 × 9.0 mm3. 
(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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extent to persisting but gradually decreasing preferential flow along 
bedding-parallel joints. 

The strongly elevated hydraulic conductivities during the first few 
days reflect rapid advection along the initially desaturated joint system 
across the OPA and past the interfacial zone into PC and out to sampling. 
The true fluxes (at the inlet) were even higher because of the displaced 
gas that was not considered in the evaluation. X-CT imaging indicated 
that the joints largely closed during the first day, but the flux data 
indicated that this early reduction of hydraulic conductivity lasted about 
a week. It may well be that only the hydraulic changes in OPA were the 
determining factor for the composite core, and that the PC with its much 
higher conductivity played an entirely passive role. The later phase of 
linearly decreasing conductivity may indicate the existence of some 
decreasing preferential flow along the closing joint system, but transport 
is becoming increasingly diffusion-dominated at these relatively low 
average groundwater velocities. This overall behaviour indicated that 
self-sealing of desaturated fractures / joint systems was initially rather 
rapid, but self-healing (complete sealing) was requiring more time. 

A similar experiment with an interface of OPA and low-pH mortar 
where bedding in the OPA was perpendicular to the flow [40] showed a 
positive skin effect of the interfacial zone with a reduced conductivity 
[41] compared to a reference value for OPA [35]. However, in the 
present study the presence of a skin at the interfacial zone could not be 
demonstrated mainly due to the lack of reliable conductivity data for a 
sample of reference OPA oriented oblique to bedding. The relatively low 
X-ray absorbance of the interface region (Figs. 8, 9) is more indicative of 
being more porous than OPA, and thus also more transmissive. 

3.4. Chemical evolutions in the percolating system 

3.4.1. Opalinus Clay artificial pore water 
The measured composition of the injected Opalinus Clay artificial 

pore water (Table 4) has a slightly higher NaCl content than measured 
from in-situ sampling (see SI, by~4–5 %), but it is reasonably close to 
equilibrium with Opalinus Clay and will induce negligible mineralogical 
changes. When entering PC, the Opalinus Clay artificial pore water and 
displaced in situ pore water will be strongly out of equilibrium, mix with 
the Portland pore solution and react with the PC hydrate assemblage. If 
the core was initially fluid saturated, the first aliquots displaced after 
injection should represent the PC pore water, sampled by advective 
displacement [15]. If the core was only partially saturated, the early 
aliquots sampled may already reflect transient states of mixing and 
interaction, with details depending on the presence of preferential flow 
paths and other heterogeneities. 

3.4.2. Estimation of the concrete pore solution 
For the same PC composition, a paste sample was kept in a closed 

system. After 9 years, a part of the sample was squeezed to analysis the 
pore solution and crushed to carry out solid characterisation [9]. 
Analysis of the pore solution is given in Table 5 and contained 200 
mmol/L K and 90 mmol/L Na with a pH of 13.5. TGA and XRD revealed 
the presence of portlandite, C-S-H, ettringite, monocarbonate and 
hydrotalcite [9]. 

Fig. 10. Bulk hydraulic conductivities (at laboratory temperature, ~ 21–22 ◦C) 
calculated from the aliquots; gas sample corresponds to the sample used for gas 
analysis, in this case, the small back pressure exerted by the friction of the 
plunger seal in the gas syringe is not known and no correction has been made. 

Table 4 
Measured concentrations in the Opalinus Clay artificial pore water (results obtained by ion chromatography, ICP-OES and PICARRO instrument, errors ±5 %, traced 
with deuterium).  

pH Na K Ca Mg Sr Cl SO4 δ2HOPA δ18OOPA  

mmol/L ‰ vs. VSMOW ‰ vs. VSMOW 

7.3 250.28 1.46 14.14 16.25 0.52 275.14 13.41 130.42 − 11.14  

Table 5 
Pore solution chemistry and saturation indices (SI) for the isolated 9-year-old 
hydrated PC paste from [9], the leaching experiment and the suggested pore 
solution for this study. Analytical error ± 10 %. Bold lines correspond to the 
experimental observation of the phases in the cement matrix.   

