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Abstract 
 
In the context of nuclear waste disposal, porewater chemistry is important to evaluate the stability 
of technical barriers and the mobility of radionuclides. The intimate association of porewater with 
the nanoporous clayrock, however, makes the characterisation of porewater chemistry a difficult 
task and virtually every method is prone to artefacts. During the last 25 years large progress has 
been made in characterising the porewater chemistry and unravelling the underlying geochemical 
processes in the Opalinus Clay and other clayrocks. The multi-national Mont Terri Project has 
played a pioneering role in this regard. For example, it has enabled to develop the appropriate 
methodology for characterising the porewater chemistry of the Opalinus Clay investigated 
through deep boreholes in northeastern Switzerland. 

The information compiled in this report builds on the early synthesis of Pearson et al. (2003) and 
integrates newer data from the Mont Terri Rock Laboratory and from deep boreholes in northern 
Switzerland. In particular, pertinent data from the borehole at Schlattingen, where a suite of 
methods were applied, are included. The overall objective is to present the status of understanding 
porewater chemistry of the Opalinus Clay before starting the deep drilling programme of Sectoral 
Plan Stage 3. This is accomplished by (i) outlining current methods, (ii) analysing the acquired 
data and corresponding modelling developments, (iii) discussing the buffering capacity of the 
Opalinus Clay, and (iv) highlighting pertinent uncertainties. 

A multi-method approach is required to obtain representative porewater data. Sampling of see-
page waters from packed-off boreholes at Mont Terri has enabled to obtain a consistent dataset 
which has been complemented with data from other methods. High-pressure squeezing is a viable 
and efficient tool to sample porewater from drillcores. Complementary sampling methods are 
diffusively equilibrated borehole waters and advective displacement of porewater from drillcores. 
The methods of aqueous extraction and extraction of exchangeable cations via index cation dis-
placement are well-established. This is also the case for the diffusive exchange method for deter-
mining water isotopes. Large progress has been made in the methodology for analysis of noble 
and reactive gases in porewaters. 

A large database has been acquired in the Mont Terri Project, also including porewaters purposely 
affected by perturbations (e.g. addition of H2 or increase in salinity). The knowledge gained at the 
Mont Terri Rock Laboratory has helped to establish methods for the analysis of drillcores from 
deep boreholes. The derived porewater compositions in these boreholes are largely consistent 
with those obtained at Mont Terri, which is explained by the similar mineralogy at the different 
sites. Useful complementary porewater chemistry data has been acquired from the Mont Russelin 
tunnel and other deep boreholes in northern Switzerland. 

On the basis of process understanding a robust chemical equilibrium modelling approach has been 
developed. The core of this model includes cation exchange reactions and equilibrium with car-
bonate minerals and celestite. Depending on the focus of the model, other mineral and surface 
reactions (e.g. clay minerals, surface protolysis) can be included. This model approach can also 
assess the effects of temperature and pressure changes on porewater chemistry. Calculations indi-
cate that effects related to the extraction, cooling and sampling of drillcores are fairly small if 
appropriate measures are taken.  
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Sulphate released from aqueous extracts exhibits concentrations in excess of the expected pore-
water concentration, which points to an additional source of sulphate. This source has so far not 
been unequivocally identified. Dissolution of celestite during leaching may partly explain this 
"excess sulphate" in aqueous extracts but other sources, such as SO4 released from the carbonate 
fraction appear to contribute as well. 

Due to its mineralogical-chemical and transport properties, the Opalinus Clay has a large 
buffering capacity which counteracts repository-induced or external perturbations. This is under-
lined by a number of experimental studies, observations from natural analogues and modelling 
exercises. Thus perturbations, such as ingress of O2, microbial sulphate reduction or contact with 
cementitious leachates are shown to be buffered efficiently and resulting changes in porewater 
chemistry are generally localised and small to moderate. 
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Zusammenfassung 
 
In Zusammenhang mit der Entsorgung radioaktiver Abfälle ist die Porenwasserchemie wichtig, 
um die Stabilität der technischen Barrieren und die Mobilität der Radionuklide zu bewerten. Die 
enge Beziehung des Porenwassers mit dem nanoporösen Tongestein macht die Charakterisierung 
der Porenwasserchemie jedoch zu einer schwierigen Aufgabe und praktisch jede Methode ist 
anfällig für Artefakte. In den letzten 25 Jahren wurden grosse Fortschritte bei der Charakteri-
sierung der Porenwasserchemie und der Entschlüsselung der zugrunde liegenden geochemischen 
Prozesse im Opalinuston und anderen Tongesteinen erzielt. Das multinationale Mont Terri Pro-
jekt hat in dieser Hinsicht eine Pionierrolle gespielt. Es hat zum Beispiel die Entwicklung der 
Methodik ermöglicht, welche dann an Proben aus Tiefbohrungen in der Nordostschweiz ange-
wendet werden konnte. 

Die in diesem Bericht zusammengestellten Informationen bauen auf der früheren Synthese von 
Pearson et al. (2003) auf und integrieren neuere Daten aus dem Felslabor Mont Terri und aus 
Tiefbohrungen in der Nordschweiz. Insbesondere sind relevante Daten aus der Bohrung 
Schlattingen-1 enthalten, wo eine Reihe von Methoden angewandt wurde. Das übergeordnete Ziel 
ist es, den Kenntnisstand der Porenwasserchemie des Opalinustons bis zum Beginn des Tiefbohr-
programms in SGT Etappe 3 zu dokumentieren. Dies wird erreicht, indem (i) die aktuellen Metho-
den beschrieben werden, (ii) die gewonnenen Daten und die entsprechenden Modellent-
wicklungen analysiert werden, (iii) die Pufferkapazität des Opalinustons diskutiert wird und 
(iv) relevante Unsicherheiten aufgezeigt werden. 

Um repräsentative Porenwasserdaten zu erhalten, ist ein Multi-Methoden-Ansatz erforderlich. 
Die Beprobung von Porenwasser aus abgepackerten Bohrungen am Mont Terri hat es ermöglicht, 
einen konsistenten Datensatz zu erhalten, der mit Daten aus anderen Methoden ergänzt wurde. 
Das "high-pressure squeezing", d.h. das Auspressen von Porenwasser unter hohem Druck, ist eine 
praktikable und effiziente Methode zur Beprobung von Porenwasser aus Bohrkernen. Ergänzende 
Probenahmeverfahren sind diffusiv äquilibrierte Bohrlochwässer und die advektive Verdrängung 
von Porenwasser aus Bohrkernen. Die Methoden der wässrigen Auszüge und der Extraktion von 
austauschbaren Kationen sind gut etabliert. Dies gilt auch für die Diffusionsaustauschmethode 
zur Bestimmung der stabilen Isotope des Porenwassers. Grosse Fortschritte wurden bei der 
Methodik zur Analyse von Edelgasen und reaktiven Gasen in Porenwässern gemacht. 

Im Mont Terri Projekt wurde eine grosse Datenbank aufgebaut, die auch Porenwässer umfasst, 
die absichtlich durch Störungen (z.B. Zugabe von H2 oder Erhöhung des Salzgehalts) beeinflusst 
wurden. Die dort gewonnenen Erkenntnisse haben dazu beigetragen, Methoden für die Analyse 
von Bohrkernen aus Tiefbohrungen zu etablieren. Die abgeleiteten Porenwasserzusammen-
setzungen in diesen Bohrungen sind ähnlich wie diejenigen am Mont Terri, was durch die ähn-
liche Mineralogie an den verschiedenen Standorten erklärt wird. Nützliche ergänzende Daten zur 
Porenwasserchemie wurden aus dem Mont Russelin-Tunnel und weiteren Tiefbohrungen in der 
Nordschweiz gewonnen. 

Auf Grundlage des Prozessverständnisses wurde ein robuster chemischer Gleichgewichtsmodel-
lierungsansatz entwickelt. Der Kern dieses Modells umfasst Kationenaustauschreaktionen und 
Gleichgewichte mit Karbonatmineralen und Cölestin. Je nach Zielsetzung des Modells können 
auch andere Mineral- und Oberflächenreaktionen (z.B. Tonminerale, Oberflächenprotolyse) 
einbezogen werden. Mit diesem Modellansatz können auch die Auswirkungen von Temperatur- 
und Druckänderungen auf die Porenwasserchemie bewertet werden. Die Berechnungen zeigen, 
dass die Auswirkungen in Zusammenhang mit der Entnahme, Abkühlung und Beprobung von 
Bohrkernen recht gering sind, wenn geeignete Massnahmen getroffen werden.  
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Sulfatkonzentrationen basierend auf wässrigen Auszügen liegen deutlich höher als die erwarteten 
Konzentrationen, was auf eine zusätzliche Sulfatquelle hinweist. Diese Quelle konnte bisher nicht 
eindeutig identifiziert werden. Die Auflösung von Cölestin während der Auslaugung kann dieses 
"überschüssige Sulfat" in wässrigen Auszügen teilweise erklären, aber auch andere Quellen, wie 
zum Beispiel aus der Karbonatfraktion, können dazu beitragen.  

Der Opalinuston hat aufgrund seiner mineralogisch-chemischen und Transporteigenschaften eine 
grosse Pufferkapazität, die tiefenlagerbedingten oder externen Störungen entgegenwirkt. Dies 
wird durch eine Reihe von experimentellen Untersuchungen, Beobachtungen an natürlichen Ana-
loga und Modellierungen belegt. So zeigt sich, dass Störungen wie O2-Eintrag, mikrobielle Sulfat-
reduktion oder der Kontakt mit zementhaltigen Sickerwässern effizient gepuffert werden und 
daraus resultierende Änderungen der Porenwasserchemie im Allgemeinen lokal begrenzt und 
gering bis moderat sind. 
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Résumé 
 
Dans le contexte du stockage géologique des déchets nucléaires, la chimie de l’eau interstitielle 
joue un rôle important dans l’évaluation de la stabilité des barrières techniques et de la mobilité 
des radionucléides. La caractérisation géochimique de l’eau interstitielle est toutefois difficile du 
fait de la relation étroite existant entre l’eau interstitielle et la roche argileuse nanoporeuse, et 
pratiquement toutes les techniques génèrent des artéfacts. Au cours des 25 dernières années, la 
caractérisation géochimique de l’eau interstitielle et le décryptage des processus géochimiques 
correspondants dans l’Argile à Opalinus et d'autres roches argileuses ont fait de grands progrès. 
Le projet multinational du Mont Terri a joué un rôle de pionnier à cet égard. C’est par exemple 
grâce à lui que l’on a pu mettre au point la méthodologie utilisée pour caractériser les échantillons 
d’Argile à Opalinus prélevés dans des forages profonds du nord-est de la Suisse. 

Le présent rapport est basé sur les informations compilées par Pearson et al. (2003), complétées 
par des données plus récentes collectées au Laboratoire souterrain du Mont Terri et dans des 
forages profonds du nord de la Suisse, en particulier dans le forage de Schlattingen-1, où plusieurs 
méthodes de prélèvement ont été mises en oeuvre. L’objectif global du rapport est de documenter 
l’état des connaissances sur la chimie de l’eau interstitielle de l’Argile à Opalinus avant le début 
de la campagne de forages profonds prévue au cours de la phase 3 de la procédure du Plan 
sectoriel. Pour ce faire, (i) nous décrivons les méthodes actuelles, (ii) nous analysons les données 
obtenues et l’élaboration des modèles correspondants, (iii) nous étudions le pouvoir tampon de 
l’Argile à Opalinus et (iv) nous évoquons les incertitudes qui subsistent. 

Pour obtenir des données représentatives sur l’eau interstitielle, il est nécessaire de mettre en 
oeuvre plusieurs méthodes. Le prélèvement de l’eau interstitielle provenant de forages avec 
obturateurs réalisés au Mont Terri a permis d’obtenir un ensemble de données cohérent, qui a pu 
être complété par des données obtenues par d’autres méthodes. La méthode dite « high-pressure 
squeezing » est efficace pour extraire l’eau interstitielle des carottes de forage. On peut également 
utiliser des techniques complémentaires comme des eaux de forage équilibrées par diffusion et 
l’extraction par advection de l’eau interstitielle contenue dans les carottes. L’extraction aqueuse 
et l’extraction des cations échangeables sont des méthodes bien établies, tout comme la méthode 
d’échange par diffusion pour déterminer les isotopes stables de l’eau interstitielle. De grands 
progrès ont été réalisés dans la méthodologie d’analyse des gaz nobles et des gaz réactifs dans les 
eaux interstitielles. 

Dans le cadre du projet Mont Terri, une importante base de données a été constituée. Celle-ci 
comprend notamment des eaux interstitielles qui ont été délibérément soumises à des pertur-
bations (par exemple un ajout de H2 ou une augmentation de la salinité). Les connaissances 
acquises au laboratoire souterrain ont permis d’élaborer des méthodes d’analyse destinées aux 
carottes provenant de forages profonds. La composition de l’eau interstitielle issue de ces forages 
s’avère similaire à celle du Mont Terri, ce qui s’explique par une minéralogie comparable. Des 
données complémentaires pertinentes relatives à la chimie de l’eau interstitielle ont été obtenues 
dans le tunnel du Mont Russelin et dans d’autres forages profonds du nord de la Suisse. 

La compréhension du processus a permis la mise au point d’une approche de modélisation robuste 
de l’équilibre chimique. A la base de ce modèle figurent les réactions d’échange de cations et les 
équilibres avec les minéraux carbonatés et la célestine. En fonction des objectifs du modèle, on 
peut également faire intervenir d’autres réactions minérales et de surface (par exemple minéraux 
argileux ou protolyse de surface). Cette approche permet également d’évaluer l’impact des varia-
tions de température et de pression sur la chimie de l’eau interstitielle. Les calculs montrent que 
les effets associés au carottage, au refroidissement et au prélèvement des échantillons restent assez 
faibles si l’on prend des mesures appropriées. 



NAGRA NTB 18-01 VI  

Les concentrations de sulfate mesurées dans les extraits aqueux sont nettement plus élevées que 
les valeurs attendues, ce qui dénote la présence d’une source supplémentaire de sulfate. Cette 
source n’a pas encore été clairement identifiée. La dissolution de la célestine pendant la lixiviation 
peut expliquer en partie cet "excès de sulfate" dans les extraits aqueux, mais d’autres sources, 
comme la fraction carbonatée, peuvent également y contribuer.  

Les propriétés de l’Argile à Opalinus au regard de la minéralogie, de la chimie et du transport des 
radionucléides lui confèrent un pouvoir tampon qui lui permet de contrer efficacement les 
perturbations, qu’elles soient externes ou induites par le dépôt. Cette affirmation repose sur de 
nombreuses études expérimentales, observations sur des analogues naturels et modélisations. On 
a ainsi observé que les perturbations telles qu’un apport d’O2, la réduction microbienne des 
sulfates ou le contact avec des lixiviats cimentaires étaient tamponnés de manière efficace; les 
modifications de la chimie de l’eau interstitielle résultant de ces perturbations étaient générale-
ment localisées et d’envergure faible à modérée. 

 

 

 

 



 VII NAGRA NTB 18-01  

Table of Contents 
 

Abstract  ................................................................................................................................... I 

Zusammenfassung ....................................................................................................................... III 

Résumé  ..................................................................................................................................V 

Table of Contents ....................................................................................................................... VII 

List of Tables .................................................................................................................................X 

List of Figures ............................................................................................................................ XII 

1 Introduction ............................................................................................................ 1 

2 Lithology, mineralogy and porosity concepts of the Opalinus Clay .................. 5 
2.1 Introduction .............................................................................................................. 5 
2.2 Mineralogical composition ....................................................................................... 5 
2.2.1 Major phases ............................................................................................................. 5 
2.2.2 Iron-bearing trace phases in the Opalinus Clay ........................................................ 7 
2.3 Diagenesis of the Opalinus Clay ............................................................................... 7 
2.3.1 Eogenesis .................................................................................................................. 7 
2.3.2 Burial diagenesis ....................................................................................................... 8 
2.4 Chemical composition of carbonate minerals ......................................................... 14 
2.5 Vein mineralisations ............................................................................................... 15 
2.6 Summary of the diagenetic evolution ..................................................................... 16 
2.7 Porosity concepts and diffuse double layer ............................................................ 18 

3 Methodology for sampling and analyses of porewaters .................................... 23 
3.1 Introduction ............................................................................................................ 23 
3.2 Direct sampling of porewater from boreholes ........................................................ 23 
3.3 Methods for porewater characterisation based on drillcores .................................. 28 
3.3.1 Sampling of porewater from drillcores ................................................................... 28 
3.3.2 Petrophysical rock characterisation methods .......................................................... 31 
3.3.3 Aqueous extraction ................................................................................................. 35 
3.3.4 Extraction methods for exchangeable cations ........................................................ 38 
3.3.5 High-pressure squeezing ......................................................................................... 40 
3.3.6 Advective displacement .......................................................................................... 44 
3.3.7 Isotope diffusive-exchange ..................................................................................... 47 
3.3.8 Determination of dissolved noble gases ................................................................. 49 
3.3.9 Determination of dissolved pCO2 and other reactive gases .................................... 53 



NAGRA NTB 18-01 VIII  

4 Porewater chemistry data .................................................................................... 55 
4.1 Introduction ............................................................................................................ 55 
4.2 Porewater chemistry data from Mont Terri Rock Laboratory ................................ 55 
4.2.1 Tracer profiles ......................................................................................................... 55 
4.2.2 Seepage waters from boreholes .............................................................................. 62 
4.2.3 Diffusively equilibrated borehole waters ................................................................ 66 
4.2.4 "Disturbed" borehole waters ................................................................................... 69 
4.2.5 Squeezed waters...................................................................................................... 72 
4.2.6 Advectively displaced waters ................................................................................. 77 
4.2.7 Aqueous extracts ..................................................................................................... 78 
4.2.8 Cation exchange data .............................................................................................. 82 
4.2.9 Carbon-13 and sulphate isotopes ............................................................................ 87 
4.2.10 Dissolved gases ....................................................................................................... 87 
4.2.11 Summary of porewater data at the Mont Terri Rock Laboratory ........................... 91 
4.3 Mont Russelin ......................................................................................................... 92 
4.4 Porewater chemistry data from deep boreholes in northern Switzerland ............... 93 
4.4.1 Benken borehole ..................................................................................................... 93 
4.4.2 Schlattingen-1 borehole .......................................................................................... 94 
4.4.3 Salinity data data from other deep boreholes ........................................................ 103 
4.5 Provenance of porewaters ..................................................................................... 104 
4.6 Summary of porewater chemistry data ................................................................. 107 

5 Processes controlling porewater chemistry ...................................................... 109 
5.1 Introduction .......................................................................................................... 109 
5.2 "Free" solutes ........................................................................................................ 109 
5.3 Processes controlling major cations ...................................................................... 109 
5.4 Processes controlling sulphate .............................................................................. 113 
5.4.1 Introductory remarks ............................................................................................ 113 
5.4.2 The role of celestite and diffusive exchange ........................................................ 113 
5.4.3 A closer look at leachates ..................................................................................... 116 
5.4.4 Summary ............................................................................................................... 118 
5.5 Control of pH/pCO2 and role of Al-silicates......................................................... 119 
5.6 Control of redox conditions .................................................................................. 120 
5.7 Dissolved organic matter ...................................................................................... 120 

6 Modelling porewater chemistry ......................................................................... 123 
6.1 Introduction .......................................................................................................... 123 
6.2 Equilibrium modelling .......................................................................................... 123 
6.2.1 Phase rule considerations ...................................................................................... 123 
6.2.2 Model developments ............................................................................................. 125 
6.2.3 Solid solution modelling of celestite-barite .......................................................... 129 
6.2.4 Summary and discussion of previous modellings ................................................. 130 
6.2.5 Refinements of the equilibrium model ................................................................. 133 



 IX NAGRA NTB 18-01  

6.3 Effect of temperature and pressure ....................................................................... 138 
6.3.1 Temperature trends inferred from literature ......................................................... 138 
6.3.2 Temperature effect simulated for Opalinus Clay porewater ................................. 141 
6.3.3 Temperature and pressure effects simulated for Opalinus Clay  

porewater .............................................................................................................. 143 
6.3.4 Discussion ............................................................................................................. 144 