Laboratory after 9 
years 

Leaching 
experiment 

Estimated pore 
solution 

Chemical composition (mmol/L) 
Ca  0.7 20  40 
Na  91 10  75a 

K  200 7  35.4 
Cl  30  153 
NO3  0.35  1.8 
SO4  6.6 0.07  0.3 
Si  0.05 0.01  0.05 
Mgb  <0.001 <0.0001  <0.001 
Alb  0.16 Not measured  0.1 
pH  13.5 12.4  12.5  

Saturation indices 
CSH  ¡0.1 ¡0.1  0.1 
ettringite  0 0  0 
AFm- SO4  − 0.1 0.1  0.2 
AFm- NO3  − 0.1 0  0 
Friedel’s salts  − 0.1 0  0 
Kuzel’s salts  − 0.1 0  0 
Portlandite  0 ¡0.1  0 
Anhydrite  − 0.5 − 0.4  − 0.3 
Gypsum  − 0.2 − 0.2  − 0.1 
Hydrotalciteb  0 0  0  

a Na concentration was slightly increased in order to reach electronegativity of 
the solution. 

b Mg and Al set to 0.00001 and 0.1 mmol/L for the saturation index calcula
tions, values to match SI = ettringite. 
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However, the pore solution of the 10-year-old concrete at 1–5 cm of 
the interface is expected to be significantly different from the pore so
lution measured in a closed-system 9-year-old paste due to exchange 
with OPA pore water with a lower pH and different composition A 
sample of the same concrete emplaced in the CI experiment was chosen 
and taken at approximately 4–5 cm distance from the interface (Fig. S 1). 
The material is outside the range of visible direct interaction with OPA 
(usually few mm to cm [6–8]) and represents the reference for aged 
Portland concrete. XRD and TGA data (Fig. S 2) showed, in addition of 
aggregate, the presence of portlandite, ettringite, monocarbonate and 
hydrotalcite and indicated the presence of C-S-H. The presence of a 
hydrotalcite-like phase was consistent with the relatively high MgO 
content of 5 wt% in the unhydrated PC [8]. Possibly also AFm phases as 
hemicarbonate and monocarbonate could be present, but due to the 
broad XRD signal they could not be distinguished from the reflections of 
the hydrotalcite. 

Leaching experiments on the same sample helped to estimate the 
pore solution of the concrete. The leaching experiment (Table 4) showed 
a rather low pH of about 12.3 and a calcium concentration lower than 
expected at saturation with Portlandite. The measured concentrations 
correspond mostly to the leached ions diluted by the applied solid/liquid 
ratio and back calculations to pore water concentrations was required to 
estimate the pore solution composition. For simple back calculations, 
the NaCl and KCl were considered as non-desorbed from the solids and 
the measurement corresponds more or less to the NaCl and KCl only 
present in the pore solution. The OH concentration (i.e. pH) and the Ca 
concentration are controlled by the equilibrium with Portlandite as it is 
the main phase buffering the pH. Hence, the concentration of Ca was 
estimated from the solubility curve of portlandite at the given pH instead 
of using a dilution factor. Additionally, the Al was not measured, but Al 
concentration usually decreases with a pH decrease. The estimated Al 
concentration was set to be at equilibrium with ettringite and hydro
talcite. The estimated pore solution is given in Table 5. 

The concentrations of Na+ and K+ in the leached solutions (∕= esti
mated pore solutions) are very similar, about 10 mmol/L and 7 mmol/L, 
respectively. The Cl concentration was about 30 mmol/L, almost double 
compared to the Na + K concentration (10 + 7 mmol/L). The concen
tration of SO4

2− (0.07 mmol/L) is lower than the NO3
− concentration 

(0.35 mmol/L), certainly due to the initial presence of an additive 
containing NO3

− and the usual precipitation of SO4
2− in ettringite and 

AFm phases. Anion as Cl− and NO3
− are supposedly precipitated in the 

LDH phases, either as AFm phases like Friedel’s and/or Kuzel’s salts or 
as hydrotalcite-like phases (as detailed in 3.1.2). The latter are usually 
sorbed in the interlayer of the LDH when concretes are in contact with 
saline water, i.e. dissolved Cl− > 550 mmol/L [42] and are loosely 
bound. Friedel’s salts have been observed even for lower concentrations 
[43,44]. 

The estimated pore solution contained a relatively high dissolved Cl 
concentration (153 mmol/L) compared to a normal Portland cement 
pore solution indicating that there were exchanges between the concrete 
and the OPA and no clogging occurred. This is due to the infiltration of 
the OPA pore water. Interestingly, the content of sodium was rather low 
(75 mmol/L), compared to the normal Portland cement pore solution 
(91 mmol/L) or the OPA pore water (250 mmol/L) indicating a strong 
sorption to the cement hydrates and/or precipitation in new phases. 

The saturation indices were calculated (Table 5) in order to compare 
the pore solution of the closed-system paste from [9] and the estimated 
pore solution of the in-situ enriched paste/mortar (this study). The main 
hydrates (portlandite, C-S-H, ettringite, and hydrotalcite) have SI values 
close to 0 ± 0.1, confirming that the solutions were nearly at equilib
rium. Interestingly, the pore solution is undersaturated with respect to 
anhydrite and gypsum. The high concentration of Cl caused the solution 
to be nearly at equilibrium with respect to Fridel’s, and Kuzel’s salts. It is 
also possible that Cl slightly adsorbed on C-S-H. Finally, the pore solu
tion was at equilibrium with NO3-AFm due to the large quantities of 
NO3

− measured. 

While the direct interface (first few millimetres) of the OPA/PC is 
usually studied, the SEM/EDS results and the leaching experiments 
showed changes in the concrete also at approx. 5 cm of the interface, 
outside the range of visible zonation/alteration:  

– Ingress of some components of Opalinus Clay pore water into the 
concrete 

– Large amount of Cl− in the pore solution associated with some up
take in the solids  

– Depletion of K+, in the pore water of the concrete probably due to the 
migration into the OPA and/or precipitation in new phases  

– Depletion of Na+, in the pore water of the concrete probably due to 
the precipitation in new phases, supposedly associated with a 
decreased pH 

3.4.3. Exfiltrating aliquots 
The concentrations of dissolved ions measured over time are pre

sented in Fig. 11 and the result of the full analyses is given in Table S 2 
(pH, ion concentrations, total organic carbon, total inorganic carbon, 

Fig. 11. a) Dissolved Na, Cl (left blue axis), Ca, NO3, K and SO4 (right black 
axis), & b) dissolved Sr, Br, Si measured in the aliquots over time (ref PC cor
responds to the data given in [9]). (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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dissolved organic carbon, δ2H, δ18O and calculated saturation indices for 
the relevant cement phases). 

The composition of the aliquots over time differed strongly from the 
OPA pore water injected or the estimated pore solution of the concrete 
(Fig. 11). The sodium and chloride concentrations remained between 
270 and 230 mmol/L and 254 and 260 mmol/L, respectively, close to 
the artificial pore water composition for Cl, and somewhat reduced for 
Na. The sodium concentration at early time was 270 mmol/L and 
decreased to a level of 230 ± 3 mmol/L after 20 days. It is likely that 
during the first day the joint system in the OPA let the artificial pore 
water through, flooding the interface region and that the fluid did not 
equilibrate with the PC that contained much lower levels of Na and Cl 
(~75 and 150 mmol/L respectively, see Table 5). The first aliquots 
presented pH lower than 12.5 and a large content of dissolved organic 
carbon. Due to the low pH, the aliquots were undersaturated with most 
of the cement hydrates, especially undersaturated with respect to por
tlandite (Table S 2). After 10 days, a pH of 12.5 (indicative of buffering 
by portlandite) and a lower content of organics were measured. 

This suggested a very early partial breakthrough of the major charge- 
carriers during the earliest phase when also much gas was expelled 
attesting to elevated volumetric flow rates (Fig. 10). This also suggests 
that there were likely also preferential pathways in the PC and thus an 
inability to substantially buffer the injected OPA pore fluid when fluxes 
were high. 