7 Buffering capacity of the rock and effect of perturbations ............................. 145 
7.1 Introduction .......................................................................................................... 145 
7.2 Space and time constraints .................................................................................... 146 
7.2.1 Diffusive and advective transport ......................................................................... 146 
7.2.2 Timescales of mineral reactions and diffusive transport ...................................... 147 
7.3 Redox buffering .................................................................................................... 152 
7.3.1 General processes and redox capacities ................................................................ 152 
7.3.2 Oxidation by molecular oxygen ............................................................................ 153 
7.3.3 Microbial sulphate reduction ................................................................................ 166 
7.3.4 Effects of iron corrosion ....................................................................................... 170 
7.4 pH/pCO2 buffering ................................................................................................ 171 
7.4.1 General processes and pH buffering capacity ....................................................... 171 
7.4.2 Example modelling of CO2 acidification .............................................................. 172 
7.4.3 Example modelling of perturbation due to CO2 outgassing ................................. 176 
7.4.4 Alkaline perturbations .......................................................................................... 179 
7.5 Response to salinity changes ................................................................................ 186 
7.6 Effect of potential disturbances during recovery of samples: Cooling  

of drillcores, evaporation and contamination by drilling fluid ............................. 188 
7.6.1 Estimate of gas amounts and comparison with measurements from  

drillcores ............................................................................................................... 188 
7.6.2 Effect of potential degassing on porewater composition ...................................... 190 
7.6.3 Evaporation considerations ................................................................................... 193 
7.6.4 Considerations for contamination with drilling fluid ........................................... 195 

8 Conclusions .......................................................................................................... 199 

9 References ............................................................................................................ 205 

App. A: Supporting information for Section 7.4.3 ......................................................... A-1 

 

 

 

  



NAGRA NTB 18-01 X  

List of Tables 
 

Tab. 2-1: Mineralogical composition of lithologic sub-units of the Opalinus Clay  
according to laboratory measurements ..................................................................... 6 

Tab. 4-1: Selected compounds in seepage waters of BPC-C1, BWS-A1 and  
BWS-A3 experiments ............................................................................................. 64 

Tab. 4-2: Eh and selected redox active elements in seepage waters of BPC-C1,  
BWS-A1 and BWS-A3 experiments ...................................................................... 66 

Tab. 4-3: Compositions (mmol/L) of water circulated in boreholes (diffusively  
equilibrated waters from BDI-A1, BDI-A2 and BDR-1) ....................................... 67 

Tab. 4-4: Compositions (mmol/L) of water circulated in boreholes (diffusively  
equilibrated waters of BBN-1 and BCI-4) .............................................................. 68 

Tab. 4-5: Composition of borehole waters affected by microbial sulphate  
reduction in comparison with respective (almost) undisturbed waters ................... 70 

Tab. 4-6: Comparison between seepage and squeezed waters in three different  
boreholes ................................................................................................................. 73 

Tab. 4-7: Compositions of water samples and artificial porewater (APW) from  
the advective displacement study in mmol/L ......................................................... 77 

Tab. 4-8: Accessible anion-porosity fraction determined by different studies at  
the Mont Terri Rock Laboratory ............................................................................. 78 

Tab. 4-9: CEC (consumption of Ni complex) and fractional cation occupancies on  
exchanger derived from different studies and modelled for BWSA-1 and  
BWSA-3 based on chemical analyses of the sampled waters................................. 84 

Tab. 4-10: Key results obtained from the intercomparison exercise using different  
methods but same extraction time and S/L ratio (2 d, 0.05 kg/L) .......................... 86 

Tab. 4-11: Proposed in situ partial pressures and porewater concentrations of  
nitrogen, methane, ethane and propane .................................................................. 88 

Tab. 4-12: CO2 partial pressures and corresponding H2CO3 concentrations in  
porewaters compiled from different sources .......................................................... 89 

Tab. 4-13: Range of He, Ne and Ar concentrations in porewater based on analyses  
of Opalinus Clay drillcores ..................................................................................... 89 

Tab. 4-14: Analyses of liquid aliquots squeezed at 200 MPa from the Schlattingen-1  
borehole .................................................................................................................. 98 

Tab. 4-15: Analyses (mmol/L) of samples obtained by the advective displacement  
method from the Schlattingen-1 borehole .............................................................. 99 

Tab. 4-16: Gas contents determined in drillcore samples from the Opalinus Clay  
formation at Schlattingen-1 .................................................................................. 101 

Tab. 4-17: Comparison between measured and calculated exchangeable cation  
occupancy (equivalent fraction) for different samples ......................................... 102 

Tab. 4-18: Chloride concentrations in Opalinus Clay porewaters back-calculated  
aqueous extracts assuming anion-accessible porosity fraction of 0.5 ................... 104 



 XI NAGRA NTB 18-01  

Tab. 4-19:  Ranges for selected parameters in Opalinus Clay porewater at different  
locations: Mont Terri, Schlattingen-1, Benken, Weiach, Riniken and  
Schafisheim .......................................................................................................... 108 

Tab. 6-1: Correspondence between solution composition variables and constraints  
on their concentrations in various porewater equilibrium models ........................ 126 

Tab. 6-2: Calculated pH, total carbonate and pCO2 with porewater modelling  
assuming different silicate equilibrium pairs ........................................................ 127 

Tab. 6-3: Reactions and equilibrium constants at T = 25 °C and infinite dilution  
used for the proposed porewater model ................................................................ 137 

Tab. 6-4: Constraints on solution variables and surface hydroxyl sites in the  
proposed porewater model .................................................................................... 138 

Tab. 6-5: Equilibrium calculations at 25 and 50 °C based on sample SLA 898  
with three different silicate mineral equilibria (see text) ...................................... 142 

Tab. 6-6: Equilibrium calculations at 25 and 50 °C and 1 and 90 bar based on  
sample SLA 898 with three different silicate mineral equilibria (see text) .......... 143 

Tab. 7-1: Kinetic rate parameters used in the calculation of mineral reaction rates  
according to Eq. 7-8 .............................................................................................. 149 

Tab. 7-2: Specific surface area and mineral molar mass used in the calculation of  
DaII

max according to Eq. 7-7 .................................................................................. 149 

Tab. 7-3:  Comparison of XRD/CNS and Mössbauer data pertinent to pyrite and  
siderite from the Lausen borehole ........................................................................ 155 

Tab. 7-4:  Initial concentrations of primary minerals in Set 1, Set 2a and Set 2b  
calculations ........................................................................................................... 156 

Tab. 7-5:  Initial composition of the cation exchanger .......................................................... 157 

Tab. 7-6:  Concentration of the illite, montmorillonite (Mnt) and kaolinite  
surface sites ........................................................................................................... 157 

Tab. 7-7:  Initial composition of the Opalinus Clay porewater ............................................. 158 

Tab. 7-8:  Assumptions for the calculation of the initial Opalinus Clay porewater  
composition .......................................................................................................... 159 

Tab. 7-9:  Sample, cell and cell headspace volumes during the pCO2 measurement  
of the Schlattingen-1 samples ............................................................................... 176 

Tab. 7-10: Calculated maximum N2 concentrations and volumes at 898 m depth  
and comparison with N2 measurement from a drillcore at Schlattingen-1 ........... 189 

Tab. 7-11: Calculated reaction paths for porewater in drillcore based on sample  
SLA 898  
data (see text) ........................................................................................................ 191 

Tab. 7-12: Calculated reaction path for porewater in drillcore based on sample  
SLA 898 ................................................................................................................ 192 

 

 

  



NAGRA NTB 18-01 XII  

List of Figures 
 

Fig. 2-1: Occurrence and texture of diagenetic Ba-Sr sulphate ............................................. 10 

Fig. 2-2: Combination of high Sr and S element maps with pyrite excluded  
suggesting the distribution of celestite (segmented binary map, 4 × 4 mm2) ......... 11 

Fig. 2-3: Sr-Ba sulphate in sample 186.19 from Mont Terri, borehole BDB-1  
(BSE image by EPMA-WDX) ................................................................................ 12 

Fig. 2-4: Chemical composition of Sr-Ba-sulphate in sample 186.19 from  
Mont Terri, borehole BDB-1 .................................................................................. 13 

Fig. 2-5: Chemical composition of carbonate minerals ......................................................... 15 

Fig. 2-6: Diagenetic sequence and mineralisations in tectonic veins based on  
petrographic studies ................................................................................................ 17 

Fig. 2-7: Texture and structure of the Opalinus Clay, illustrating characteristics  
on various scales that give rise to anisotropy in transport properties  
and define porosity and water types ....................................................................... 19 

Fig. 2-8: Sketch of diffuse double layer and representation of dual porosity model  
concept in a pore of Opalinus Clay ......................................................................... 20 

Fig. 3-1: Schematic representation of two experimental set-ups for sampling of  
seepage waters ........................................................................................................ 24 

Fig. 3-2: Schematic representation of the experimental set-up for the sampling  
in situ borehole diffusively equilibrated water from the BPC-1 borehole .............. 26 

Fig. 3-3:  Equipment for on site sampling for dissolved noble gas analysis .......................... 30 

Fig. 3-4: Schematic representation of an aqueous leaching test performed on rock  
material ................................................................................................................... 37 

Fig. 3-5: Rock squeezing apparatus at CRIEPI ..................................................................... 42 

Fig. 3-6: Technical drawing (left) and schematic (right) of the advective  
displacement apparatus ........................................................................................... 45 

Fig. 3-7: Core infiltration apparatus (left), pH micro-cell (middle) and EC cell  
(right) ...................................................................................................................... 46 

Fig. 3-8: Experimental set-up of the isotope diffusive-exchange method ............................. 48 

Fig. 3-9: Noble gas analytical facility at the University of Bern ........................................... 50 

Fig. 3-10: Schematic workflow of gas extraction, separation/purification,  
measurement and back-calculation of measured signals to gas  
concentrations in porewater .................................................................................... 51 

Fig. 4-1: Location of selected boreholes (borehole mouth) in which porewaters  
were extracted ......................................................................................................... 56 

Fig. 4-2: Chloride concentrations vs. orthogonal distance from the top of  
the Opalinus Clay ................................................................................................... 57 

Fig. 4-3: Chloride profile with BDB-1 data without scaling (open grey symbols)  
and with scaling to laboratory level (filled grey symbols) as outlined  
in text ...................................................................................................................... 58 

Fig. 4-4: Profiles for δ2H (above) and δ18O (below) obtained from core samples ................ 60 



 XIII NAGRA NTB 18-01  

Fig. 4-5: Profiles for δ2H (above) and δ18O (below) for selected borehole  
waters and seepages from bounding formations ..................................................... 62 

Fig. 4-6: Br/Cl and SO4/Cl molar ratios as a function of Cl concentration of  
squeezed waters ...................................................................................................... 73 

Fig. 4-7: SO4/Cl molar ratio as of squeezed waters and borehole waters as a  
function of orthogonal distance from top Opalinus Clay........................................ 74 

Fig. 4-8: Behaviour of major compounds as a function of squeezing pressure ..................... 75 

Fig. 4-9: Deviation of Cl, Na, Ca and Mg concentrations at high squeezing  
pressures Cl(p), Na(p), Ca(p), Mg(p) from those measured at lowest  
pressure yielding water Cl(p0), Na(p0), Ca(p0), Mg(p0) from BDB-1  
samples ................................................................................................................... 76 

Fig. 4-10: Chloride, sulphate and strontium concentration (meq/kgrock) as a  
function of S/L ratio in aqueous extracts ................................................................ 80 

Fig. 4-11: Cl, SO4 concentrations (mmol/kgrock) and SO4/Cl ratio during sequential  
aqueous extractions ................................................................................................. 81 

Fig. 4-12: Ni-en extracts: Ni consumption/sum cations, extracted Ca, Na, Mg, K  
and Sr in meq/kgrock ................................................................................................ 81 

Fig. 4-13: Sum of exchangeable cations vs. clay content (left) and consumption of  
selective cation vs. sum of exchangeable cations (right) ........................................ 83 

Fig. 4-14: Comparison of measured and calculated Na/K exchange selectivity  
coefficients as a function of K occupancy (EK) on Source Clay Illite  
Imt-2 (squares) and < 2 µm fraction of Opalinus Clay from  
Mont Terri (circles)................................................................................................. 83 

Fig. 4-15: CEC determined various methods and laboratories ................................................ 85 

Fig. 4-16: N2, CH4, C2H6, C3H8, i-C4H10, and n-C4H10 content measured in the gas  
circulating in BHT-1 borehole (logarithm scale) .................................................... 88 

Fig. 4-17: Profile of 4He in porewater along the BDB-1 borehole .......................................... 90 

Fig. 4-18: Chloride concentrations in the porewater along the tunnel at  
Mont Russelin ......................................................................................................... 92 

Fig. 4-19: Depth profiles in the Benken borehole ................................................................... 94 

Fig. 4-20: Chloride vs. depth in the Schlattingen-1 borehole .................................................. 95 

Fig. 4-21: Borehole Schlattingen-1: Anion-accessible porosity vs. clay-mineral  
content deduced from squeezed samples ................................................................ 96 

Fig. 4-22: Sulphate concentrations in porewaters vs. depth .................................................... 97 

Fig. 4-23: Deviation of Cl, Na, Ca and Mg concentrations at high squeezing  
pressures (Cl(p) etc.) from those measured at lowest pressure  
yielding water (Cl(p0) etc.) from the Schlattingen-1 borehole ............................... 98 

Fig. 4-24: Measured CO2 partial pressures as a function of time in cores from  
the Schlattingen-1 borehole .................................................................................. 100 

Fig. 4-25: CEC vs. depth estimated from consumption of index cation (Ni), sum  
of cations and illite and smectite content (XRD) (left) and exchangeable  
cations vs. depth determined with the Ni-en method (right) ................................ 102 



NAGRA NTB 18-01 XIV  

Fig. 4-26: Water isotope distribution vs. depth for Schlattingen-1 and Benken  
boreholes ............................................................................................................... 103 

Fig. 4-27: Chloride concentrations (back-calculated assuming an anion-accessible  
porosity fraction of 0.5) as a function of depth ..................................................... 104 

Fig. 4-28: Br/Cl ratios vs depth of borehole .......................................................................... 105 

Fig. 4-29: δ2H vs. δ18O plot ................................................................................................... 106 

Fig. 4-30: Chloride concentrations vs. δ18O values for different porewaters,  
Mont Russelin groundwater, seawater and meteroric water ................................. 107 

Fig. 5-1: Activity ratios of Ca2+ to Mg2+ calculated for samples from the BPC-C1,  
BWSA-1 and BWSA-3 boreholes ........................................................................ 111 

Fig. 5-2: Fractional occupancy of exchangeable Sr (calculated from measured  
porewater compositions and measured via Ni-extraction) versus  
chloride concentrations ......................................................................................... 112 

Fig. 5-3: Celestite saturation indices (SI) for selected waters from Mont Terri  
(left) and Schlattingen-1 borehole (right) ............................................................. 114 

Fig. 5-4: Profiles of porewater SO4/Cl molar ratios for Mont Terri (left) and  
Schlattingen-1 (right) ............................................................................................ 115 

Fig. 5-5:  Sulphate profiles at Mont Terri without leachates (left) and with  
leachates (right) .................................................................................................... 115 

Fig. 5-6:  Sulphate profiles at Schlattingen-1 without leachates (left) and with  
leachates (right) .................................................................................................... 116 

Fig. 5-7: Chloride (left) and sulphate (right) concentrations shown as meq/kgrock  
vs. solid/ liquid ratio (S/L) for two aqueous extraction samples from  
the Schlattingen-1 borehole .................................................................................. 117 

Fig. 5-8: Chloride (left) and sulphate (right) shown as meq/kgrock vs. solid/liquid  
ratio for two aqueous extraction samples from Mont Terri .................................. 117 

Fig. 6-1: Schoeller diagram for average of BWSA-3 data (Mont Terri) and various  
model assumptions................................................................................................ 126 

Fig. 6-2: Schoeller diagrams comparing squeezing (circles) with modelled data  
(lines) for selected samples of the Schlattingen-1 borehole ................................. 128 

Fig. 6-3: Modelled Sr exchanger population assuming celestite equilbrium as  
a function of chloride concentrations (see text) .................................................... 134 

Fig. 6-4: Trends of log pCO2 (bar) as a function of temperature in aquifers ....................... 139 

Fig. 6-5: Evolution of log pCO2 with temperature in hydrothermal experiments  
at different conditions (initial pCO2, initial temperatures) with COx  
samples ................................................................................................................. 140 

Fig. 6-6: Schoeller diagram depicting the chemical composition of different  
porewater samples heated to 80 °C (full lines) in comparison with  
conditions at 25 °C (dashed line) .......................................................................... 141 

Fig. 6-7: Trends of log pCO2 (bar) with temperature for three models with  
different silicate mineral equilibria ....................................................................... 143 



 XV NAGRA NTB 18-01  

Fig. 7-1: Peclet number (Pe) as a function of the characteristic transport 
length (Lc) ............................................................................................................. 147 

Fig. 7-2: The maximum second Damköhler number (DaII
max) calculated at pH 7  

according to Eqs. 7-7 and 7-8 as a function of the characteristic  
diffusion length (Lc) .............................................................................................. 150 

Fig. 7-3: The maximum second Damköhler number (DaII
max) calculated as a  

function of pH with Eqs. 7-7 and 7-8 at a fixed characteristic diffusion  
length (Lc) of  
1 cm (top) and 10 cm (bottom) ............................................................................. 151 

Fig. 7-4: pE – pH diagram of the Fe-S-CO2-H2O system at 25 °C ..................................... 154 

Fig. 7-5: Equilibrium batch geochemical calculation excluding Al-silicate minerals  
(Set 1) considering progressive addition of O2(g) to Opalinus Clay under  
constant in situ pCO2 of 10-2 bar, and assuming equilibrium reactions ................ 160 

Fig. 7-6: Equilibrium batch geochemical calculation including kaolinite and  
chlorite (Set 2a) considering progressive addition of O2(g) to  
Opalinus Clay ....................................................................................................... 161 

Fig. 7-7: Equilibrium batch geochemical calculation including kaolinite and  
montmorillonite (Set 2b) considering progressive addition of O2(g)  
to Opalinus Clay ................................................................................................... 162 

Fig. 7-8: Macro photograph of fracture surface displaying aggregates of fibrous  
gypsum (2 – 3 mm in height) (left) and profile of sulphur extending  
from fracture surface to visibly unaltered rock (right).......................................... 164 

Fig. 7-9: Profiles of the chloride, sulphate and nitrate contents of the bulk rock  
and of  
the porewater in drillcore BCC3 from the Col de la Croix tunnel ........................ 165 

Fig. 7-10: Evolution of sulphate and sulphide (left) and dissolved carbon species  
(sum of organic acids, acetate and acetone) and alkalinity (right) in  
the PC experiment................................................................................................. 168 

Fig. 7-11: Evolution of in-line Eh (left) and pH (right) measurements in the PC  
experiment ............................................................................................................ 168 

Fig. 7-12: Results of predictions from the reactive transport model after 5, 10  
and 15 years .......................................................................................................... 169 

Fig. 7-13: Schematic of the proposed in situ CO2 acidification experiment at  
Mont Terri ............................................................................................................. 173 

Fig. 7-14: pH in the experimental circulation system following a CO2 perturbation 
considering the effective diffusion coefficient in the Opalinus Clay of  
10-11 m2/s ............................................................................................................... 175 

Fig. 7-15: pH in the experimental circulation system following a CO2 perturbation 
considering the effective diffusion coefficient in the Opalinus Clay of  
5 × 10-11 m2/s ......................................................................................................... 175 

Fig. 7-16: Sample porewater pCO2 calculated as a function of the cell headspace  
volume over Opalinus Clay sample volume ......................................................... 177 

Fig. 7-17: Sample porewater pH calculated as a function of the cell headspace  
volume over Opalinus Clay sample volume ......................................................... 178 



NAGRA NTB 18-01 XVI  

Fig. 7-18: Effect of type of electrolyte and anion bulk solution concentration Ceqv
B  

(in equivalents) on the anion distribution ratio ζa (i.e. anion content in  
the Donnan water divided by anion content in free porewater) ............................ 187 

Fig. 7-19: Effect of evaporation on water content profiles of a core sample ........................ 194 

Fig. 7-20: Calculated relative amount of porewater lost by evaporation as a  
function of time for a core in contact with an unsaturated atmosphere  
of low water potential ........................................................................................... 194 

Fig. 7-21: Simulated tracer concentrations (pore diffusion coefficient  
Dp = 10–10 m2 s–1) in the porewater of a core with 50 mm or 25 mm  
radius in contact with a borehole fluid that has a zero concentration ................... 196 

Fig. 7-22: Simulated relative loss of tracer mass from a core of 50 mm or 25 mm  
radius (pore diffusion coefficient Dp = 10–10 m2 s–1) that has an initial  
tracer concentration of 1 and is in contact with a drilling fluid with  
a tracer concentration of zero ............................................................................... 197 

 



 1 NAGRA NTB 18-01  

1 Introduction  
 
The Opalinus Clay is a Mesozoic argillaceous rock (herein referred to as clayrock) with a high 
clay-mineral content. This formation is fairly homogeneous, both laterally and vertically and 
spreads out over a large area in northern Switzerland. Due to its low permeability and favourable 
sealing properties, it is foreseen as host rock for a deep geological repository for high-level 
(HLW) and low and intermediate level (LLW/ILW) waste in Switzerland (Nagra 2014a). 