Similarly to the organics, the concentration of potassium decreased 
from 12 to 5 mmol/L with time, a value well above the injected OPA 
pore water but also well below the expected pore water in PC. Some K 
was apparently taken up by the fluid travelling through PC, perhaps 
from an inventory of K associated with C-S-H. This was continuously 
depleted as K was washed out and less K was present in the system. As 
mentioned above, K is also involved in cation exchange in OPA. The 
concentration of calcium in solution remained more or less constant and 
the SI calculated for the portlandite indicated that the aliquots were all 
at equilibrium with respect portlandite due to the portlandite buffer. A 
decrease in dissolved calcium and pH is expected only after the total 
dissolution of portlandite. 

Strontium elutes initially at concentrations close to the injected fluid, 
and was gradually decreasing by uptake of some Sr in the PC. Substantial 
nitrate, not present in the OPA clay artificial pore water, was measured 
(~20 mmol/L) initially, decreasing with time. This corresponds to the 
leaching of the nitrate present as initial additive in the PC pore solution 
and/or incorporated in the LDH, mono-sulphate or mono‑carbonate 
hydrates, and mobilised by high Cl concentrations. Dissolved silica (not 
contained in the injected fluid) initially elutes above expected values 
from OPA in situ conditions (ca. 0.15 mmol/L) and this is therefore 
mobilised from the PC, approaching expected PC pore water values with 
time. 

The concentration of sulphate in the Opalinus Clay pore water 
(13–14 mmol/L) elutes initially at this concentration, decreasing with 
time. The decrease of SO4

2− is related to the uptake by the cementitious 
phases, for example the precipitation of ettringite, AFm or gypsum 
[42,45]. 

Finally, bromide is not present in the initial Opalinus Clay artificial 
pore water and is leached from the initial pore water of Opalinus Clay 
(ca. 0.5 mmol/L at this location) with some loss passing through PC. 

The existence of tracers commonly assumed as inert in the core 
sample or in the artificial pore water may allow the estimation of 
transport properties from their concentration evolution in the sampled 
aliquots. The complex and heterogeneous nature of the compound core 
(including an interface region) complicates or even makes data inter
pretation or quantitative processing impossible. First of all, the 
transport-active porosity strongly decreased initially, and continued to 
decrease throughout the entire experiment (Sections 3.2 and 3.3.3). 
Therefore, transient transport properties must be assumed. In addition, 
OPA bedding was oblique to the transport direction and the interface 
with a possible sealing skin that further complicates data interpretation. 

The initial tracer concentrations in the porewaters of both parts of the 
core were speculative or unknown after 10 years of interaction with the 
surrounding of the Mont Terri CI experiment. And - last but not least - 
water tracers and anions can interact with cement hydrates, which 
delayed the breakthrough. 

The δ2H measured in the sampled aliquots were compared to the δ 
2HOPA added initially to the artificial pore water using the Eq. (6) and is 
presented in Fig. 12. This normalised breakthrough was equal to 0.45 in 
the first syringes. After 10 days, the ratio stabilised at ~0.6 and did not 
reached 1 after 116 days. 

δ2H − δ2HOPA natural

δ2HOPA enriched − δ2HOPA natural
(6)  

where δ2H is the data measured in the aliquot (Table S 2), δ2HOPA naturalis 
the content of isotope measured in the natural OPA (Table S 1) and 
δ2HOPA enrichedis the content measured in the enriched OPA (APW, 
Table 4). δ18O was treated in an analogous fashion. 

The anion breakthrough was also calculated from the concentration 
of Br measured in the aliquots. Only present in the pore water of the OPA 
in the core, the dissolved Br may be used as a negative breakthrough 
neglecting the possible uptake of Br− into cement phases, following the 
Eq. (7): 

[Br]initial − [Br]
[Br]initial

(7)  

where [Br] is the Br concentration measured in the aliquot (Table S 2) 
and [Br]initial is the concentration of Br measured in the natural OPA 
(Table S 1). 

The normalised breakthrough of Br (Fig. 12) reached 0.6 after one 
day, and was close to 1 after 116 days, meaning a complete (negative) 
breakthrough was almost reached. The breakthrough of a non-reactive 
anionic tracer in an advection-diffusion regime is faster than a water 
tracer in OPA due to the effect of anion-exclusion by negatively-charged 
clay mineral surfaces [15]. The shape of the breakthrough curve for Br is 
however not that of a non-reactive tracer and indicates that initially 
some Br was retained in the PC. The initial jump to a partial break
through already during the sampling period for the first syringe in
dicates the afore mentioned fast imbibition of the joint system and 
initially unsaturated porosity. 