An important component of the safety case of geological repositories is the porewater chemistry. 
This is because it affects the chemistry and stability of the engineered barrier system (EBS) (e.g. 
porewater of the bentonite backfill, corrosion processes of the waste canisters) and also the mobi-
lity of radionuclides eventually released from the waste upon breaching of the canister. Hence, 
the porewater chemistry in the Opalinus Clay plays an important role in the safety assessment in 
the Swiss repository concept.  

The intimate association of porewater with the nanoporous clayrock and the low permeability 
inhibit sampling of porewater by conventional water sampling techniques and make the charac-
terisation of porewater chemistry a difficult task (Sacchi et al. 2000). A number of extraction 
methods exist, but virtually everyone may create disturbances and alter the in situ porewater 
chemistry. In view of these issues, geochemical modelling has become an important approach. In 
fact, the combination of modelling and experimental findings has been shown to be a useful tool 
to derive realistic porewater compositions in clayrocks (Pearson et al. 2003, Gaucher et al. 2009, 
Pearson et al. 2011). 

Methods to characterise porewaters in clayrock have been developed fairly recently – mainly in 
the light of interest related to radioactive waste disposal. The Mont Terri Project, supported by an 
international consortium, has played a pioneer role in this regard. One of the main goals in this 
project has been to develop methods to characterise the porewater chemistry in the Opalinus Clay. 
This includes in situ methods in the Mont Terri Rock Laboratory, complemented by laboratory 
studies and modelling approaches. An important milestone in this context was the synthesis report 
of Pearson et al. (2003), in which these methods were presented and discussed. In the meantime, 
further geochemical studies have been carried out within the Mont Terri Project. A main focus 
was to study the impact of perturbations (e.g. oxidative, reducing, microbial) on the porewater 
and the geochemical response of the Opalinus Clay (e.g. Wersin et al. 2011a, Vinsot et al. 2014a). 

In parallel to the investigations in the Mont Terri Project, geochemical research of the Opalinus 
Clay has been advanced from the study of deep boreholes, in particular from those drilled in 
Benken and Schlattingen located in NE Switzerland. In the Benken borehole, drilled in 1998 – 
1999, the methods for assessing porewaters were based on first experience gained at the Wellen-
berg site and at the Mont Terri Rock Laboratory, and some of them were still in the developing 
stage. In the Schlattingen borehole drilled 12 years later, a suite of further developed methods to 
characterise porewater compositions was applied, including also reactive gases in porewaters. 

In spite of the considerable amount of geochemical work carried out at Mont Terri and in the 
context of deep boreholes in N-Switzerland a comprehensive compilation of porewater chemistry 
information is lacking. This report intends to fill this gap by presenting these developments and 
the current status of research. Besides presenting current methods and analysing the acquired data 
and corresponding modelling developments, the buffering capacity with regard to perturbations 
is discussed.  
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The focus of the present report is on porewater chemistry of the Opalinus Clay at repository-
relevant depths. Natural disturbances (e.g. oxidation front from the surface) and disturbances 
during drilling/sampling are also addressed. The issue of potential preferential pathways along 
faults and self-sealing processes are outside the scope of this report. 

The specific objectives are to: 

• provide a coherent database of the Opalinus Clay porewater compositions 

• present current information on mineral phases and their interaction with the porewater 

• present and discuss state-of-the-art methods for porewater characterisation 

• lay out developments in geochemical modelling of porewaters 

• discuss effects of drillcore decompaction upon stress release and sampling as well as drilling 
fluid contamination on porewater 

• dwell on the buffering capacity of the Opalinus Clay in the context of perturbations (contact 
with air, microbial effects, alkaline leachates, contact with high-salinity waters) 

• present the status of current understanding and highlight remaining uncertainties 

Following this Introduction chapter, the report is organised in six chapters.  

Chapter 2 summarises the mineralogy of the Opalinus Clay including data on minor reactive 
phases, such as for example celestite and barite. The diagenetic evolution is summarised based 
on the study of Mazurek & Aschwanden (2020). Moreover, current concepts on porosity and the 
diffuse double layer are discussed. 

In Chapter 3, various methods for sampling, extraction and analysis of porewater are presented 
and discussed. This includes preferred current sampling methods, classical petrophysical methods 
and porewater extraction techniques (aqueous extraction, exchangeable cation extraction, high-
pressure core squeezing, advective displacement, isotopic diffusive exchange, measurement of 
dissolved noble and reactive gases). 

Data on porewater chemistry are presented in Chapter 4. The major part of the data has been 
acquired from packed-off boreholes and drillcores from the Mont Terri Rock Laboratory. It 
should be noted that the scope of the report is not to present all of the data of the geochemical 
work conducted at Mont Terri. The interest is rather to focus on datasets deemed relevant for the 
understanding of the porewater chemistry of the Opalinus Clay. Further valuable data could be 
obtained from the Benken and Schlattingen boreholes. Data of lesser quality, but nevertheless 
useful are presented from earlier deep boreholes.  

In Chapter 5, the underlying processes controlling solutes in Opalinus Clay porewater are dis-
cussed. This includes major cations and anions as well as dissolved organic carbon. A particular 
focus is put on the processes controlling sulphate where an apparent discrepancy between bore-
hole, squeezing and advective displacement data on the one hand and aqueous extraction data on 
the other hand is manifested. 

Developments in geochemical modelling of porewater chemistry are summarised in Chapter 6. 
The model concept relies on fairly simple thermodynamic modelling considering a few sets of 
minerals and cation exchange reactions. Based on a compilation of borehole waters, refinements 
to current models are proposed. The effect of temperature and pressure on porewater chemistry is 
then evaluated. 
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In Chapter 7, the role of the Opalinus Clay as buffer towards perturbations is discussed. This 
includes both chemical buffering processes as well as transport (diffusion, advection) considera-
tions. The effective buffering capacity of Opalinus Clay is highlighted by simple equilibrium cal-
culations as well as by a number of experimental and field observations. Thus, the impact of O2 
via air ingress, the response of the porewater following microbially-induced sulphate reduction, 
the influence of cementitious materials contacting the Opalinus Clay and the reponse to salinity 
changes (e.g. from evaporation effects) are discussed. In addition, the impact of drillcore cooling, 
evaporation and contamination by the drilling fluid after core recovery and sampling on porewater 
chemistry is estimated. 

In the final Chapter 8, the current knowledge on porewater chemistry is summarised and main 
conclusions are drawn. Thereof, remaining uncertainties are outlined. 
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2 Lithology, mineralogy and porosity concepts of the 
Opalinus Clay 

2.1 Introduction 
Among the Mesozoic sedimentary formations of northern Switzerland, the Opalinus Clay is one 
of the lithologically most homogeneous units, both in the vertical dimension as well as laterally. 
In qualitative terms, the mineralogical composition is identical over the whole region, even though 
the relative contents of minerals vary within a certain range, as does the texture of the rock. 

A detailed account on the large-scale lithological subdivision of the Opalinus Clay in the vertical 
and lateral dimensions is provided in Mazurek & Aschwanden (2020). 

2.2 Mineralogical composition 

2.2.1 Major phases 
Between 14 and 44 laboratory-based mineralogical analyses are available for each borehole, 
which is considered sufficient for a representative coverage of the Opalinus Clay. Average data 
are listed in Tab. 2-1. The main mineral phases include clay minerals, carbonates (calcite, dolo-
mite/ankerite, siderite) and silty clastic components (quartz, feldspars). Accessory pyrite and 
organic matter are ubiquitous. Further accessory and trace minerals that are not identified by 
X-ray diffraction are documented in Section 2.5 below. 

Whereas the absolute clay-mineral content varies, the relative proportions of clay minerals vary 
within a limited range. Clay minerals include illite (34 ± 9 wt.-%1 of the total clay fraction), illite/ 
smectite mixed layers (24 ± 12 wt.-%), kaolinite (30 ± 6 wt.-%) and chlorite (12 ± 4 wt.-%). A 
detailed study on samples from the Schlattingen-1 borehole (Wersin et al. 2013) indicated that 
illite/smectite mixed layers are predominantly illite-rich (75 – 85%), with minor contributions of 
smectite-richer and smectite-poorer species. 

Disseminated organic matter is found in every single sample of the Opalinus Clay. Studies 
targeted at the organic geochemistry indicated that is of a mixed terrigenic – marine origin 
(Type II/III) and just below the onset of the oil-generation window (Elie & Mazurek 2008). 

 

  

 
1  Errors refer to 1 σ variability of the available dataset. 
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Tab. 2-1: Mineralogical composition of lithologic sub-units of the Opalinus Clay according to 
laboratory measurements 

1 σ = standard deviation, "no." = number of data points. Data from Beznau are excluded. The 
lithologic sub-units are defined in Mazurek & Aschwanden (2020). 

 

Sub-unit  Quartz  
 

[wt.-%] 

K-feldspar  
 

[wt.-%] 

Plagioclase  
 

[wt.-%] 

Calcite  
 

[wt.-%] 

Dolomite/ 
Ankerite  
[wt.-%] 

Siderite  
 

[wt.-%] 

Pyrite  
 

[wt.-%] 

C(org)  
 

[wt.-%] 

Clay 
minerals  
[wt.-%] 

All 

Mean 23.2 2.6 1.0 13.7 0.9 3.5 1.1 0.7 53.1 

Median 22.6 2.3 1.0 11.0 0.8 2.4 0.9 0.7 56.3 

1 σ 7.4 1.4 0.7 9.4 1.4 4.8 0.8 0.3 14.2 

No. 159 159 159 233 233 233 155 233 159 

With silty 
calcareous 
beds 

Mean 23.5 2.4 0.9 16.8 0.3 3.0 1.7 0.8 51.9 

Median 23.0 2.3 1.0 13.0 0.0 0.0 1.4 0.7 54.0 

1 σ 5.0 1.2 0.4 11.3 0.5 7.9 1.2 0.5 12.3 

No. 28 28 28 43 43 43 24 43 28 

Upper 
silty 

Mean 26.7 2.9 1.1 13.6 0.6 3.1 1.2 0.6 49.8 

Median 26.2 3.0 1.0 11.4 0.8 2.5 0.9 0.7 50.0 

1 σ 6.8 1.3 0.7 6.8 0.6 2.8 0.6 0.2 11.2 

No. 17 17 17 25 25 25 15 25 17 

Mixed 
clay-silt-
carbonate 

Mean 21.5 2.3 0.8 11.1 0.7 4.9 1.0 0.7 57.7 

Median 21.8 2.0 1.0 10.0 0.8 3.8 0.7 0.7 58.0 

1 σ 4.2 1.4 0.7 6.3 0.9 4.7 0.6 0.3 8.2 

No. 55 55 55 88 88 88 58 88 55 

Lower 
silty 

Mean 34.5 3.7 1.4 11.3 2.2 2.2 0.5 0.7 43.6 

Median 33.8 4.0 1.5 9.7 1.5 2.0 0.6 0.7 45.3 

1 σ 6.8 1.2 0.7 5.2 2.2 1.5 0.4 0.2 12.0 

No. 18 18 18 18 18 18 18 18 18 

Carbo-
nate-rich 
silty 

Mean 28.0 4.1 2.0 32.5 3.1 3.0 1.1 0.5 25.8 

Median 27.9 4.1 2.0 31.4 1.9 2.5 0.8 0.4 22.5 

1 σ 2.9 1.0 0.6 16.1 2.8 1.6 1.1 0.2 14.9 

No. 12 12 12 12 12 12 12 12 12 

Clay-rich 

Mean 15.1 1.8 0.7 11.6 0.9 2.3 1.3 0.7 64.7 

Median 14.1 1.5 0.5 10.0 0.8 2.0 1.1 0.6 63.1 

1σ 4.2 1.2 0.8 6.3 1.3 1.9 0.7 0.3 7.0 

no. 29 29 29 47 47 47 28 47 29 
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2.2.2 Iron-bearing trace phases in the Opalinus Clay 
The main Fe carriers in the rock are pyrite, siderite, ankerite, chlorite and illite/smectite. All these 
phases are ubiquitous. In addition to these Fe-bearing phases, some further minerals occur in trace 
amounts and have been identified by dedicated techniques. In an investigation of the natural 
magnetisation of the Opalinus Clay from Mont Terri, Aubourg et al. (2008) suggested the pre-
sence of pyrrhotite, magnetite and hematite and estimated maximum concentrations of 50 ppmv, 
170 ppmv and 0.1 vol.-%, respectively. Magnetite and pyrrhotite are considered to be products of 
burial diagenesis (see also Aubourg & Pozzi 2010, Aubourg et al. 2012, Kars et al. 2012). On the 
other hand, the presence and origin of hematite appears to be more controversial. Furthermore, 
while Aubourg & Pozzi (2010) identified goethite in the Callovo-Oxfordian at Bure, they do not 
mention its presence in the Opalinus Clay for samples outside of Fe oolites. 

Mazurek et al. (2017b) applied Mössbauer spectroscopy to identify Fe-bearing phases in samples 
from the Lausen borehole where the Opalinus Clay is exposed to the surface environment below 
a few metres of unconsolidated sediments. In samples below the surficial oxidation zone (about 
> 20 m), pyrite, siderite ± clay minerals are the main carriers of Fe2+. Fe3+ occurs mainly in clay 
minerals (illite/smectite, kaolinite). No evidence was found for goethite, even though a small 
amount of nanogoethite could not be excluded. 

2.3 Diagenesis of the Opalinus Clay 
A detailed documentation of diagenetic features is provided in Mazurek & Aschwanden (2020), 
and only a summary is given here. Due to the small grain size and because diagenetic mineralisa-
tions are quantitatively limited, in particular in the clay-rich sub-units of the Opalinus Clay, 
textural relationships that would inform about the relative time of precipitation are infrequent and 
at times equivocal. In quantitative terms, the effects of early diagenesis (eogenesis), i.e. processes 
in the uppermost dekametres of the sediments below the sea floor, are most important. 

2.3.1 Eogenesis 

Aragonite/Mg-calcite 
In the soft sediments, fibrous aragonite and Mg-calcite formed around bioclasts. As both minerals 
are metastable, they were replaced by more stable blocky calcite I cement during diagenesis. The 
only evidence of their existence are the characteristic fibrous and short prismatic crystal shapes, 
now consisting of calcite I, around bioclasts. Quantitatively, aragonite/Mg-calcite is of minor 
importance. 

Pyrite I 
Framboidal pyrite I formed by bacterial sulphate reduction within the uppermost 1 – 5 m of the 
soft sediment. Apart from this, single euhedral crystals are found in the rock matrix. Pyrite I is 
commonly associated with early carbonate cements, and its content is around 1 wt.-% in all sub-
units of the Opalinus Clay. Later pyrite II is much less important in quantitative terms. 

Siderite 
Siderite constitutes a major diagenetic mineral in the Opalinus Clay, with an average content of 
3.4 wt.-%. It occurs in mm – cm-sized concretions or as disseminated crystals in the rock matrix. 
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Limonite 
Limonite is a collective term for a range of Fe oxides. Its occurrence is limited to a small number 
of zones of slow sedimentation, resulting in long-term exposure of a specific bed on the sediment 
surface (firmgrounds, hardgrounds). In a Fe-oolite sample from the 'Brown Dogger' at Schlattin-
gen-1, XRD evidence indicated the presence of goethite (Wersin et al. 2013). More data on Fe-
bearing trace minerals are provided in Section 2.4. 

Calcite I 
Blocky, sparitic calcite I replaces early fibrous cements and fills empty pore space. Its occurrence 
is always associated with areas that are rich in bioclastic components and relatively poor in clay 
minerals. In these zones, it is a major diagenetic phase. The dissolution of aragonitic bioclasts is 
considered as the solute source for its precipitation. 

Dolomite I 
Generally, dolomite I either occurs (1) as poikilitic cement filling the interparticle pore space in 
silty lenses, (2) replacing blocky calcite I in bioclastic areas or (3) as disseminated or agglomer-
ated euhedral crystals (predominantly occurring in clay lenses in bioclastic areas). As it replaces 
calcite I, it must be somewhat younger. 

2.3.2 Burial diagenesis 

Quartz  
Diagenetic quartz predominantly occurs in silty lenses where it constitutes thin syntaxial over-
growths on detrital quartz grains. It is subordinate in quantitative terms. Whether authigenic 
quartz formed is mainly controlled by the presence of biogenic components in the silty lenses. 
The dissolution of these components during early diagenesis served as a source of solutes for 
aragonite/Mg-calcite and calcite I cementation that would occlude the pore space, thus leaving no 
space for later quartz cements. In contrast, in the absence of bioclasts the surfaces of detrital quartz 
grains remained free for later growth of authigenic quartz. Syntaxial quartz occurs even when 
calcite II and occasionally kaolinite fill the remaining pore space and therefore predates these 
phases. Fluid inclusions in authigenic quartz were studied by Bläsi et al. (2002), yielding tempera-
tures of precipitation of ≤ 50 °C, i.e. conditions of burial diagenesis. 

Calcite II 
The formation of calcite II represents one of the major cementation events, in particular as late 
diagenetic infill of interparticle pore space in silty lenses that lack large amounts of biogenic 
components. In regions rich in bioclasts, the pore space was already occluded by the older 
calcite I, leaving no space for calcite II. Also, calcite II is insignificant or absent in the clay-rich 
matrix of the Opalinus Clay. Based on oxygen isotope data, Lerouge et al. (2014) determined 
precipitation temperatures of 60 – 65 °C for calcite II, i.e. slightly higher than that of authigenic 
quartz. The texture of calcite II is sparitic or poikilitic. 
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Kaolinite 
Pore-filling, uncompacted kaolinite aggregates were observed in the Opalinus Clay at the Mont 
Terri Rock Laboratory. In northern Switzerland, diagenetic kaolinite is only known from the con-
fining units, but its presence in the Opalinus Clay is nevertheless considered likely. It occurs 
mainly in silty laminae and postdates quartz. 

Other diagenetic clay minerals, such as illite and chlorite, are known from the SEAG boreholes 
in northeastern Switzerland, where the Opalinus Clay was buried more deeply than further west, 
where kaolinite is the only neoformed clay mineral. 

Celestite and Ba-Sr sulphate 
In the Opalinus Clay and its confining units, celestite and Ba-Sr sulphate constitute accessory 
mineral phases, which are rather difficult to identify if they are not specifically searched. How-
ever, they are of particular importance for porewater investigations: A striking observation is that 
the sulphate concentration obtained by aqueous extraction and back-calculated to in situ pore-
water is consistently much higher than sulphate concentrations measured in seepage waters at 
Mont Terri or in squeezed waters (i.e. "excess sulphate"; Wersin et al. 2013). Accordingly, 
dissolution of celestite or barite, in addition to the porewater sulphate, is considered to contribute 
to sulphate concentrations in the aqueous extracts. Based on the difference between sulphate 
obtained from extraction and that obtained from squeezing experiments, Wersin et al. (2013) 
postulated a sulphate mineral content of 0.02 – 0.06 wt.-% for the Opalinus Clay. The issue of 
"excess sulphate" is discussed in Section 5.4. 

Energy-dispersive X-ray spectroscopy (EDX) of sulphate minerals indicates highly variable 
barium and strontium contents in sulphate minerals (Wersin et al. 2013). Note that to date barite 
has solely been documented for the Opalinus Clay at the Benken borehole (Langer et al. 2001). 
In contrast, celestite and Ba-Sr sulphate are documented for the Opalinus Clay at the Benken 
borehole (Lerouge et al. 2014) and the Mont Terri Rock Laboratory (Lerouge et al. 2015), as well 
as for the 'Brown Dogger' and the Staffelegg Formation at Schlattingen-1 (Wersin et al. 2013) and 
the Staffelegg Formation and the Klettgau Formation of the SEAG boreholes in northeastern 
Switzerland (Herdern-1, Berlingen-1, Kreuzlingen-1, Lindau-1; Bläsi et al. 1996). In both the 
Opalinus Clay and the confining units Ba-Sr sulphate and celestite mainly occur as fillings of 
interstices and as xenomorphic, fibrous cement in the rock matrix (Fig. 2-1; Bläsi et al. 1996, 
Wersin et al. 2013, Lerouge et al. 2014). These occurrences are rather rare and only a very few 
samples contain Ba-Sr sulphate and celestite grains that are large enough to be identifed by con-
ventional transmitted light microscopy. 