The main difficulty in interpreting the δ2H breakthrough relates to 

Fig. 12. Normalised breakthrough measured in the aliquots over time. δ2H and 
δ18O: normal breakthroughs, Br-: negative breakthrough. 
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the unknown isotopic composition in the PC pore water, and the extent 
that cement hydrate assemblage may interact isotopically at this time 
scale. Assuming that PC has an initial signature similar to tap water (− 55 
to − 65 ‰VSMOW) or perhaps even lighter due to hydrate formation, 
one observes qualitatively the same initial rapid partial breakthrough as 
with Br, with a fast initial surge of tracer already present in the first 
syringe. Larger pores along some better-connected zones in the concrete, 
partially not saturated initially (see Section 3.3.2), provide preferential 
pathways for advective transport of pore water coming from the OPA 
side. The breakthrough is slowly progressing under a regime of 
decreasing advection. Diffusive interaction between the pathways and 
the cement matrix pore water (e.g., capillary pores, less affected by 
advection) leads to a mixing of the two isotope signals, with increasing 
PC influence when advection slows down. There is almost no progress in 
breakthrough after 10 days, and this may be due to an effective retention 
of the deuterium signal by the PC (interaction with cement hydrates), 
more so than could be explained by mixing of pore waters. Note that the 
breakthrough scale is defined relative to the known isotopic composition 
the Opalinus Clay, and a breakthrough in pure Opalinus Clay would 
evolve in a smooth sigmoidal shape from a value of 0 to 1. Fig. 12 em
phasises the effect of PC on the breakthrough, but it is also affected by a 
rapid initial ingress of the synthetic pore water. 

The same is true for the breakthrough of δ18O that shows a large 
scatter in the first three aliquots that plot as negative points on the 
breakthrough normalised to a value of the Opalinus Clay pore water. 
The reason for this scatter is not understood. Thereafter, the break
through is progressing towards the concentration of the injected pore 
water. Again, a more detailed interpretation – e.g. concerning also the 
different behaviour of δ2H and δ18O - is difficult in the absence of a 
constraint on the initial isotopic ratios in the PC (after 10 years of 
exposure next to Opalinus Clay). 

All breakthrough curves share an asymmetric breakthrough with a 
very steep initial increase. Early transport is advection controlled, with 
fracture flow in the OPA and diffusive matrix exchange. A very rough 
assessment of Péclet numbers based on the observed flowrates (calcu
lated from Table S2) and generic diffusion and porosity properties of 
OPA or concrete results in an early value around 1. The subsequent 
tailing of the values indicates a transition towards hydrodynamic 
dispersion with diffusion, in line with a decrease in Péclet number. The 
limitations mentioned above make further quantitative interpretation 
impossible. 

4. Conclusions 

The long-term isolation properties of a geological facility for deep 
storage of nuclear waste rely on the stability of the geological environ
ment and the engineered barrier systems. Particularly the properties of 
the interfacial zones between different cementitious and clay materials 
may affect the overall performance. Here, we tested a concrete/clay
stone interface that previously aged for 10 years under relevant condi
tions and developed a small-scale multiply-zoned mineral alteration 
region, more prominent in the PC matrix than in the Opalinus Clay. Pre- 
existing bedding-parallel jointing oriented oblique to the interface, and 
partial de-saturation during sample preparation and storage render this 
an analogue of an excavation-disturbed zone in contact with a Portland 
cement material. A cylindrical compound sample with 50 mm diameter 
contained this complex interface and was subjected to a large hydraulic 
head gradient (40 m/m) injecting a synthetic clay-equilibrated pore 
water into the Opalinus Clay part, across the interface and through the 
PC part to sampling by syringes. An immediate breakthrough of the 
main fluid components Na-Cl, sulphate, deuterated water and the inert 
tracer bromide attested rapid initial transport along the partially open 
joint system, across the interface, and likely along preferential flow 
paths through PC. A cement-signature in the outflow was evident by Ca 
elution and elevated pH with approximate portlandite buffering, and 
elevated concentrations of K, Si and nitrate (from additives). This initial 

rapid flooding was accompanied by gas displacement from the unsatu
rated pore space, but also some induced gas production, supposedly by 
microbial activity. Hydraulic conductivity was rapidly decreasing as the 
joint system was self-sealing, and so were average flow velocities 
(residence time) and the hydraulic conductivity was approaching a 
value not much above a value for undisturbed shaley facies of Opalinus 
Clay parallel to bedding. At the end of chemical monitoring (116 days), 
the chemical composition of the outflow was still evolving towards a 
more PC-influenced pore water, but superimposed with a continuous 
elution of the high Na-Cl salinity of the synthetic OPA-type injection 
fluid. 