Jenni et al. (2019) conducted a detailed study targeted at the identification of sulphur-bearing 
minerals in the Opalinus Clay on two samples from the clay-rich and lower silty sub-units at Mont 
Terri and two samples from Schlattingen-1. The methods included element mapping using 
EPMA-WDX analysis (wavelength-dispersive analysis on an electron microprobe) and 
SEM-EDX (energy-dispersive analysis on a scanning electron microscope) with the QEMSCAN 
set-up. Both methods have in common that the sampled rock volume for each point analysis has 
a diameter in the order of 1 – 2 µm, which is larger than the grain sizes of many minerals in the 
studied samples. This means that analyses of minerals with similar and smaller grain sizes will 
represent mixtures of different phases.  
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Fig. 2-1: Occurrence and texture of diagenetic Ba-Sr sulphate 
Diagenetic Ba-Sr sulphate filling residual intergrain pore space left after cementation by 
calcite II (SEM-BSE image, 'Brown Dogger' from Schlattingen-1, 827.35 m, Wersin et al. 
2013). 

 
 
In the sample from the clay-rich sub-unit at Mont Terri, celestite with typical grain sizes of 
2 – 4 µm was identified by EPMA-WDX, in addition to few grains of up to 10 µm diameter. The 
maximum content was estimated at 0.01 – 0.03 vol.-%. Even smaller contents of Sr-free barite 
were observed. Areas with high Ca contents containing S but no Sr and Fe were interpreted as 
calcite and/or apatite. The S inventory in calcite and apatite is substantially larger than that in 
celestite. Rough estimates of the S content in S-rich calcite and in apatite are around 1.2 and 
1.5 wt.-%, respectively. 

In the sample from the lower silty sub-unit at Mont Terri, celestite grains with sizes of 10 – 20 µm 
were observed, in addition to smaller grains (Fig. 2-2). Rough estimates of the contents are 
0.006 – 0.008 and below 0.005 vol.-%, respectively. As for the clay-rich sample, the inventory of 
S is dominated by calcite and apatite, with similar S contents. 

In conclusion, celestite was identified with a satisfactory level of confidence in all four studied 
samples. While the number of samples and the studied area within each sample (in the range of 
2 – 400 mm2) are far away from being representative, the findings nevertheless support the 
existence of small amounts of celestite finely disseminated in the rock matrix. The S inventory is 
dominated by calcite and apatite, whereas the contribution of celestite is of lesser quantitative 
importance, probably insufficient to explain in full the "excess sulphate" in aqueous extracts. 
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Fig. 2-2: Combination of high Sr and S element maps with pyrite excluded suggesting the 
distribution of celestite (segmented binary map, 4 × 4 mm2) 
Sample from the lower silty sub-unit of the Opalinus Clay at Mont Terri. Data acquired using 
SEM-EDX with the QEMSCAN set-up, pixel size is 2 × 2 μm2. Grains are enlarged for better 
visibility. The large grains detected by QEMSCAN as pure celestite are encircled. From Jenni 
et al. (2019). 

 
 
While celestite or Sr-Ba sulphate were qualitatively identified in the 4 samples discussed above, 
no quantitative data on the chemical composition could be obtained due to the small grain size. 
However, such chemical analyses are available for some infrequent, relatively large crystals 
identified in thin sections. In the 12 samples of the Opalinus Clay and its confining units from 
Mont Terri and Schlattingen-1 that were studied by Pekala et al. (2019), one single occurrence of 
a Sr-Ba sulphate mineral was identified by optical microscopy in the lower silty sub-unit at Mont 
Terri in the form of an isolated cluster of elongated or fibrous crystals (Fig. 2-3). Lerouge et al. 
(2015) studied 24 samples from Mont Terri and also found only one sample containing Sr-Ba 
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sulphate minerals (the same as Pekala et al. 2019) by optical methods. Individual crystals are up 
to about 100 µm long and about 10 µm thick. The shape of the crystals and their relation with 
surrounding cement indicate that the mineral was formed late, i.e. during burial diagenesis. The 
chemical variability, expressed as Ba/(Ba+Sr), covers a wide molar range of 0 – 0.27 mol-% 
(Fig. 2-4). As seen in Fig. 2-3, the chemical heterogeneity is identified on the µm-scale, i.e. even 
within single crystals. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-3: Sr-Ba sulphate in sample 186.19 from Mont Terri, borehole BDB-1 (BSE image by 

EPMA-WDX) 
Brighter areas indicate a higher Ba content. The chemical variability occurs on a length scale 
of around 1 µm. From Pekala et al. (2019). 
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Fig. 2-4: Chemical composition of Sr-Ba-sulphate in sample 186.19 from Mont Terri, bore-
hole BDB-1 
Data obtained by SEM-EDX and EPMA-WDX by Pekala et al. (2019). 

 
 
 
Anhydrite 
One single occurrence of diagenetic anhydrite was identified by Bläsi et al. (1996) at Mont Terri. 
Other occurrences were reported by Bläsi et al. (1991, 1996) for the SEAG boreholes in north-
eastern Switzerland (Herdern-1, Berlingen-1, Kreuzlingen-1, Lindau-1), where anhydrite occurs 
as cement, replacing older cements and detrital components. 
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2.4 Chemical composition of carbonate minerals 
Pekala et al. (2019) and Lerouge et al. (2015) analysed the chemical composition of carbonate 
minerals in samples from the Mont Terri Rock Laboratory (borehole BDB-1) and from Schlattin-
gen-1 by scanning electron microscopy with energy dispersion system (SEM-EDS) and by 
electron microprobe (EPMA). Samples originated from both the Opalinus Clay and the confining 
units. Reliable data could only be obtained on crystals with sizes exceeding several µm, which 
made the analysis of some types of carbonate difficult, such as of micritic calcite or of siderite 
(only Lerouge et al. 2015 provide data on the latter). For these methodological reasons, calcite 
analyses may have been biased towards sparitic cement (calcite II) and to bioclasts. The results, 
shown in Fig. 2-5, are as follows: 

• The measured data suggest that calcite contains only small amounts of Fe and Mg, typically 
with a molar fraction of Fe+Mg below 0.05. Note that at such low concentrations the mea-
sured values are close to or within the expected method uncertainty. Moreover, clay-sample 
preparation was challenging and based on the available results it cannot be ruled out that the 
measured Fe and Mg are affected by contamination of clay minerals. The composition of 
cements overlaps completely with that of (recrystallised) bioclasts. Some rare occurrences of 
Fe-rich calcite were identified by Lerouge et al. (2015) in recrystallised bioclasts, often with 
a corona of siderite. 

• Dolomite mostly constitutes the cores of individual grains, whereas ankerite forms the rims. 
More complex situations with a rhythmic zonation were also observed. Nevertheless, the 
chemical data in Fig. 2-5 indicate that dolomite and ankerite form two chemically distinct 
groups with a clear gap. Dolomite is invariably Fe-poor, with Fe/(Fe+Mg) < 0.05 in most 
cases. In contrast, this value is typically in the range of 0.3 – 0.4 for ankerite. In addition to 
the occurrence in rims around dolomite cores, ankerite can also form individual euhedral 
grains or cements. All types of ankerite cover the same narrow field in Fig. 2-5. 

• Siderite compositions obtained by Lerouge et al. (2015) occupy a relatively wide field in 
Fig. 2-5. Siderite from concretions or siderite-rich layers lie in the Ca-poor and Fe-rich corner, 
whereas disseminated siderite or siderite from coronas around calcite are richer in Ca and 
Mg. 
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Fig. 2-5: Chemical composition of carbonate minerals 
Data points from Pekala et al. (2019), fields for siderite and Fe-rich calcite from Lerouge et 
al. (2015). The fields obtained by Lerouge for Fe-poor calcite, ankerite and dolomite overlap 
completely with those of Pekala et al. (2019) and are not shown. 

 
 
 

2.5 Vein mineralisations 
Throughout the region of interest, tectonic veins postdate burial diagenesis and contain mainly 
calcite III, sometimes associated with celestite. The age of vein calcite likely varies within the 
area of investigation, which is located in various tectonic units. In materials from the Schlattin-
gen-1 core, Mazurek et al. (2018) dated vein calcite in the 'Brown Dogger' and in the Staffelegg 
Formation (no veins were found in the Opalinus Clay). They identified two generations, the older 
(31 – 37 Ma) related to the main rifting events in the Rhine Graben system, the younger (11 – 
15 Ma) related to tectonic activity in the Bodensee – Hegau Graben and the uplift of the Black 
Forest massif. Calcite veins at Mont Terri are related to the thrusting of the Jura Fold-and-thrust 
belt and to older deformation events, such as those related to rifting in the Rhine Graben. 
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Celestite occurs as infill of fractures, veins and faults, often associated with calcite III. In the 
Opalinus Clay, celestite related to brittle tectonic structures is documented at Benken (Langer et 
al. 2001, Lerouge et al. 2014), Weiach (Waber & Schürch 1999) and at the Mont Terri Rock 
Laboratory (Bläsi et al. 1991, de Haller et al. 2011, 2014a, Laurich et al. 2014, Lerouge et al. 
2015). In the confining units, vein-filling celestite occurs at Schlattingen-1 (Mazurek et al. 2018). 
Apart from the occurrence at Mont Terri, celestite constitutes an accessory vein mineral, which 
is rather difficult to identify if not specifically searched. In contrast, at Mont Terri veins with 
celestite as dominant infill occur. In particular, celestite is also found in the Main Fault (Laurich 
et al. 2014, Mazurek & de Haller 2017) where its origin is related to tectonic movements during 
thrusting of the Jura Fold-and-thrust-belt. 

2.6 Summary of the diagenetic evolution 
Apart from the cementation by calcite II, which is considered to occur during burial diagenesis, 
the effects of early diagenesis, i.e. processes that occur within the first 100 m of burial, are quanti-
tatively dominant. They mainly include the precipitation of aragonite/Mg-calcite, pyrite I, side-
rite, calcite I and dolomite I. The contents of pyrite I, siderite and dolomite I do not correlate with 
the clay-mineral content, which means that these phases occur in all lithologies, including those 
that are clay-rich. The sequence of diagenetic mineralisations is illustrated in Fig. 2-6. In contrast 
to the early mineralisations, more recent cements related to burial diagenesis are more strongly 
expressed in silty/calcareous lithologies but only weakly in clay-rich rocks. When a clay-rich 
sample of the Opalinus Clay is immersed in distilled water, it will disaggregate completely over 
time, which illustrates the absence of diagenetic cementation. The main cement precipitated 
during burial diagenesis in silty/calcareous zones is calcite II. 

In general, there are no major systematic differences in the diagenetic mineralisation over the 
region of interest, and no evident distinctions between the Opalinus Clay and the confining units 
can be made (except for the fact that diagenetic effects are quantitatively more strongly expressed 
in the latter). One exception are the SEAG boreholes in northeastern Switzerland (Berlingen-1, 
Herdern-1, Kreuzlingen-1, Lindau-1), in which the Mesozoic is more deeply buried than further 
to the west. Authigenic illite and chlorite, as well as dolomite II, occur only in these boreholes, 
which is consistent with comparatively higher burial temperatures during diagenesis. 

The sequence of diagenetic mineralisations, as well as their intensity, do not vary systematically 
over the region of interest. Given the lateral homogeneity, it appears that pertinent findings from 
the Mont Terri Rock Laboratory can be extrapolated to northern Switzerland, and vice versa. In 
contrast, the intensity of vein mineralisation depends on the local tectonic evolution and therefore 
varies among boreholes in a way that is difficult to predict. All veins are dominated by calcite III, 
with variable contents of celestite. At Mont Terri, celestite is particularly frequent. 
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Fig. 2-6: Diagenetic sequence and mineralisations in tectonic veins based on petrographic 

studies 
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2.7 Porosity concepts and diffuse double layer 
The texture and structure of the Opalinus Clay are largely constrained by clay particles which on 
average make up about 50 – 60% of all minerals. At the cm-scale, sandy/silty layers and lenses 
and occasionally siderite concretions are intercalated in the homogeneous clay-rich matrix 
(Fig. 2-7a). On the µm – mm scale, clay minerals are oriented in stacks (length 10 – 1'000 times 
their thickness) parallel to the bedding planes. The clay matrix contains variable contents of dis-
seminated quartz and calcitic fossil fragments. Detritic components (e.g. quartz, feldspars or bio-
genic carbonates), cemented by carbonate, make up the silty parts (Fig. 2-7b,c). Overall, small-
scale calcareous and silty heterogeneities are embedded in a clay-rich matrix, which is the domi-
nant building block. On the nm-scale, the specific physico-chemical properties of the clay mine-
rals lead to an intimate association of water with the clay surfaces and to a very fine pore structure. 
This configuration determines the mechanical, hydrogeological and geochemical properties of the 
Opalinus Clay and its porewater chemistry. The structure at the nm-scale is very difficult or even 
impossible to image, and thus is illustrated by a conceptual sketch (Fig. 2-7d) as discussed below.  

The water-filled pore space includes intergranular (or external) porosity between the mineral 
grains and interlayer (or internal) porosity of the smectite component in the illite/smectite mixed 
layers. The typical porosity of Opalinus Clay (when located several 100 m below ground) is about 
14% at Mont Terri and about 11% for the boreholes in northern Switzerland (Mazurek & 
Aschwanden 2020). Based on geometrical configurations and measurements of the external 
surfaces and of the total surface, Gimmi (2003) estimated that about one third of the porosity is 
associated to smectite interlayers and two thirds to the external porosity. Assuming two water 
layers in the interlayer, the average thickness of the interlayer pores is 0.6 nm. The mean aperture 
of the external pores has been estimated from the surface area and the external pore volume to be 
about 2.4 – 3 nm (Gimmi 2003, Mazurek & Aschwanden 2020). Gimmi & Fernández (2017) 
analysed pore size distributions on samples from the Schlattingen-1 borehole. Pore size distribu-
tions derived from combined analysis of N2 isotherms, H2O isotherms and mercury intrusion 
porosimetry were in the range of 1 – 30 nm. The average thickness of the external pores in the 
different samples were estimated by these authors to be 0.9 – 2.5 nm from water content and 
specific surface areas. 

Overall, the analyses indicate the nm-scale size of the majority of the pores in the range of  
1 – 25 nm (Nagra 2002a, Gimmi 2003). Larger pores in the range of tens of nm are generally 
associated to larger grains. In porous shell fragments, average pore sizes for Mont Terri samples 
have been reported to be about 100 nm, reaching up to a few µm (Houben et al. 2013). Different 
scales of a clay-rich sample from Mont Terri were studied by Keller et al. (2013) using a tomo-
graphic method including scanning transmission electron microscopy (STEM) on samples pre-
pared by focussed ion beam (FIB) and X-ray tomography. The majority of the identified pores 
were related to geometric incompatibilities at contacts between individual clay particles. 
Enhanced porosity was frequently identified at the contacts between larger clastic grains (mainly 
quartz and calcite) and the embedding clay matrix. 

The complex pore structure in the Opalinus Clay is simplified in a sketch in Fig. 2-7d, in which 
two different porewater types are distinguished: Porewater in close contact with the clay surface 
includes water in interlayers of smectite and at the external clay surfaces. It has distinct physico-
chemical properties because of the surface charge and electrostatic potential of the clay surface. 
It is often called bound water, but the degree of binding is not exactly known; it can be removed 
by drying the sample through heating in a ventilated oven. The porewater located in the centre of 
the larger pores (e.g. mesopores in coarser-grained domains) is termed mobile and is not or less 
affected by the surface charge. Porewater in this region is generally denoted as free porewater (or 
free water; Appelo & Wersin 2007, Gimmi & Alt-Epping 2018).  
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The distinction of the different types of porewater is also linked to the distribution of cations and 
anions in the pores. The negatively charged internal and external clay surfaces induce an accumu-
lation of cations and exclusion of anions near the surfaces. Evidence of anion exclusion in Opa-
linus Clay or other clayrocks is provided by numerous diffusion data (e.g. Van Loon 2012), 
numerical modelling (Tinnacher et al. 2016), squeezing experiments (Mazurek et al. 2015) and 
advective displacement experiments (Mäder et al. 2004).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2-7: Texture and structure of the Opalinus Clay, illustrating characteristics on various 
scales that give rise to anisotropy in transport properties and define porosity and 
water types 
Modified from Nagra (2002a). qz: quartz, cc: calcite, fsp: feldspar. 
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The distribution of cations and anions in the porewater near charged clay surfaces can be de-
scribed according to the diffuse double layer (DDL) theory (Sposito 1984, Horseman et al. 1996, 
Appelo & Wersin 2007, Appelo et al. 2010). The inner layer consists of the surface with its (net) 
negative charge, which results from the isomorphic substitution modified by surface complexes 
(i.e. strongly sorbed cations, partly denoted as Stern layer). The net surface charge is compensated 
by a surplus of cations in the diffuse layer that extends out into the charge-free solution 
(Fig. 2-8a). With increasing distance, the absolute value of the surface potential decreases. The 
calculated thickness of the DDL, which depends on the surface charge and the composition of the 
external solution, is often in the range of one to few nm. Comparing this value with the range of 
pore sizes in Opalinus Clay, it becomes clear that the application of the DDL model is not straight-
forward for compacted clayrocks. It should be noted that in DDL models applied to clayrocks 
(e.g. Appelo & Wersin 2007) the volume of the Stern layer is frequently neglected, and the thick-
ness of the diffuse layer is attributed to the entire DDL. 

 

Fig. 2-8: Sketch of diffuse double layer and representation of dual porosity model concept in 
a pore of Opalinus Clay 

Left: Sketch of diffuse double layer developing next to a clay surface. Surface potential ψ 
(V) as a function of distance x (m) from the clay surface (modified from Wersin et al. 2004).
Right: Representation of dual porosity model concept in a pore of Opalinus Clay based on
the DDL concept (represented in this case as a Donnan layer) (Appelo & Wersin 2007).

DDL: diffuse double layer. Dashed line: mean (Donnan) potential (ψD) (see text). Right: ci, 
µI, concentration and thermodynamic potential of species i. Note that Stern layer is not 
explicitly included in the simplified model concept. 

Different model concepts for the DDL have been developed to represent the distribution of ions 
and their mobility in dense clays (Tournassat & Steefel 2015). For example, the diffusion of 
cations and anions in the Opalinus Clay has been described by a multicomponent dual porosity 
concept in which anions are concentrated in the free water whereas cations are concentrated in 
the DDL water (Appelo & Wersin 2007)2. Solutes in both compartments are assumed to be in 
equilibrium. Because the detailed calculation of the ion distribution in the porewater (a) depends 
on the local pore geometries and (b) is often cumbersome even when assuming planar geometry, 

2  Note that in this concept both interlayer and external DDL porewater are lumped into a single DDL porewater type. 
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the simpler Donnan equilibrium approach is often used to calculate a uniform concentration in 
the DL (which then stands for Donnan layer), according to (e.g. Appelo & Wersin 2007, 
Birgersson & Karnland 2009, Gimmi & Alt-Epping 2018):  
 

𝐶𝐶𝐷𝐷𝐷𝐷,𝑖𝑖 = 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑖𝑖exp (−𝑧𝑧𝑖𝑖𝐹𝐹ψ𝐷𝐷
𝑅𝑅𝑅𝑅

) (2-1) 
 

where CDL,i and Cfree,i are the mean species concentrations in the DL and free porewater, 
respectively, zi is the charge of the species and ψD is the mean potential or Donnan potential.  

The volume fraction of the DL (fDL) can be derived if total porosity (ε), DL thickness (dDL) and 
the specific surface area of negatively charged clay minerals (A) are known: 
 

𝑓𝑓𝐷𝐷𝐷𝐷 = 𝐴𝐴𝑑𝑑𝐷𝐷𝐷𝐷
𝜀𝜀

 (2-2) 
 

The specific surface area can for example be roughly estimated by water adsorption isotherms 
(Gimmi & Fernández 2017). Knowing fDL, the fraction of the free porosity (ffree), i.e. the pore 
space not occupied by the DL, can be derived: 
 

𝑓𝑓𝐷𝐷𝐷𝐷 + 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 1 (2-3) 
 

As noted above, the DL thickness dDL is dependent on ionic strength but difficult to accurately 
constrain in dense clays.  

Alternatively, the value of the diffuse layer porosity 𝜀𝜀𝐷𝐷𝐷𝐷 can be estimated from data on anion 
accessibility εan. For a Donnan model, we can write (Tournassat & Appelo 2011, Tinnacher et al. 
2016, Tournassat & Steefel 2015): 
 

𝜀𝜀𝑎𝑎𝑎𝑎 = 𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝜀𝜀𝐷𝐷𝐷𝐷exp (−𝑧𝑧𝐹𝐹ψ𝐷𝐷
𝑅𝑅𝑅𝑅

) (2-4) 
 

The parameter ψD has to be derived from the knowledge of all species concentrations in the free 
porewater by imposing the charge balance condition for the DL (Tournassat & Appelo 2011). If 
these species concentrations are not known, complete exclusion of anions from the DL is often 
assumed, leading to εan ≈ εfree = ε – εDL and thus εDL = ε – εan (Wersin et al. 2018). 

From an operational viewpoint, εan in clayrocks can be obtained from diffusion experiments in-
cluding an anion (usually Cl-) and a water tracer (e.g. HTO). The anion-accessible porosity and 
corresponding anion-accessible porosity fraction (fan) can also be derived from chloride concen-
trations measured in aqueous leaching experiments and those obtained by squeezing, advective 
displacement or from sampling of borehole waters. For example, considering a squeezing experi-
ment: 
 

𝜀𝜀𝑎𝑎𝑎𝑎 = 𝜀𝜀 𝑎𝑎𝐶𝐶𝐶𝐶
𝑤𝑤𝑤𝑤𝐶𝐶𝐶𝐶𝐶𝐶_𝑠𝑠𝑠𝑠

= 𝜀𝜀𝑓𝑓𝑎𝑎𝑎𝑎 (2-5) 

 

where nCl is the Cl inventory (mg/kg wet rock) obtained for example from leaching, ww is the wet 
water content as defined in Section 3.3.2 and CCl_sq is the Cl concentration in the squeezed solution 
(Wersin et al. 2013). It is important to note in this context that the water sampled from squeezing, 
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advective displacement and from packed-off boreholes does not reflect the entire porewater but – 
assuming that disturbances induced by sampling are minimal – corresponds approximately to the 
water in the free porosity. Thus, the average chloride concentration in total pore space in a dense 
clay is always lower than that in the free porewater. 

In the past, the term "geochemical porosity" was used essentially as synonym for the anion-
accessible porosity to represent the pore space of a solute relative to the total pore space (Pearson 
1999, Pearson et al. 2003, Nagra 2002a). We deem this term somewhat misleading because of 
ample evidence of the mobility of solutes in the DDL (e.g. Appelo et al. 2010) and therefore prefer 
not to use it anymore.  
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3 Methodology for sampling and analyses of porewaters 

3.1 Introduction 
In argillaceous rocks with very low permeability, conventional groundwater sampling techniques 
cannot be applied to obtain reliable data on porewater chemistry. For this reason, a range of 
dedicated methods for both direct and indirect porewater characterisation has been developed. 

3.2 Direct sampling of porewater from boreholes 

Method description 
In low-permeability rocks water collection from boreholes requires long times and is only feasible 
in Underground Rock Laboratories (URL), where large rock volumes can be brought in contact 
with the borehole test interval surface. Two types of experiments are commonly considered: (1) 
drainage water experiments, where in an (ascending) borehole a chemically inert gas (nitrogen or 
argon) is circulated, while water from the rock is allowed to slowly seep into the borehole, and 
(2) in situ diffusive equilibration experiments, where in a (descending) experimental borehole a 
synthetic, tracered water with a composition similar to that expected in situ is circulated and its 
chemical composition is monitored in time (allowing to back-calculate the composition of the 
in situ water). Both sampling methods have been applied at the Mont Terri Rock Laboratory as 
described in Section 4.2. 

Waters obtained in the drainage water experiment are often referred to as "seepage waters", 
while waters obtained from the water re-circulation experiment are termed "diffusively equili-
brated borehole waters". Both waters are also named borehole waters. 

Experimental set-up 
Various designs of borehole drilling, installations and sampling techniques exist, depending on 
the desired information, for the collection of seepage water. The experimental set-up has greatly 
evolved over time. The first campaign in the Mont Terri Rock Laboratory started with boreholes 
air-drilled at an angle into the tunnel ceiling (Fig. 3-1a). Care was taken that the sampling intervals 
were located deep enough to avoid any kind of perturbation by the excavation damaged zone 
(EDZ). One mechanical and one inflatable packer sealed off the lower side of an interval, with 
the annulus between the two packers being filled with epoxy resin to further increase tightness. 
The inflatable packer had a conical end piece (funnel) covered with Teflon to avoid corrosion, 
allowing the collection of very small quantities of water. This funnel was linked to the sampling 
line by a stainless-steel tube, 2 mm in diameter. Additional inlet and outlet nylon tubing allowed 
the interval to be flushed with nitrogen. A pressure sensor monitored the build-up of water pres-
sure in the sampling line of each borehole. Water sampling from such boreholes occurred by 
natural outflow and/or was forced by applying a nitrogen-gas overpressure. Water samples for 
specific analyses were processed as required (i.e. filtration, acidification etc.) on site and placed 
in bottles for direct transfer to analytical laboratories. On-site measurements of sensitive para-
meters such as pH, Eh, and alkalinity were continuously improved (e.g. analysis under ambient 
or controlled conditions; Griffault et al. 2003). Water samples were also collected from boreholes 
for the analysis of dissolved gases. The water samples were collected and transferred to the labo-
ratory in gas-tight containers. 

Later on, the experimental system was significantly improved in order to reduce artefacts and a 
more sophisticated set-up was used. Fig. 3-1b shows the set-up of the PC-C experiment with the 
test interval being flushed by inert Ar gas and monitored by temperature and pressure. The water 
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sampling unit contains a flow-through line in which pH, Eh and electrical conducitivty are mea-
sured. Contrary to the earlier BWS-A borehole which was drilled with air, the test interval of the 
later borehole BPC-C1 was drilled with N2 to avoid oxidation effects. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 (b) 

Fig. 3-1: Schematic representation of two experimental set-ups for sampling of seepage 
waters 
(a) BWS-A boreholes (Griffault et al. 2003). (b) BPC-C1 borehole (Fierz et al. 2006) 
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An alternative design for characterising the porewater composition using in situ experiments has 
been developed at Mont Terri in the PC experiment (Fig. 3-2). In this design, about 8 – 15 L of 
artificial porewater (i.e. water with a composition as close as possible to that expected for the 
porewater) were circulated in a borehole interval isolated by packers. In order to minimise conta-
mination, the boreholes were drilled with nitrogen. No metallic components were in direct contact 
with the circulated water. To limit the impact of microbial activity, the design was later optimised 
in the PAC experiment (Vinsot et al. 2008a). For example, in that experiment all equipment and 
the water itself were thoroughly sterilised to limit microbial activity. Inflow of porewater into the 
circulation system was enhanced by the hydraulic potential difference of about 30 bars between 
porewater and circulated artificial porewater. In all experiments, the total mass of circulated water 
was monitored to constrain the amount of inflowing water. Conservative tracers, such as HDO or 
Br-, were added to this water to determine the mixing ratio of natural and artificial porewater over 
time. In contact with the rock, the synthetic porewater slowly adjusted its composition to match 
that of the natural porewater residing in the rock. Such adjustment is expected to occur mainly 
via cation exchange reactions and reactions in the carbonate system. Non-reactive species, such 
as halogens, are expected to completely adjust to the porewater composition via diffusion and 
inflow. The evolution of the circulated water over time was monitored by regular analysis of pH, 
Eh and electrical conductivity.  
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10.10 m

Fig. 3-2: Schematic representation of the experimental set-up for the sampling in situ borehole 
diffusively equilibrated water from the BPC-1 borehole 
From Wersin et al. (2011a). 
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Data and information obtained 
In twelve sampling campaigns between 1996 and 2000, totals of about 6 – 23 L were collected 
from three boreholes drilled perpendicular or at an angle to the bedding (BWS-A1 to BWS-A3), 
whereas one borehole that was drilled parallel to bedding remained dry for more than 7 years 
(BWS-A6) (Griffault et al. 2003). Complete chemical and isotopic analyses could be obtained 
from the sampled waters. During some campaigns, samples for dissolved and head-space gases 
were also taken and analysed for chemical and isotopic composition. A thorough examination of 
the collected data concluded that for conservative elements and isotopes, the concentrations mea-
sured on the borehole water indeed represent in situ porewater concentrations (Pearson et al. 
2003). The concentrations of reactive components (except for carbonates and redox sensitive spe-
cies) obtained from seepage waters may be representative of the in situ concentrations to a varying 
extent depending on the extent of geochemical perturbation induced during the experiment. Over-
all, the experience from the Opalinus Clay and the Callovo-Oxfordian clayrocks showed that it is 
challenging to derive the complete in situ porewater composition (including e.g. pH, pCO2 and 
Eh) from borehole water, but there is good confidence that the obtained concentrations for chemi-
cally conservative components represent true porewater concentrations (e.g. Pearson et al. 2003). 

Moreover, dedicated experiments employing carefully controlled perturbations (O2, H2, bacterial 
activity, pH etc.) can provide valuable information regarding the buffering capacity of the clay-
rock. 

Possible artefacts 
The most important artefacts that may affect the resulting chemical and isotopic data include 
effects induced by the excavation-damaged zone, microbial activity, and – in the initial phases – 
metal corrosion, in addition to artefacts common to all conventional groundwater sampling tech-
niques, such as de- or in-gassing of CO2 and O2. In the early air-drilled boreholes, the borehole-
damaged zone (BDZ) strongly perturbed the redox system in the early sampling campaigns until 
the induced oxygen was completely consumed. Microbial activity was induced initially in all early 
boreholes and also in later ones, such as in BPC-1 in spite of the precautions taken (e.g. including 
sterilisation of the equipment). 

In the in situ diffusive equilibration set-up for porewater sampling as used in the PAC experiment 
at Bure, major deviations between the chemical compositions of the natural and artificial pore-
waters would induce reactions that may disturb the system, so some information on the expected 
composition is needed a priori, based either on data obtained from other methods or from geo-
chemical modelling. If circulation is maintained over long times, microbial activity may become 
important and seriously affects the results, namely for sulphate and alkalinity (Vinsot et al. 2008a, 
Wersin et al. 2004). 

In experimental set-ups based on diffusive equilibration, the very low diffusivity of the clayrock 
slows down the rate of stabilisation of the water chemical composition in the borehole due to 
diffusive exchange with the rock porewater (Tournassat et al. 2015). Reactive transport modelling 
can be used to evaluate the extent and correct for such effects by testing the extent of diffusive 
equilibration that has been achieved (Appelo et al. 2008). 

Improvements of the experimental set-up including drilling with N2, have helped to reduce arte-
facts and enabled fairly reliable water and gas analyses. Nevertheless, microbial activity during 
the extended sampling periods may affect the sulphur, iron and carbonate systems. 
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Main advantages and limitations 
Despite the difficulties involved in in situ water sampling in boreholes, when properly executed, 
both the drainage water experiments and in situ diffusive equilibration experiments are capable 
of providing a great deal of useful information (e.g. almost complete main porewater chemistry 
under close to in situ conditions). However, important porewater parameters such as pH, pCO2 
and redox are still not unequivocally determined and remain a matter of discussion. The main 
weakness of the method consists in the need to drill dedicated boreholes in specialised under-
ground research laboratories (URLs) and is not applicable in deep boreholes. Moreover, in many 
cases, long periods of time may be required for a sufficiently large water volume to accumulate. 

3.3 Methods for porewater characterisation based on drillcores 

3.3.1 Sampling of porewater from drillcores 
The fundamental principle and tenet for sampling of porewater (or dissolved gases in the latter) 
from drillcores have remained mostly unchanged over the last decades: preserve the drillcore's 
initial state upon recovery by minimising its dessication, oxidation and outgassing through sealing 
it into an evacuated and gas-tight containment on site, immediately after core recovery. 

Within the framework of this overarching principle, the methodological and procedural aspects 
have constantly been improved by linking observed analytical artefacts to potential causalities in 
the drillcore sampling process and through the desire to have more stringent control over – and 
traceability of – the drillcore sampling metadata, such as air exposure durations over different 
processing steps. 

Major innovations/improvements during the last two decades include: 

2011 (Schlattingen-1 borehole):  

• introduction of temporary sealing of drillcore samples using household vacuum devices

• stringent recording of all dissolved gas sampling metadata (pumping durations and pressures;
photographic documentation of cuboid)

2014/15 (BDB-1 and Lausen boreholes): 

• stringent metadata recording of all major sampling steps and core documentation using core-
scans to allow assessing of sample suitability for subsequent analysis without opening sealed
samples

• removal of stratigraphy slab to retain a maximal lithological archive over the entire cored
length

• introduction of clear command structures and clearly defined roles within multi-person
sampling teams to increase sampling efficiency and reduce susceptibility to errors when
working in parallel
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2019 (Start of Nagra TBO programme): 

• rigourous internal and external QA of sampling operations to ensure consistent sampling
quality

• immediate online availability of corescans and sampling metadata to the analytical labs to
enable preparatory assessment and prioritisation of samples, allowing to substantially reduce
sample storage between sampling and further analytical processing

• construction of new dissolved gas sampling apparatus and addition of shut-off valves to dis-
solved gas sample containers to facilitate sampling, reduce sampling induced degassing and
ensure consistent sample sealing

In the following sections the most current, state-of-the-art methods for sampling of porewater and 
dissolved gases from drillcores are presented. 

Method description 
Immediately after its retrieval from the core barrel or liner, the drillcore is washed using tap or 
groundwater. Washing is done by hand with low water pressure and sparingly enough to just 
remove residual drilling fluid. Simultaneous to the subsequent metering, geological survey and 
photographic documentation of the core, sample locations are designated based on specified 
sample requirements such as lithology, length along core axis and adjacency to other samples. 

The individual samples are then cut away as sections of full core perpendicular to the core axis in 
sequence of their susceptibility to contact with air (primarily: outgassing of dissolved gases and 
contamination with air, secondarily: core desiccation). Additionally, a roughly 1.5 cm thick slab 
is pared off from the sample circumference parallel to the core axis, unless preserving the cylin-
drical shape is required for further sample processing (e.g. for lathing samples to a required dia-
meter). This slab is retained as a stratigraphy documentation in lieu of the removed sample. All 
sawing is performed dry unless the use of water lubrication is indispensable (e.g. in lithologically 
more carbonaceous sections). 

Samples intended for analyses of the porewater chemistry are then immediately placed in gas tight 
bags composed of a PET-Aluminium-Polyethylene compound foil, evacuated and permanently 
sealed. In cases where a high sampling workload would lead to elevated sample processing times, 
samples are temporarily stored in household vacuum bags for rapid protection from air, before 
being sealed into the compound foil bags. For transport and storage, the compound foil bags are 
additionally sealed into robust, flexible plastic tubes for physical protection against abrasion or 
puncture. Sealed samples are stored in cooled containers at < 10 °C on the drill-site and in a 
cooling room at 4 °C later on. In undamaged state, the compound foil sealing retains its evacuated 
state for up to several years, preventing any contact of the sample to air. Nevertheless, the drilling 
induced contamination of the porewater near the periphery of the core is still present within the 
sealed sample and the diffusive ingress of the contaminant front towards the centre of the core 
limits the possible storage time before the sample is processed further in the laboratory (see also 
Section 7.6.4).  

Samples for the chemical and isotope composition analysis of dissolved gases in the porewater 
must be rapidly conditioned on-site (Fig. 3-3) to avoid loss of the analyte due to sample desicca-
tion and degassing of the porewater. The samples are trimmed down by dry sawing to a centre 
cuboid that has all contaminated rim material removed. After recording its wet weight, the cuboid 
is immediately sealed in a stainless-steel container with an ultrahigh vacuum grade CF flanged 
lid. This lid is equipped with an ultrahigh vacuum metal-bellow seal valve with a copper tube 
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fitted as an attachment port. Via this port, the container is cyclically pumped to a few tens of mbar 
and flushed with a carrier gas (N2 or Kr, depending on the analytical programme to be performed). 
The resulting dilution effect by the carrier gas, and the accordingly short pumping times, allow 
an efficient removal of residual air in the container without enforcing significant porewater degas-
sing. In the end, the evacuated container is sealed by closing the valve and crimping the copper 
tube using two steel clamps in series, forming two additional redundant and gas tight seals. 

Fig. 3-3:  Equipment for on site sampling for dissolved noble gas analysis 
Left: set-up for on-site conditioning of drillcore samples at Uni Bern (flushing gas bottle not 
shown). Right: a sample in a gas-tight noble gas sample container. 

For the determination of pCO2, samples are prepared similarly to those for dissolved gas analysis 
with the exception of the sample container lid being sealed by a rubber seal and ball- or stopcock 
valves and the flushing agent being helium. For the final sealing of the container a residual helium 
atmosphere is maintained at 700 mbar. 

For each retrieved drillcore a standardised log is kept detailing the core depth interval, the date 
and time of the core recovery from the core barrel, and for each sample – the sample type, sample 
depth interval as well as the timestamps for the sample's processing steps (sawing, temporary 
sealing, final sealing, pumping/flushing steps including attained pressures). This detailed record 
potentially allows at a later stage to correlate anomalous analytical data with irregularities during 
core processing or sampling. 

More detailed descriptions of the employed core processing and sampling protocols are given in 
Lassin et al. (2000), Gaucher et al. 2010) and Girard et al. (2005), Wersin et al. (2013), Waber & 
Rufer (2017) and Rufer (2019).  
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Possible artefacts 
Preserving the in situ water saturated state of the rock material as closely as possible is a key 
prerequisite to any quantitative investigation of chemical and isotopic composition of a rock's 
porewater and the dissolved gases within it. As such, any extended exposure to extrinsic fluids 
(such as drilling fluid or water used for core cleaning) or gases (primarily exposure to air) will 
result in changes of the original state and cause potential contamination issues or experimental 
problems related to sample desiccation (Section 7.6). 

The initial disturbance of the in situ state through contact with the drilling fluid is unavoidable 
and has to be addressed by selecting drilling parameters (i.a. double/triple core barrel, choice of 
drilling agent, core retrieval interval etc.) appropriate for the intended analytical programme and 
by prompt removal of the core sample's contaminated rim material in the lab, before pervasive 
contamination of the bulk sample can occur by diffusion. Additional effects are related to core 
de-compaction upon retrieval due to pressure release, and changes in temperature. 

Disturbance of the in situ water saturated state after the drillcore has been retrieved to the surface 
can be minimised by adhering to optimised protocols during core processing (cleaning and sur-
veying) and removal of core samples for porewater analysis. Despite significant advances in the 
last years in terms of optimisation and parallelisation of core processing and sampling tasks, as 
well as improving the logging of sampling related metadata for QA purposes, the underlying 
protocols have remained mostly similar. As such, all drillcore samples featured in this report can 
be considered to have been sampled in rough accordance to the sampling protocol summarised 
above. 

Section 7.6 presents a detailed evaluation of potential disturbances related to sampling. 

3.3.2 Petrophysical rock characterisation methods 
Sampling and extraction techniques require knowledge of water content and porosity for results 
interpretation and recalculation (e.g. into concentration as per porewater volume). The determi-
nation methods for these petrophysical parameters are briefly presented here. 

Water content 
The water content of argillaceous rocks is usually obtained by means of gravimetric determination 
of water loss by drying the samples to constant weight conditions. In the ideal case, the drying 
procedure will completely remove all water in the pore space so that the final weight equals the 
dry weight. In addition, the water content can also be obtained by isotope mass balance of the 
diffusive isotope exchange techniques (Section 3.3.7). 

At Uni Bern samples of about 160 – 250 g of saturated rock from the core centre are used for 
water-loss measurements. The saturated rock is weighed immediately after unpacking and 
removing the rim material from the drillcore samples and then placed in a ventilated oven for 
drying at 105 °C. The criterion used for attainment of constant mass during gravimetric measure-
ments is a mass change of less than 0.005 g over a 14-day drying interval. 
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From previous studies it can be deduced that the porewater in the Oalinus Clay at Mont Terri and 
in the investigated boreholes in northern Switzerland has an ionic strength below that of seawater 
(Pearson et al. 2003). Therefore, the gravimetric water content, WC, can be taken to be identical 
to the porewater content, WCpw, and no salinity correction has to be applied. 