It was not possible to quantify the effect that the characterised 
mineralogical alteration zone at the interface may have played– the 
hydraulics were dominated by a disturbed state that likely also disrupted 
any continuous skin that may have been present before opening of 
joints. Note that such a disturbed state is not expected to be present at 
saturated in situ conditions – interface samples from several campaigns 
invariably attested cohesion across the interface including also thin 
alteration zones with reduced porosity [7–9,14]. A companion hydraulic 
experiment with a less-aged mortar (3 years plus 2 years cold storage) 
from the same field experiment and an interface oriented parallel to 
bedding did show a low bulk hydraulic conductivity that suggest a po
tential thin skin acting as a barrier (partial data published in [40,41]). 

For the first time the pore solution of the concrete at few centimetres 
away from the interface with OPA (~5 cm) was estimated. It showed a 
large content of dissolved Cl, and relatively high dissolved SO4 and NO3. 
Calculated OH concentration based on electronegativity indicates that 
the pH was rather low, only to let the solution at equilibrium with 
portlandite (i.e. ~12.5) indicating a modified concrete after 10 years. 
This might affect the sorption and diffusion properties of such concrete 
after several years. The sorption of this specific concrete was studied in 
[46] in order to give updated sorption values to directly examine the 
transport effects of such interfaces at the field scale by a diffusion 
experiment with appropriate tracers (3H, 36Cl, for example), and 
examine subsequently tracer profiles across the interface (e.g. CI-D 
experiment at the Mont Terri rock laboratory). 

The novel experimental approach combined hydraulic testing and 
chemical monitoring with many repeat X-ray CT scans while the 
experiment was autonomously running. This greatly improved our 
process understanding, mainly via a semi-quantitative documentation of 
volumetric and textural incremental changes. The self-sealing properties 
of Opalinus Clay (closing of joints) were directly observed for the first 
time. 

The observations in this experiment indicate that initial flow across 
the EDZ of OPA that has previously interacted with cement, is relatively 
fast and not hindered by a skin at the cement-clay interface. With 
ongoing hydration, swelling of the OPA and of the potentially present 
buffer material (e.g., bentonite), the flow rate decreases. The OPA pore 
water crosses the OPA-cement interface and the cement liner and enters 
the buffer. The cement signature of this water, especially pH, increases 
with decreasing flow. Now, the influence of the skin at the cement-OPA 
interface on transport might increase again, and cement-OPA interaction 
might continue. Further CT investigations on the core still subjected to 
artificial pore water infiltration, or a post mortem analysis of the core, 
might elucidate these processes. 

The interaction of the infiltrating artificial pore water with OPA and 
cement strongly depends on the transport regime, which changes during 
the experiment from fast-advective along preferential pathways to a low 
flow expected in OPA with an increasing significance of diffusion. This 
makes it impossible to unambiguously derive all interaction mechanisms 
of the different solutes with both materials from the exfiltrating aliquot 
compositions without a detailed reactive transport modelling exercise. 
Especially the interactions of the water tracers with cement remain 
speculative. The flattening of the deuterium breakthrough at 0.6 dis
qualifies its use as non-reactive tracer in cement, and the slower Br 
breakthrough compared to δ18O confirms the well-known anion 
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retention in cement. Both types of interactions are not reported for OPA 
[18]. Nevertheless, the exfiltrating chemistries indicate the degree of 
interaction during the different flow regimes. 

More experimental work on the transport could be done, as e.g. with 
positron-emission tomography (PET) to directly image the mobile phase 
in 3D, and its time evolution of such heterogeneous interface [47]. 
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