The mass of porewater, mpw, obtained by drying the saturated rock cylinders is calculated from 
the water loss upon drying as: 

mpw = mrock,wet − mrock,dry 
 

The gravimetric water content, WCwet, is calculated from the change in weight upon drying 
(mrock, wet – mrock, dry) and is expressed relative to the wet rock mass, mrock, wet of the rock according 
to: 

WCwet =
mrock,wet − mrock,dry

mrock,wet
× 100 % =

mpw

mrock,wet
× 100 % 

Alternatively, the water content may be expressed relative to the dry rock mass, mrock, dry, of the 
rock according to: 

WCdry =
mrock,wet − mrock,dry

mrock,dry
× 100 % =

mpw

mrock,dry
× 100 % 

Applying the rules of error propagation, the error on the mass of porewater, mpw, becomes: 

σmpw = �σmrock,wet
2 + σmrock,dry

2 

And for WCwet: 

σWCwet = ���
σmpw

mpw
�
2

+ �
σmrock,wet

mrock,wet
�
2

� × WCwet2 

And for WCdry: 

σWCdry = ���
σmpw

mpw
�
2

+ �
σmrock,dry

mrock,dry
�
2

� × WCdry2 
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Bulk and grain density 
At Uni Bern the bulk wet density, ρb,wet, is measured on saturated rock material within 1 minute 
after unpacking and removing the rim material from the drillcore sample. The paraffin displace-
ment method is applied making use of Archimedes' principle. Homogeneous rock samples of a 
volume of approximately 1.5 – 2 cm3 are taken from the saturated centre of the drillcore. The 
sample volume is determined by weighing the rock sample in air and during immersion into 
paraffin using the density accessory kit of Mettler Toledo™. On average after each third sample, 
the paraffin is replaced and its density determined. The bulk wet density, ρb, wet, is calculated 
according to: 

ρb,wet =
ρp × mrock,wet

mrock,wet − m(rock,wet)P
=
ρp × mrock,wet

∆m𝑝𝑝

where ρp is the density of paraffin, mrock, wet is the mass of the saturated rock sample (i.e. including 
the porewater) in air and m(rock, wet)P is the mass of the saturated rock sample immersed in paraffin. 

Measurements of the bulk dry density on clay-rich rock material are commonly unreliable due to 
the strong effects of shrinking associated to the drying of swelling clay minerals. Therefore, the 
bulk dry density, ρb, dry, is calculated from the water content relative to the dry mass of the rock, 
WCdry, and the bulk wet density, ρb, wet, according to: 

ρb,dry =
ρb,wet

1 + WCdry

At Uni Bern grain density is determined with the He-gas displacement technique using a Micro-
meritics AccuPyc II 1340 gas-pycnometer. In this technique the difference of gas pressure is 
measured in a sample cell of constant volume in its empty state and containing the solid sample 
and converted to the grain (or material) density of the solid sample. The grain density is deter-
mined as average of 5 measuring cycles of which the standard deviation has to be ≤ 0.01 g/cm3. 

Applying the rules of error propagation and the known error of mass determinations (± 0.002 g) 
and/or standard deviation of multiple measurements (paraffin density, He-pycnometry), the error 
on the bulk wet density, ρb, wet, determination becomes: 

σρb,wet = ρb,wet × ��
σmrock,wet

mrock,wet
�
2

+ �
σ∆mp

∆mp
�
2

+ �
σρp
ρp
�
2

≈ �
σρp
ρp

and for the calculated bulk dry density, ρb, dry: 

σρb,dry = ρb,dry × ��
σρb,wet

ρb,wet
�
2

+ �
σWCdry

1 + WCdry
�
2

where ΔmP is the mass of the displaced paraffin and ρp is the density of paraffin. For the grain 
density the absolute error is taken to be the standard deviation of the 5 measurement cycles per-
formed with the He-pycnometer. 
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Note also that for samples of accurately defined cylindrical geometry, such as used in advective 
displacement experiments, bulk wet and bulk dry densities can be calculated from simple relation-
ships between core mass, core volume and water mass (Mäder & Waber 2017b). Sample density 
values estimated in this way are characterised by significantly smaller errors (2 – 5‰) than those 
typical for the standard methods described above. 

Pycnometer porosity and water-loss porosity 
The pycnometer (or total) porosity of a rock sample is the ratio of the total pore volume to the 
total volume of the sample (Vpores/Vtot), where the total volume is the sum of the pore volume and 
the volume occupied by mineral grains (Norton & Knapp 1977). The pycnometer porosity, φPyc, 
is calculated from the values of bulk dry density and grain density according to: 

φpyc = 1 − �
ρb,dry

ρg
� 

where ρb,dry is the bulk dry density and ρg is the grain density. The error associated to the pycno-
meter porosity can be expressed as: 

σφpyc = ��
σρb,dry

ρg
�
2

+ �
σρb,dry × ρb,dry

ρg2
�
2

As can be seen from the above equation, the error of the pycnometer porosity depends on the error 
of the bulk dry density and thus on the error of the density of the paraffin, and on the error of the 
He-pycnometric grain density measurements. In the He-pycnometric measurement, the tempera-
ture dependence of the He pressure is corrected automatically and the error is given by the 
standard deviation of multiple measurement cycles. 

The water-loss porosity or volumetric water content of a rock sample, φWL, expressed as a fraction 
of one, is the ratio of the water-filled, connected pore volume to the total volume (Vwat/Vtot) and 
is obtained according to: 

φWL =
WCwet × ρg

WCwet × ρg + (1 − WCwet) × ρpw

where ρPW is the density of the porewater, ρg is the grain density of the rock and WCwet is the water 
content of the rock relative to its wet weight. Note that this formula is only exact for fully water-
saturated samples. As mentioned above, the porewater in the Opalinus Clay at Mont Terri has an 
ionic strength below that of seawater (Pearson et al. 2003). For the rocks at the Mont Terri Rock 
Laboratory and northern Switzerland, the assumption of the porewater density being 1.00 g/cm3 
and ignoring a salinity correction for the porosity calculations is justified and does not affect the 
calculations outside the analytical error. Note that this formula is only exact for fully water-
saturated samples. 



35 NAGRA NTB 18-01 

The error on the water loss porosity is calculated as: 

σφWL = ��
WCwet × (1 − WCwet) × ρpw

�WCwet × ρg + (1 − WCwet) × ρpw�
2 × σρg�

2

+��
WCwet × (1 − WCwet) × ρg

�WCwet × ρg + (1 − WCwet) × ρpw�
2 × σρpw�

2

+��
ρg × ρpw

�WCwet × ρg + (1 − WCwet) × ρpw�
2 × σWCwet�

2

More generally, the water-loss porosity, φWL, can also be derived from the measured bulk wet 
density, ρb,wet, and the gravimetric water content, WCwet for each sample according to: 

φWL =
mpw × ρb,wet

(mrock,dry + mpw) × ρpw
= WCwet ×

ρb,wet

ρpw
 

The error of the such derived water-loss porosity becomes: 

σφWL = ��
σWCwet × ρb,wet

ρpw
�
2

+ �
σρb,wet × WCwet

ρpw
�
2

× �
ρb,wet × σρpw × WCwet

ρpw2 �
2

Experimental techniques such as helium and mercury porosimetry make direct porosity measure-
ments possible. Hg-porosimetry can moreover be used to measure the distribution of pore throat 
sizes. However, Hg is unable to enter pores with throat sizes below a certain limit, which results 
in an underestimation of the porosity. 

In addition, Mäder & Waber (2017b) report that for cylindrical samples of accurately defined 
geometry, the water-loss porosity can alternatively be derived directly from mass loss on drying 
at 105 °C and the core volume. The accuracy of the porosity measurement derived in this manner 
is considered far better (2 – 5‰) than using the standard methods (e.g. pycnometry) described 
above. 

3.3.3 Aqueous extraction 

Basic description 
Aqueous leaching is the simplest destructive method for indirect porewater characterisation based 
on drillcore material. Traditionally, it is performed on milled rock material, dried under ambient 
conditions or (less frequently) under an oxygen-free atmosphere (to avoid sulphide oxidation and 
the associated perturbation of the porewater chemical composition). More recently, to avoid prob-
lems related with sample drying and grinding, Waber & Rufer (2017) performed aqueous extrac-
tion on fresh saturated and only mildly ground samples. 
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Moreover, rock-water reactions during leaching may further affect the composition of the 
leachates. Therefore, the mineralisation of a leach solution is the sum of 1) the constituents origi-
nally dissolved in the porewater, 2) the constituents present in fluid inclusions, and 3) water-rock 
interaction during the leaching process. In clay-rich rocks, the contribution of 1) dominates, 
whereas 2) is in general negligibly small, and 3) is only relevant for reactive species. 

Experimental set-up 
At least 1.5 cm of the rim of the drillcore sections are removed by hammer or dry sawing, in order 
to minimise artefacts induced by evaporation and possible drilling-fluid contamination. Saturated 
material from the centre of the drillcore is then used for immediate determination of the gravi-
metric water content and for aqueous extraction. For each lithology, aqueous extraction should be 
performed on different grain-size fractions and on different solid/liquid ratios. Aqueous leaching 
is performed using de-ionised water. Depending on the grain size, leaching is performed by 
shaking the rock material and solution for 24 hours or longer in polypropylene tubes. Finally, the 
solution is separated from the rock material by centrifugation, and the supernatant solution is 
filtered before chemical analysis. Main steps involved in aqueous leaching tests are schematically 
shown in Fig. 3-4. 

Waber & Rufer (2017) applied the following aqueous extraction procedure to samples from the 
Mont Terri Rock Laboratory: rock chips of about 10 cm3 from the central part of the core were 
disintegrated by hand along grain boundaries to pieces of a few mm3 to avoid opening of potential 
mineral fluid inclusions. About 30 g of the disintegrated, saturated rock was immediately 
immersed in pre-prepared polypropylene tubes containing 30 mL of degassed oxygen- and 
CO2-free ultra-pure water. The preparation time, from the large chips until immersion of the small 
pieces into the water and closure of the polypropylene tube, was minimised to < 5 minutes to 
suppress sulphide mineral oxidation and porewater evaporation as much as possible. Subse-
quently, the closed tubes were quickly transferred into a glovebox where they were shaken, end-
over-end, under a continuous N2-gas stream in an oxygen-free atmosphere. All sample handling 
was conducted using surgical rubber gloves in order to minimise Cl-contamination from the skin. 

Extraction conditions were chosen to 1) attain equilibrium with calcite by extracting over 
48 hours, and 2) to suppress sulphide mineral oxidation. For selected samples, aqueous extraction 
tests were performed in duplicate to allow control with respect to the homogeneity of the extracted 
rock material. This is crucial in the case of the possible occurrence of solid sulphate and chloride 
minerals in the rock, but also in the case of sulphides (e.g. pyrite), where it helps to identify 
possible oxidation during the rock preparation and extraction process. 

Data and information obtained 
Aqueous leachate data provide information about the concentrations per mass of rock of chemi-
cally conservative (free) elements such as chloride and possibly bromide and iodide originally 
dissolved in the in situ porewater. Conversion to concentration per mass of porewater requires the 
knowledge of sample anion-accessible porosity (Section 4.2.7). 

Chemically conservative tracers, such as chloride and possibly bromide and iodide, display a 
linear correlation between their concentrations per mass of rock as obtained from the leachates 
and the solid/liquid ratio used in the extractions (if the porewater is their only source). Also, 
leachates of different grain-size fractions should yield equal concentrations per mass of rock for 
chemically conservative components. In such a case, the determined concentration per mass of 
rock of a leached compound can be converted to a concentration per mass of porewater using its 
anion-accessible porosity. 
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The analytical error on the concentrations of the leachates is commonly less than ± 5% for most 
techniques. The cumulative error, taking into account the heterogeneity of the rock, can be 
obtained from the leaching experiments conducted on different grain-size fractions and different 
solid/liquid ratios. For Opalinus Clay at the Mont Terri Rock Laboratory, this cumulative error 
for chloride concentrations per mass of rock was estimated to be 10 – 15% (Waber & Rufer 2017). 
If gravimetric water-loss data are not available and porosity must be based on density 
measurements, the error on the chloride concentrations per kg porewater is typically dominated 
by the error on porosity. 

Fig. 3-4: Schematic representation of an aqueous leaching test performed on rock material 
Mazurek et al. (2009). 

Possible artefacts 
Possible artefacts during aqueous leaching of porewater tracers include a chemically non-conser-
vative behaviour of the compound of interest (e.g. iodide in organic-rich sediments) and multiple 
sources affecting solute concentrations during leaching. Such artefacts are generally indicated by 
a non-linear behaviour of concentrations per mass of rock when plotted against solid/liquid ratio. 
Leaching the rock at different grain sizes will identify different sources of a leached component, 
because the relative contribution of other reservoirs (such as fluid inclusions or soluble solids) is 
expected to vary with grain size. The conversion of solute concentration per L leachate to in situ 
concentration per kg porewater is only valid if the solute has been shown to be conservative and 
to occur only in porewater. 

Additional artefacts might originate from an inadequate sample treatment on site or in the labora-
tory, e.g. incomplete removal of rim portions that are desaturated or contaminated by drilling 
fluid. Relevant porosity information is needed to convert solute concentrations as per mass of the 
rock (measured by aqueous extraction) into concentration as per mass of porewater. This requires, 
among others, the preservation of the original saturated state of the sample to derive the in situ 
water content and water-loss porosity, respectively. In addition, the anion-accessible porosity 
needs also to be independently evaluated. 

In principle, it is also possible to analyse older, desaturated core materials by aqueous leaching, 
as the chloride and bromide contents are not affected by storage (Mazurek et al. 2009). However, 
the problem lies in the determination of porosity that is needed to relate the measured contents to 
concentrations per kg porewater. The most appropriate measurement, namely water loss upon 
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drying, cannot be performed on desaturated materials. Therefore, porosity must be reconstructed 
from bulk dry and grain densities. These densities, however, may be affected by the alteration of 
the rock owing to e.g. changes of ambient humidity and by chemical reactions such as pyrite 
oxidation. 

Main advantages and limitations 
With proper handling (i.e. fast conditioning to avoid water and gas loss and oxidation) of the 
drillcores and oxygen-free sample preparation, valuable data from aqueous extraction tests can be 
obtained. Such extraction delivers total inventories of free components not affected by mineral – 
water reactions (e.g. Cl-, Br-). This enables the determination of in situ anion concentrations if 
water content, density and the anion-accessible porosity (see below) are known. For example, 
aqueous extraction is an efficient and reliable method for determining chloride in porewater. 
However, the porewater concentrations of reactive species cannot be directly obtained from aque-
ous extracts because these are affected by fast ion exchange processes at clay-mineral surfaces 
and possibly by mineral reactions. 

3.3.4 Extraction methods for exchangeable cations 
Information on exchangeable cations (CEC – Cation Exchange Capacity and the in situ cation 
occupancy) in combination with results from aqueous leaching (main chemistry, salinity etc.) can 
be used as input data to constrain porewater composition by means of geochemical modelling. 

Method description 
The basic principle of CEC measurements of clayrocks consists in the use of an index (i.e. a 
strongly sorbing) cation that is able to replace the other cations adsorbed on the clay mineral 
surfaces. Available CEC measurement methods differ in the nature and concentration of the index 
cation and on the number of extraction steps that are necessary to replace all exchangeable cations. 

Determination of the CEC is performed by placing a rock sample into a highly concentrated solu-
tion containing an index cation. The index cation is selected such to have a sufficiently high 
affinity for the exchange sites, so that it completely displaces cations originally present on the 
clay surface. The CEC can be then calculated from the sum of exchanged cations by measuring 
their concentrations in the solution and normalising to the dry sample weight (typically equiva-
lents/100 g dry rock sample weight). Alternatively, CEC can also be determined by measuring 
the loss of the index cation from the solution (to the rock sample). 

The traditionally most common extracting solutions are Na+ (sodium acetate), Cs+ (caesium chlo-
ride), NH4

+ (ammonium-acetate), and Ba2+ (barium chloride), Ag+ (silver thiourea). More 
recently, the CEC of argillaceous rocks has been determined using so called colour dyes: methy-
lene blue, Ni2+ (nickel ethylenediamine, Ni-en), Co3+ (cobalt hexamine, Co-hex), and Cu2+ (cop-
per ethylenediamine, Cu-en or copper triethylenetetramine, Cu-trien). 

According to the interpretation of early data (Pearson et al. 2003) the most reliable applied 
methods for determining cation exchange data for Opalinus Clay were the Ni-en and the Co-hex 
method. The recent benchmark exercise reported by Hadi et al. (2019) showed that the applied 
methods including Ni-en, Cu-trien, Co-hex and Cs extraction yielded broadly consistent results. 
It should be noted, however, that the Co-hex data yielded too high values based on the consump-
tion of the index cation because of triggering of redox reactions during the extraction process 
(Section 4.2.8). 
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The in situ cation exchange occupancy is derived by combining the information gained from 
aqueous leaching and leaching experiments using a highly selective exchange complex. After 
application of the highly sorbing reagent, the concentrations of individual cations are measured. 
In addition, dissolution of the minerals (e.g. calcite and dolomite) may also accompany experi-
ments using sorbing agents. However, the concentrations of cations displaced from the clay mine-
ral surfaces are typically much greater than those released by rock dissolution (Pearson et al. 
2003). Displaced cations require correction to account for dissolved salts and mineral dissolution. 

Experimental set-up 
At Uni Bern, cation exchange properties are typically studied using the nickel ethylenediamine 
(Ni-en) method following the experimental protocol elaborated by Baeyens & Bradbury (1994) 
and Bradbury & Baeyens (1997b). The extractions are generally performed on ∼ 30 g powdered 
material at a solid/liquid ratio of 1. The solution used to displace the cations originally present is 
a 0.1 M Ni-en (CO2 and O2 free) solution of pH buffered to 8.0 – 8.2 by addition of HNO3. Dis-
integrated rock samples are transferred into polypropylene tubes and equilibrated with the extract 
solution while shaking end-over-end for 1 – 7 days. Afterwards, centrifugation is applied to sepa-
rate the two phases, and the supernatant leachate is removed using a syringe and filtered to 
< 0.45 μm. Analyses of major cations (Na+, K+, Ca2+, Mg2+ and Sr2+) and Ni2+ are carried out using 
a Varian Spectra 300 atomic absorption spectrometer (AAS). The analytical error of these mea-
surements is less than ± 5% based on multiple measurements of standard solutions and based on 
control measurements conducted with the Varian 710 ES ICP-OES system of the same solutions. 
The cumulative error of the entire procedure (i.e. extraction and analysis) is approximately 10%. 
Additional analytical details can be found in Wersin et al. (2013). 

Data and information obtained 
The method allows for the determination of the CEC and the composition of in situ cation exchan-
ger occupancy. 

Possible artefacts 
Problems associated with the determination of CEC are related to the different sites on the clay 
material where exchangeable cations might reside. In particular, the adsorption of protons (which 
makes the CEC pH-dependent) is a potentially important process. In addition, undesirable reac-
tion of the extraction solution with the rock may give rise to perturbations. It is therefore of utmost 
importance that the detailed operational laboratory procedures are known, in order to properly 
interpret cation exchange data. 

CEC and exchangeable cation population determined on clayrocks by the Co-hex or Ni-ethylene-
diamine techniques have been reported to yield fairly reliable data (Pearson et al. 2003, Wersin 
et al. 2013, Gaucher et al. 2009). Systematic differences between these two methods have, how-
ever, been noted and have not yet been entirely resolved. Cationic dyes such as (Co-hex) are redox 
sensitive coloured transition metal complexes (Yalman 1962, Hartman et al. 2003, Ji et al. 2005), 
which can undergo redox changes during the application for the CEC measurement. For example, 
recent studies indicate that structural Fe(II) in clay minerals can act as an efficient reducer 
(Hofstetter et al. 2003, 2006, Llorens et al. 2007, Neumann et al. 2008, 2009, Gorski et al. 2012a, 
2012b). Hadi et al. (2016) demonstrated that structural Fe(II) in smectites is capable of reducing 
CoHex, leading to a strong overestimation of its consumption (and thus of the CEC). In fact, a 
similar effect due to the presence of reduced iron and organic matter was evidenced for Opalinus 
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Clay in the benchmark exercise of Hadi et al. (2019). Still, even when such perturbing effects are 
present, determination of the CEC using the sum of extracted cations is feasible, provided that 
corrections on dissolved/precipitated species are available from other sources (e.g. aqueous 
extracts). 

Main advantages and limitations 
In comparison to standard extraction methods (e.g. sodium acetate, caesium chloride, ammonium-
acetate, barium chloride, silver thiourea), cationic dyes (e.g. methylene blue, Cu-en, Cu-trien, Co-
hex) offer the advantage of being simpler to use than the other techniques while providing con-
sistent data on CEC values (Dohrmann & Kaufhold 2009). For instance, measurement methods 
with cationic dyes involve a single quick extraction (< 1 h), and dye colours allow rapid measure-
ments by UV – vis spectrometry (Ciesielski & Sterckeman 1997a, 1997b, Dohrmann et al. 2012). 
Compared to the widely used ammonium acetate and barium chloride methods, dyes are said to 
be much less time consuming and less subject to methodological problems, especially concerning 
the exchange reaction being pH dependent (Dohrmann 2006, Laribi & Audiguier 2008). The Co-
hex method has been shown as one of the most convenient methods for measuring the CEC for a 
large set of reference samples (Ciesielski & Sterckeman 1997a, 1997b, Laribi & Audiguier 2008, 
Dohrmann & Kaufhold 2009), and has been standardised on an international level (ISO 2018). 

Preparation of Co-hex is the simplest and most straightforward method, since only one anhydrous 
salt is dissolved. On contrary, Cu-trien and Ni-en require first mixing the metal (usually a hydrous 
salt, thus requiring control on the hydration) and its ligand. Each probe presents also a different 
extinction coefficient, which limits the range of applicability for these methods (if colorimetric 
determination is performed). Further aspects include sample characteristics (such as its expected 
CEC) and laboratory preparation. In case of Opalinus Clay, the pale Ni-en complex is thus mainly 
applicable at liquid/solid ratios below 10 L/Kg. Co-hex, and especially Cu-trien can be applied 
for larger liquid/solid ranges (up to 100 L/Kg). In the case of Ni-en, it could be shown that carbo-
nate mineral dissolution was greatly reduced at low liquid/solid ratios (Wersin et al. 2013, Hadi 
et al. 2019). 

3.3.5 High-pressure squeezing 

Basic description 
The technique consists in applying lithostatic pressure to the sample in order to extract a porewater 
volume sufficient for analysis. To a certain extent, squeezing of an argillaceous rock sample is 
analogous to the natural process of consolidation, caused by the deposition of material during 
geological time, but at a greatly accelerated rate. 

The successful expulsion of a sufficient porewater volume for chemical and isotopic analysis from 
saturated argillaceous rocks depends primarily on the water content, the rock properties (fabric 
and mineralogy), the squeezing pressure applied, the squeezing time and the size of the squeezing 
apparatus (volume and diameter). The method has been successfully applied to bentonite 
(Muurinen & Carlsson 2007, Fernández & Villar 2010), London Clay in the UK (Falck et al. 
1990) and is one of the methods used for chemical porewater characterisation in Boom Clay 
(Belgium; De Craen et al. 2004). All of these clays are weakly consolidated (typical water con-
tents 15 – 25 wt.-%), and pressures of 10 – 70 MPa are adequate to expel sufficient quantities of 
porewater. Squeezing has also been applied on samples of the Opalinus Clay from the Mont Terri 
Rock Laboratory in Switzerland (Pearson et al. 2003, Fernández et al. 2014) and from the 
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Callovo-Oxfordian clayrock in eastern France (Fernández et al. 2009). Given the lower water 
content of 6 – 8 wt.-% in these units, higher squeezing pressures of 70 – 200 MPa were required 
to mobilise sufficient quantities of water. Mazurek et al. (2015) document squeezing experiments 
for clay-rich rocks with even lower water contents down to 3.5 wt.-%, obtained from core mate-
rials from a deep borehole in Schlattingen in the Swiss Molasse Basin. For these more strongly 
consolidated rocks, pressures of 200 – 500 MPa were required to mobilise porewater.  

The representativeness of the analysed composition of the squeezed water for in situ porewater 
depends on various factors concerning the rock sample itself (plasticity/stiffness, water content, 
mineralogy, fabric), the experimental conditions and the procedures used for squeezing (sample 
preservation, applied pressure, pressure history of the total squeezing procedure etc.). As is the 
case for aqueous leaching, procedures used to preserve the core sample and to handle it in the 
laboratory have a key influence on the reliability of the results (see, e.g. Fernández et al. 2003). 

Experimental set-up 
Squeezing rigs generally comprise a compaction chamber, an automatically controlled hydraulic 
ram and a collection system for the squeezed water (Fig. 3-5). The hydraulic ram squeezes the 
contents of the cell vertically and the expelled porewater passes through a fiberglass filter support 
at the upper and lower ends of the cell, where it is collected in polypropylene syringes. Depending 
on the design of the squeezing rig, maximum squeezing pressures of more than 500 MPa can be 
reached and the collection of squeezed water may occur under ambient or anaerobic conditions. 

Over the last few years, squeezing tests within the framework of porewater investigations related 
to low-permeability argillaceous rocks were mainly carried out at BGS, UK (maximum pressure 
= 70 MPa), CIEMAT, Spain (max. 200 MPa) and CRIEPI, Japan (max. 512 MPa). Squeezing is 
performed on saturated rock samples that are conditioned by dry cutting for the specific compac-
tion chamber. The rate of pressure increase and the pressure holding time may vary from sample 
to sample according to its water content and rock properties. Commonly, a few millilitres of water 
can be squeezed from a rock sample of about 7 – 10 cm in length and 4 – 6 cm in diameter. 
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(a) 

(b) 

Fig. 3-5: Rock squeezing apparatus at CRIEPI 
(a) Schematic and (b) photo of a clayrock sample in the squeezing cell (Mazurek et al. 2015).
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Data and information obtained 
Under favourable conditions, squeezing of an argillaceous rock may yield sufficient water to per-
form a complete chemical analysis (including isotopic data), but so far no reliable pH measure-
ments have been obtained. Generally, for rocks affected by a weak to moderate diagenetic over-
print and with water contents larger than about 4 wt.-%, the composition of the squeezed water is 
found to be comparable to that of the in situ porewater for many components (Mazurek et al. 
2009, 2015). 

However, even under such favourable conditions, the concentrations of the most reactive compo-
nents, such as the carbonate and sulphur systems, can be modified during squeezing (e.g. by mine-
ral dissolution, CO2 degassing or oxidation). Mazurek et al. (2016) and Rufer & Mazurek (2018) 
conducted benchmarking exercises and concluded that the first batch of squeezed water is a close 
proxy of the porewater composition, while later batches obtained at higher pressures are affected 
by artefacts. In combination with the results of aqueous leaching, squeezing data of conservative 
tracers are instrumental for the determination of the anion-accessible fraction of the physical 
porosity. The effect of anion exclusion, arising from the repulsion of anions from the negatively 
charged clay surface, can be estimated from the solution obtained at the lowest pressure and the 
total Cl and water inventories (Mazurek et al. 2015, Wersin et al. 2016). 

Possible artefacts 
Besides the possible modification of the porewater associated to drilling and sample conditioning 
(e.g. reactions with the drilling fluid, water loss, oxidation, outgassing, changes in temperature 
and pressure, contamination by material present in the squeezing cell and tubing), there are some 
perturbations specific to the squeezing technique. The most prominent artefacts are ultrafiltration 
and mineral dissolution. During squeezing the diffusive double layers associated with charged 
mineral (especially clay) surfaces may come to overlap, locally generating a negative potential 
through which anions are not able to pass. This process may significantly influence the composi-
tion of the waters expelled by squeezing causing a decrease in ion concentration and a change in 
the relative proportions of ions (Pearson et al. 2003, Mazurek et al. 2015). The phenomenon 
depends on mineralogy, fabric and the time-pressure history of the squeezing process. Stepwise 
squeezing suggests the existence of a formation-specific threshold pressure above which distur-
bing effects, such as shift in electrostatic equilibrium during the squeezing process, ion filtration 
and pressure-dissolution of carbonates, affect solute chemistry (Wersin et al. 2016, Fernández et 
al. 2014). Threshold pressures depend on several factors including mineralogy, surface-charge 
density, pore-space architecture and porewater salinity (Mazurek et al. 2015). The values of 
threshold pressures have been reported to be in the range of 150 – 200 MPa for the over-consoli-
dated Callovo-Oxfordian Formation and Opalinus Clay (Pearson et al. 2003, Wersin et al. 2015, 
Fernández et al. 2014, Mazurek et al. 2015), but are considerably lower (below about 20 – 
50 MPa) for less consolidated clayrocks, e.g. for the Boom Clay in Belgium (Wersin et al. 2015), 
Canadian Bearpaw Clay (Iyer 1990) or claystones from the Williston Basin (Canada) and the 
Great Artesian Basin (Australia) (Bangsund et al. 2012). 

Additional uncertainty in squeezing data arises from the fact that the amounts of squeezed water 
are commonly very small (about 0.2 – 5 mL). If analysis is performed by IC or ICP-AES, dilution 
errors may contribute to uncertainty. Partial evaporation modifies the isotopic signature of the 
squeezed water (beginning Rayleigh distillation).  
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Main advantages and limitations 
Squeezing of porewater at high pressure is a method that potentially provides full chemical and 
isotopic compositions of porewaters. It provides comprehensive chemical information about the 
porewater, while being relatively simple/cheap to deploy. Relative to the advective displacement 
technique, high-pressure squeezing is a more time-efficient method and can be applied with good 
results to conservative solutes. 

On the other hand, the carbonate system is affected by the squeezing process, which induces CO2 
degassing and pressure solution of carbonates (Wersin et al. 2013, Mazurek et al. 2015). Ingress 
of O2 may induce sulphide oxidation and increased sulphate concentrations (Fernández et al. 
2003). Note, however, that the latter process could be largely avoided by appropriate measures in 
the later investgations (Mazurek et al. 2015).  

3.3.6 Advective displacement 

Method description 
The sampling of porewater by forced advective displacement with an artificial porewater aims at 
obtaining a sample of porewater subject to relatively minor artefacts. The basic concept of the 
method consists in inducing a small advective water flow through a clay sample by imposing an 
external pressure gradient (across a background uniform and nearly constant confining pressure). 
Prerequisite for this technique is that the studied rock samples have a well-connected matrix poro-
sity and are sufficiently homogeneous (absence of preferred flow paths) to admit uniform water 
flow. The pressure gradient is applied using an artificial water (of composition similar to the 
clayrock porewater to reduce chemical perturbations) and results in a small volume of the pore-
water being expelled from the rock sample. Due to the low hydraulic conductivity of clayrocks 
(typically below 10-12 m/s), high pressure gradients (equivalent to several hundreds bar/m, but 
more commonly several tens of bar/m) are applied in order to displace a sufficient porewater 
volume for analysis. Ideally, a number of subsequent aliquots (the minimum volume of which 
depends on the analytical requirements) should be sampled with a minor admixture of the artificial 
porewater. The lower practical limit of the hydraulic conductivity for a core sample for the method 
to work is approximately 10-14 m/s, though typically only small porewater samples (0.5 – 2 ml) 
can be obtained from such low-permeability rocks for extractions lasting weeks to months. This 
is especially true when the flow-active porosity is small and therefore a relatively fast break-
through of the injected artificial porewater is to be expected. The extent of mixing between in situ 
and external waters (a component of experimental perturbation) is monitored by measuring con-
servative tracers (e.g. Br-, D2O) injected with the artificial water. The composition of artificial 
porewater can be designed for a specific purpose (different tracers, chemical gradients), and an 
experiment can be maintained for several years in order to study also reactive transport processes 
(ion exchange / sorption, mineral solubility controls, evolution of hydraulic properties). The 
method for indurated clayrocks is summarised in Mäder et al. (2004), Mäder & Waber (2017a, 
2017b) and described in more detail in Mazurek et al. (2009), Wersin et al. (2013) and Mäder 
(2018a). 

Experimental set-up 
The heart of the apparatus is a pressure vessel that subjects the rock core to a hydraulic confining 
pressure (Fig. 3-6). The core is sealed from the confining medium by a sleeve (Teflon – rubber – 
shrink tubing) and two coupling pieces made of titanium. Porous disks (Teflon, Ti, PEEK) sepa-
rate the top and base of the core from the couplings to allow for distribution or collection of 
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infiltrating or extracted fluid. The spindle allows adjustment to the length of a rock core. Fluid 
infiltration is driven from a He-pressurised tank. Typical confining pressures are 50 – 100 bars 
(the possible maximum is around 500 bars) and chosen infiltration pressures are frequently cho-
sen around 50 bars in argillaceous rocks. The infiltration system guides the gas-pressurised 
artificial porewater to the surface of the core sample. The porewater forced out of the core sample 
is collected by a porous disc and guided through PEEK capillary tubing to a sampling device. 

Fig. 3-6: Technical drawing (left) and schematic (right) of the advective displacement appa-
ratus 
Mäder (2018a). 

The apparatus allows choosing from a wide range of physical conditions for a porewater extrac-
tion experiment. The lower practical limit of hydraulic conductivity for a core sample for the 
method to work is approximately 10-14 m/s. Only small sample aliquots (0.5 – 2 mL) are com-
monly sampled from low-permeability rocks. This is especially true when the flow porosity is 
small and therefore a relatively fast breakthrough of the injected artificial porewater is to be 
expected. Typical durations for extracting a few samples from low-permeability rocks are weeks 
to months. Measurement of pH and Eh can be performed in line with micro flow-through cells. 
The sample aliquots are typically being stored refrigerated as is (in syringes) or may be diluted 
and/or preserved if required. The analytical programme has to be tailored to the objectives of the 
experiment, the expected chemical composition, the tracers used in the artificial porewater and to 
the possibly very small sample size. 
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Data and information obtained 
Under favourable conditions, the method provides porewater aliquots of sufficient volume for 
analysis of major ions and stable water isotopes. It also offers the possibility to perform in-line 
measurements of electrochemical parameters such as pH, Eh and electric conductivity (Fig. 3-7). 
Ideally, a time series of extracted aliquots of in situ porewater should initially yield pure pore-
water samples and then display an increasing proportion of admixed artificial porewater with 
increasing time. 

Due to small porewater samples obtained, careful experimental planning and sophisticated chemi-
cal analytical techniques are required to take full advantage of the advective displacement method. 
At University of Bern sample volumes of about 1 mL (or even smaller) can often be reliably 
analysed for various dissolved chemical components (Na+, K+, NH4

+, Ca2+, Mg2+, Sr2+, F-, Cl-, Br-, 
I-, NO3

-, SO4
2-). The determination of alkalinity, TIC, TOC, stable isotope analysis of δ2H and 

δ18O can also be performed. In addition, the analysis of other components such as Si, Al or various 
organic compounds may also be admissible. 

Moreover, the method allows the hydraulic conductivity of the sample to be calculated for each 
sampling interval using Darcy's law if porosity is known and the flow rates are recorded (note 
however, that at the very high gradients applied, the validity of Darcy's law is disputed). 

Fig. 3-7: Core infiltration apparatus (left), pH micro-cell (middle) and EC cell (right) 
From Mäder & Waber (2017b). 

Possible artefacts 
The composition of the artificial porewater should be as close as possible to that of the porewater 
in terms of its major constituents Cl, SO4, Br, Na, Ca and Mg, so information from other tech-
niques of porewater characterisation is a prerequisite for a successful experiment. Deviating com-
positions of the artificial porewater may lead to geochemical perturbations (e.g. ion-exchange 
reactions, mineral dissolution or precipitation), which may lead to plugging of porosity and there-
fore to drastic decrease of hydraulic conductivity that prevents further fluid movement. 
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Very low hydraulic conductivity, in conjunction with a very small mass of porewater contained 
in a given volume of a rock core, will lead to difficulties when attempting to extract aliquots of 
porewater samples. Also, working at the lower limits of hydraulic conductivities makes the system 
vulnerable to small imperfections in sample confinement that may lead to preferential flow along 
interfaces (rock / resin, resin / Teflon sleeve). If very small sample volumes can be collected, only 
a partial chemical and/or isotopic characterisation may be feasible. 

Main advantages and limitations 
Main issues of the method are related with small water sample volumes and the fact that sample 
storage often leads to a somewhat "noisy" data in the early extracts (Mäder & Waber 2017a). 
Moreover, the method is manpower-intensive, and a single experiment runs over weeks to 
months. Therefore, it is also not possible to use this method to generate data from a large suite of 
samples. The experimental set-up is robust, but sample analysis requires significant optimisation 
of analytical methods to very small sample sizes.  

The main advantage of the method is that a single successful experiment may provide a compre-
hensive characterisation of the porewater in the sample as well as a nearly complete description 
of a clayrock – porewater system and some of its geochemical behaviour. Other benefits include 
characterisation of both cations and reactive anions (e.g. sulphate), and, analogous to squeezing, 
determination of anion-accessible porosity when comparing leached concentrations of chloride 
with extracted ones. The efforts are compensated by comprehensive datasets that are also ame-
nable to multicomponent reactive transport modelling. 

3.3.7 Isotope diffusive-exchange 

Method description 
The isotope diffusive-exchange technique was designed for the determination of δ18O and δ2H in 
porewater. In addition, the method delivers a value for the water content of the rock sample, and 
this value is independent from that obtained from the gravimetric water content. The method is 
based on the premise that the known isotopic composition of a test water will equilibrate with the 
unknown isotopic composition of the porewater in a rock sample via the vapour phase. The tech-
nique was originally developed at IUP Heidelberg (Rübel 2000) and has been applied to various 
argillaceous rocks in the meantime (e.g. Rübel & Sonntag 2000, Rübel et al. 2002, Waber 2005, 
Altinier et al. 2007, Mazurek et al. 2009, Koroleva et al. 2011a, Wersin et al. 2013, de Haller et 
al. 2014b, Waber & Rufer 2017). 

Experimental set-up 
The experimental set-up is relatively simple but requires completely saturated rock samples. From 
the centre of a well-preserved drillcore, rock pieces about 1 – 2 cm in diameter and a small Petri 
dish filled with test water are stored together in a vapour-tight glass container (Fig. 3-8). The mass 
and the initial isotopic composition of the test water need to be known. Condensation of test water 
on the rock fragments and on the glass container walls is inhibited by lowering the water-vapour 
pressure above the test water. This lowering of the water activity in the vapour phase is achieved 
by the addition of salt to the test solution. 

The Petri dish with the test water and the whole container are weighed before and after the 
exchange experiment to make sure that no water was lost from the container and that there is no 
transfer of test water to the sample by condensation on the rock material. Isotopic equilibrium in 
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such a system is achieved in about 20 to 30 days at room temperature, depending on the size and 
water content of the rock fragments. After complete equilibration, the test water is removed and 
analysed by conventional ion-ratio mass spectrometry or by isotope ratio infrared spectroscopy 
(IRIS) with a Picarro L2120-I cavity ring down spectrometer (CRDS) (Waber & Rufer 2017). It 
should be noted that during the entire experiment, the rock material is never in direct contact with 
the test water, in contrast to radial diffusion techniques. 

Fig. 3-8: Experimental set-up of the isotope diffusive-exchange method 
Mazurek et al. (2009). 

The water content of a rock sample and the stable isotope composition of its porewater can be 
calculated from the mass balance relationship of the exchange experiment according to: 

MPW ∙ CPW(t=0) + MTW ∙ CTW(t=0) = (MPW + MTW) ∙ CTW(t=∞) 

where: M: mass, C: isotope ratio, PW: porewater and TW: test water. Subscript t = 0 indicates the 
initial (before exchange) state, and t = ∞ indicates the time when isotopic equilibrium has been 
achieved. Each equilibration experiment yields two independent equations as shown above, one 
for CPW = δ18O and one for CPW = δ2H. To solve these equations for the three unknowns (MPW, 
δ18OPW, δ2HPW), two exchange experiments have to be performed for each sample. 

Data and information obtained 
The isotope diffusive-exchange method directly yields the isotopic composition of the porewater. 
In addition, the water content of the rock sample is obtained from the mass-balance equations. 
There is still some uncertainty related to the fact that the water contents obtained by this method 
are commonly slightly higher than the gravimetric water contents derived by drying at 105 °C 
(e.g. Pearson et al. 2003, Waber 2005, Altinier et al. 2007). This could reflect the fact that not all 
porewater is removed at 105 °C. Indeed, in Opalinus Clay, weight loss upon drying is 16 and 22% 
higher at 150 and 200 °C when compared to 105 °C (Nagra 2002a). The comparison of porewater 
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isotope signatures obtained by the isotope diffusive-exchange method with the signature of 
formation water collected over years in packed-off borehole intervals at the Mont Terri Rock 
Laboratory and water squeezed from rock samples indicates that the diffusive-exchange method 
delivers isotopic compositions very close to those of the in situ porewater. In addition, data 
obtained by this method from porewaters in aquifers are consistent with the respective 
groundwater data, which adds further confidence to this approach. 

Possible artefacts 
The isotope diffusive-exchange method requires originally saturated rock material and is sensitive 
to evaporation of porewater during sample preparation and to condensation of test water during 
the experiment because these processes are linked to large isotopic fractionations. For highly 
saline porewaters, the activity of the test water needs to be reduced accordingly by addition of 
salt. The isotopic analysis of highly saline test water is difficult due to the very large isotopic 
fractionation between volatilised water and water bound to the solid salt residue, in particular to 
CaCl2. The impact of the resulting analytical errors on the derived δ18O and δ2H contents of pore-
water is substantial and subject of ongoing investigations (Waber & Smellie 2008). The same 
problem also applies to the vacuum distillation technique, but there the error is not further propa-
gated and so less critical to the resulting δ18O and δ2H values of porewater. 

The mentioned small difference between the water contents obtained by the isotope diffusive 
exchange technique and the gravimetric water content derived by drying at 105 °C is not com-
pletely clarified, but the effect on the calculated δ18O and δ2H values of porewater is limited and 
well within the analytical error of the isotope analysis (Pearson et al. 2003). 

Main advantages and limitations 
The method yields data on δ18O and δ2H contents of porewater, which are comparable with data 
obtained by high-pressure squeezing (Section 4.2.8 of this report; Wersin et al. 2013). An advan-
tage of the method is that it allows an independent evaluation of the water content. However, the 
method is comparatively time-consuming. 

3.3.8 Determination of dissolved noble gases 

Method description 
Sampling of noble gases dissolved (He, Ar, Ne) in porewater relies on their release (outgassing) 
from the rock sample into the surrounding gas phase, where they are collected for subsequent 
analysis. Typically, the rock sample is sealed on the drillsite into an evacuated gas-tight container. 
Following Henry's law, the dissolved noble gases outgas from the sample by means of molecular 
diffusion in the water-saturated pore space (e.g. Osenbrück et al. 1998, Rübel & Sonntag 2000, 
Rübel et al. 2002, Waber & Rufer 2017). Due to the low porewater solubility and limited chemical 
reactivity of noble gases under ambient conditions (Weiss 1970, 1971) their release from the 
porewater is quantitative, which makes it possible for the in situ concentrations in the porewater 
to be calculated when the water content of the rock sample is known. 

The time required for the outgassing to reach equilibrium conditions depends primarily on the 
transport properties (e.g. diffusivity) of the rock material and the sample size and geometry. It has 
been demonstrated that for clayrocks times of up to two months suffice to attain steady state with 
regard to He and that under these conditions significantly less than 1% of the 4He stays dissolved 
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in the porewater (Bigler 2003, Osenbrück et al. 1998). For slower diffusing species longer times 
are required, with sample cells for pCO2 determination usually being allowed to outgas over more 
than 3 months (Wersin et al. 2013). 

For analysis, the released gas is transferred from the sample container to a gas extraction line, 
where the various noble gas species are separated and purified from the gas mixture by sequential 
combinations of water traps, chemical getters and cold traps. In the end, the purified gas separates 
are measured on quadrupole or sector field mass spectrometers, depending on factors such as the 
noble gas species to be analysed, its concentration in the porewater, the layout and set-up of the 
extraction and purification line and requirement to measure specific isotope ratios. Measurements 
are almost exclusively conducted in static mode (Poole et al. 1997) due to the generally limited 
amount of analyte. If possible, it is recommended to process and measure samples in duplicates 
(Waber & Rufer 2017). Comprehensive analytical set-ups for noble gas analysis are given, for 
example, in Poole et al. (1997), Beyerle et al. (2000), Sano & Takahata (2005), Stanley et al. 
(2009), Mabry et al. (2013) and Waber & Rufer (2017). 

Experimental set-up 
At Uni Bern extraction of the gas from the sample container is performed by rapid expansion into 
three identical, well-defined volumes (termed "splits"), with a total volume approximately five 
times larger than the gas volume in the sample container. This ensures the extraction of a large 
fraction (> 80%) of gas from the sample container, while at the same time splitting the gas into 
equal fractions for duplicate or triplicate analysis (gas separation/purification and measurement). 
The rapid expansion also minimises pressure change-induced alteration of the equilibrated gas 
composition in the sample container by renewed diffusion or evaporation of H2O. While gas 
extraction can be performed on the main noble gas processing line, it is commonly performed on 
a separate, purpose-built extraction line for reasons of flexibility and efficiency (Fig. 3-9). 

Fig. 3-9: Noble gas analytical facility at the University of Bern 
Left: dedicated extraction line for noble gas samples. Right: noble gas separation, purification 
and measurement line. 
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Separation and purification of the different noble gas species of interest are achieved by running 
the gas through a ZrVFe getter (SAES St707 getter alloy) operated at 280 °C, removing all reac-
tive gas species (Fig. 3-10). An optional upstream stainless-steel ball filled water trap (operated 
between zero and -20 °C using ice/NaCl mixtures) is commonly omitted due to the low vater 
vapour mass in the extracted gas. The resulting purified noble gas fraction is then again split into 
3 equal volumes (termed "aliquots") to provide fail-safe redundancy and the means of adjusting 
the gas amount to be processed further. Running this purified noble gas mixture through a N2(liq.)-
cooled cold trap filled with activated charcoal, results in two speciated noble gas fractions: one 
containing He plus Ne, and the other (initially sorbed on the cryotrap before being released by 
heating) containing Ar and the heavy noble gases. These speciated noble gas fractions are indi-
vidually pipetted into the mass spectrometer from a volumetrically well-defined volume (VRef in 
Fig. 3-10). He, Ne, Ar concentrations and 40Ar/36Ar isotope ratios are measured inhouse by 
quadrupole mass spectrometry. For 3He/4He ratio determination, a small aliquot of the He plus 
Ne gas fraction is extracted and measured at the University of Bremen (for analytical details see 
Sültenfuss et al. 2009). 

As the gas passes through the separation and purification line, upstream parts of the line are grad-
ually closed off and the corresponding fractions of gas are removed from the residual gas leftover 
for analysis. As a result, the gas amounts of the different noble gas species have to be back-
calculated from their measured amount in the reference volume to their respective amount in the 
sample container. This is done using species-specific factors to account for their specific loss 
during separation and purification – in order to obtain the amount of that species in one of the 
splits after the initial expansion – and a common factor to account for the loss of gas during the 
initial expansion from the sample container into the 3 splits. The noble gas amount in the sample 
container is expressed as concentration per mass of porewater in the sample (determined by 
gravimetric water loss during drying) and given as ccSTP/g. For technical details on the analytical 
procedure see Waber & Rufer (2017). 

Fig. 3-10: Schematic workflow of gas extraction, separation/purification, measurement and 
back-calculation of measured signals to gas concentrations in porewater 
Waber & Rufer (2017). 
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Data and information obtained 
The technique supplies noble-gas concentrations per volume of gas and allows quantitative deter-
minations of most noble gas isotopologues. For the conversion to concentrations of cubic centi-
metres gas at standard pressure and temperature (STP) per gram of porewater (cm3 STP/gwater), 
the weight and water content of the sample must be known. Ideally, this value is obtained from 
the same sample used for outgassing by measuring its wet weight just before sealing in the sample 
container and again after heating to stable weight at 105 °C after the experiment. A diffusion 
coefficient for He can also be derived by measuring the concentrations of He degassed from the 
rock sample as a function of time (Bigler et al. 2005). At Uni Bern the primary focus is helium 
(elemental concentration, 3He/4He), argon (elemental concentration, 40Ar/36Ar) and neon (ele-
mental concentration, 20Ne/22Ne), with the latter being used as a contamination proxy. 

Possible artefacts 
Possible artefacts are related to sample alterations during rock sampling and storage due to degas-
sing and contamination by atmospheric gases. For this reason, it is key to minimise atmospheric 
exposure of the core sample between retrieval and noble gas measurements. This is achieved by 
a sophisticated sampling protocol (see Section 3.3.1) in combination with storing samples in low 
leakrate (<< 1 × 10-9 ccSTP/s) stainless-steel containers prior to analysis. 

The degree of degassing can be checked by comparing the Ne content dissolved in the porewater 
of the core sample with expected Ne values according to the atmospheric origin of Ne in meteoric 
groundwaters and a nearly constant solubility – temperature relationship. 

While air contamination during the analytic procedure can be quantitatively assessed by various 
means such as blank determinations and analysis of reference gases (other than air), any air conta-
mination that occurred during sampling is more difficult to spot due to both the expected total 
concentration of dissolved gases and their composition being a priori unknown. 

A common approach in clayrocks is to measure neon concentrations in the sample gas, as neon 
has a negligible in situ geogenic production which additionally has a distinct isotopic signature 
(20Ne and 22Ne crustal production rates are < 10-20 ccSTP/(grock a), with 20Ne/22Ne ratios < 1; 
(Ballentine & Burnard 2002, Ballentine et al. 2002). Therefore, any measured neon with atmos-
pheric 20Ne/22Ne ratios (9.78, de Laeter et al. 2003) and concentration in excess of that of 
air-saturated water (Neasw approximately 1.9 × 10-7 ccSTP/gH2O; Weiss 1971) is postulated to stem 
from air contamination.  

Whereas helium concentrations in sample porewaters being generally high and relative helium 
abundances in sample gases usually being over one to two orders of magnitude higher than the 
relative atmospheric abundance, air-derived excess helium commonly constitutes less than 1% of 
the measured helium in the samples. While corrected for, this usually does not affect measured 
helium concentrations or 3He/4He ratios significantly beyond the analytical error. For the same 
reasons, however, any prolonged contact of the sample with air during sampling is prone to cause 
helium loss from the sample porewater due to degassing. As such, elevated air contamination can 
be used to identify low helium concentration artefacts in the data. 

For argon, even slight air contamination of a sample leads to strongly increased excess argon in 
the sample gas due to its high atmospheric abundance of 0.93 vol.-%). This makes any accurate 
correction of porewater argon values strongly dependant on extremely accurate and precise neon 
measurements due to an unfavourable lever effect, which affects both the values and uncertainties 
of the corrected concentrations as well as their isotope ratios (Waber & Rufer 2017). 
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3.3.9 Determination of dissolved pCO2 and other reactive gases 

Method description 
The method relies on principles similar to those previously described for the determination of 
dissolved noble gases. However, unlike noble gases, CO2 is chemically reactive and in clayrocks 
supported by equilibrium with carbonate minerals (e.g. calcite). Other reactive gases of interest 
include gaseous hydrocarbons (especially methane, ethane and propane). Typically, core samples 
are conditioned in a gas cell under an inert gas (e.g. He) atmosphere until the pCO2 and the pres-
sure of other gases attain a steady state. This steady state corresponds to an equilibrium situation 
between the porewater and the mineralogy of the core. 

Experimental set-up 
Pearson et al. (2003) and Gaucher et al. (2010) describe the experimental device: A sample of the 
rock is placed in a hermetically sealed and rigid metallic or glass cell. Flushing with an inert gas 
(N2, Ar or He) can be used to remove the initially present atmospheric gases. The cell is pumped 
to vacuum and left to allow gas stabilisation, which may take a long period of time (e.g. months 
to a year – Gaucher et al. 2010) due to the low permeability of the rock. Total pressure, the con-
centration of specific gases (e.g. O2 and N2) and temperature may be monitored. This enables to 
detect leaks and to quantify the total gas pressure varations in samples taken for analysis. Samples 
are drawn at selected times and the volumetric fraction of relevant gases is determined by means 
of Gas Phase Chromatography (GPC). Partial pressures of the gases can be calculated from the 
measured gas volumetric fraction and the total gas pressure. Bulk analysis is performed by gas 
chromatography. The overall measurement error used to estimate systematic errors is mainly due 
to precision of the manometer and the chromatograph (Pearson et al. 2003 give ± 3 mbar and 
± 20%, respectively). 

Data and information obtained 
The main outcome of the method is the determination of the partial pressure of CO2. In addition, 
coupling to a mass spectrometer allows the isotopic composition of C to be measured. An inde-
pendent measurement of pCO2 in conjunction with assumptions regarding mineral equilibria 
(especially calcite) or measured concentrations of other constituents (e.g. calcium) provide a com-
plementary means for determining porewater pH. Direct measurements of pCO2 on seepage 
waters at Mont Terri have been found to provide steady and reliable results (e.g. Pearson et al. 
2003), which are consistent with modelling (e.g. Lassin et al. 2012) and comparable with values 
measured from other clay formations (e.g. Lerouge et al. 2015).  
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Possible artefacts 
Possible artefacts are generally similar to those described earlier for the determination of noble 
gases. Partial CO2 degassing during the experiment can lead to a limited extent of calcite precipi-
tation. However, it is generally considered that as the amount of gas released is very small com-
pared to the total amount of rock, and due to the resulting strong mineral buffering (e.g. calcite), 
the perturbation of the geochemical equilibrium system is small (Pearson et al. 2003). Recent 
calculations, however, indicate that the magnitude of this effect depends on the ratio of sample 
volume/cell volume, as discussed in Section 7.4.3. Modelling indicates that the impact of pressure 
change within the range of 1 to 20 bar on carbonate equilibria is insignificant, however, the effect 
of temperature change by approximately 15 °C (13 – 15 °C in situ compared to experimental tem-
peratures of 15 – 30 °C) can significantly lower calcite solubility (Lassin et al. 2003). Therefore, 
temperature effects should be taken into account when reconstructing the in situ pCO2. In prin-
ciple, bacterial activity in the experimental cell during the experiment could lead to an increase 
in CO2 concentration. However, it is believed (Lassin et al. 2003) that low pressure conditions 
imposed in the cell, flushing with noble gases and low porosity of the rock should tend to limit 
bacterial growth. The times for sample extraction, storage and processing should be kept at their 
minimum in order to minimise the effect of CO2 degassing. An important requirement for the 
rock sample is that it must be fully water-saturated, for the results obtained to be representative 
of the in situ conditions. It should be noted, however, that methodological uncertainties regarding 
the "true" pCO2 persist (see Sections 4.2.10, 4.4.2 and 7.4.3). 
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4 Porewater chemistry data 

4.1 Introduction 
A considerable amount of data on porewater chemistry in Opalinus Clay exists. Most of these 
data have been acquired in the Mont Terri Rock Laboratory. Further data were obtained from the 
well-investigated deep boreholes of Benken and Schlattingen-1. In addition, older data from other 
deep boreholes (i.e. Weiach-1, Riniken-1, Schafisheim) exist, but these are not of the same 
quality, because the data were produced decades after drilling from dry cores. 

Generally speaking, the datasets which are based on different complementary methods yield a 
broadly consistent picture although disturbances from sampling and analysis affected most data 
to some extent. It is worth noting that samples disturbed by oxidation and/or microbial effects 
also may yield valuable information on the geochemical response (e.g. buffering reactions) of the 
rock. 

A note on data uncertainties: Besides the analytical error, the porewater chemistry data in a clay-
rock is subject to ill-defined uncertainty related to disturbances from sampling/extraction condi-
tions and analytical methods. Comparison of data obtained from different methods, for example 
by sampling from borehole waters, squeezing of drillcores, together with aqueous extracts may 
help to reduce the data uncertainty in case of consistency between the methods. In this context, 
the extensive data from well-equipped boreholes and a variety of extraction methods obtained at 
the Mont Terri Rock Laboratory has been very valuable. Notably, it can be shown (see following 
sections) that major solute data (Cl, Na, Ca, SO4, Mg) obtained by different methods are broadly 
consistent. A furthermore qualitative argument are the consistent trends in the spatial profiles 
exhibited by Mont Terri data and also in the deep boreholes at Benken and Schlattingen-1. Larger 
uncertainties are associated to parameters pH, pCO2 and Eh, which are more affected by dis-
turbances than the main components as discussed in this section. 

In the following sections, the main sources of data are summarised and subsequently discussed. 

4.2 Porewater chemistry data from Mont Terri Rock Laboratory 

4.2.1 Tracer profiles 
A layout of the Mont Terri Rock Laboratory, together with the stratigraphic units and location of 
selected experiments is presented in Fig. 4-1. 

The synthesis of Pearson et al. (2003) documents the pioneering work on the methods used and 
data produced within the Mont Terri Project at that time. Since then, further data on porewater 
chemistry from seepage waters, squeezing and data from diffusive equilibration have been 
acquired. Recently, the DB-A experiment, in which the borehole BDB-1 was drilled perpendicular 
to bedding through the Opalinus Clay and part of the bounding units (Passwang Formation, 
Staffelegg Formation), enabled to study porewaters from drillcores at high spatial resolution 
(Waber & Rufer 2017, Mazurek et al. 2017a). 
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Fig. 4-1: Location of selected boreholes (borehole mouth) in which porewaters were extracted  
For BDB-1 borehole trace is shown as dashed blue line. 
Modified from map provided by D. Jäggi, swisstopo. 

 

Chloride profiles 
Fig. 4-2 displays the profile of chloride across the Opalinus Clay resulting from out-diffusion into 
the surrounding aquifers (Mazurek et al. 2011). Consistent data acquired from sampling of bore-
hole waters (seepage waters and diffusively equilibrated waters) and from extraction from drill-
cores (squeezing, leachates) are manifested. The upper profile displays chloride concentrations as 
a function of orthogonal distance from the Opalinus Clay/Passwang Formation boundary for 
borehole waters, squeezed waters and back-calculated leachates reported in Pearson et al. (2003), 
together with newer borehole data (from BPC-C1, BHT-1, BCI-4, BBN-1, BPC-1, BDI-B1, 
BWS-H2, BBB-3, BDI-A1, BDI-A2, BDR-1 and BDR-A1; Pearson et al. 2011, Vinsot et al. 
2014b, Fernández et al. 2007, Müller & Leupin 2012, Becker & Vogt 2020, Wersin et al. 2006, 
Wersin et al. 2010, Gimmi et al. 2014, Gimmi 2018). The groundwater seepages in the Passwang 
and Staffelegg Formations that were sampled during the early stages of the laboratory are also 
shown (Pearson et al. 2003). The chloride levels at two locations in the Staffelegg Formation 
showed a clear decreasing trend with time (shown as arrows in Fig. 4-2) due to draw-down of 
fresh water into the tunnel system (Gautschi et al. 1993). The freshening of these seepages was 
accompanied by rising of tritium levels. 
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Fig. 4-2: Chloride concentrations vs. orthogonal distance from the top of the Opalinus Clay 
Data from Pearson et al. (2003) and newer water samples from boreholes drilled from the 
Mont Terri Rock Laboratory (above). Data from BDB-1 borehole (DB-A experiment) drilled 
normal to bedding (below). 
Blue circles: borehole waters analysed since Pearson et al. (2003). Green circles: borehole 
and seepages from Pearson et al. (2003). Squares: Squeezed waters from drillcores. Tri-
angles: Leachates back-calculated considering water loss porosity and average anion-acces-
sible porosity fraction of 0.55. Errors upper figure: ± 10% for borehole and squeezed waters, 
± 15% for leachates. Errors lower figure: ± 5% for squeezed waters, sample-specific error 
for leachates derived from error propagation. Green arrows show temporal evolution of two 
seepage waters in the Staffelegg Formation (see Gautschi et al. 1993). MF: Main Fault. 
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The lower profile of Fig. 4-2 displays squeezed waters obtained at the lowest squeezing pressures 
and back-calculated leachates of drillcores from the BDB-1 borehole. This dataset is consistent 
with that shown in the upper figure in terms of trends and maximum chloride concentrations, the 
latter of which are close to the base of the Opalinus Clay. It should be noted that the dataset in the 
upper figure corresponds to samples located in the laboratory area, most of which are in the vici-
nity of the security gallery (Fig. 4-1). The second dataset consists of samples from the BDB-1 
borehole which penetrated through Opalinus Clay beds about 100 – 200 m below the level of the 
laboratory. Due to the complex deformation history, the thicknesses of the lithological subunits 
vary considerably between the laboratory level and the BDB-1 borehole (cf. upper and lower 
profiles in Fig. 4-2) and the overall thickness of the Opalinus Clay is somewhat lower (130.6 m) 
in BDB-1 compared to the Opalinus Clay thickness that was estimated in the security gallery 
(160.0 m). In this context, the nearly identical shapes of the two profiles are quite remarkable. In 
order to facilitate the comparison of BDB-1 with data at laboratory level, the distances of the 
former data were scaled by dilation of the thicknesses of the Opalinus Clay using a constant 
dilation ratio and the Opalinus Clay/Passwang Formation boundary as centre of the dilation. The 
ensemble of data is presented in Fig. 4-3 with BDB-1 data shown as grey symbols and the data 
originating from laboratory level as blue circles. This underlines the good consistency between 
the two datasets. The scaled orthogonal distances of the BDB-1 data are used throughout this 
chapter. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4-3: Chloride profile with BDB-1 data without scaling (open grey symbols) and with 
scaling to laboratory level (filled grey symbols) as outlined in text 
Data from the Mont Terri Rock Laboratory area shown as blue circles. Blue arrows show the 
temporal evolution of two seepages in the Staffelegg Formation. 

 
The asymmetric shape of the chloride profile has been explained by the distinct erosion history 
of the two adjacent aquifer units (Mazurek et al. 2011). In parallel with the chloride concentration, 
the ionic strength and other major compounds exhibit changes across the Opalinus Clay. 
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Water isotope profiles 
In the past, the isotopic composition (i.e. δ2H, δ18O) of porewaters was mainly determined by 
vacuum-distillation and the diffusive exchange techniques (Rübel et al. 2002). It was shown that 
the data obtained by the vacuum-distillation method was affected by fractionation effects and 
incomplete porewater removal during distillation yielding too low δ values (Rübel & Bath 2003, 
Savoye et al. 2006). To a certain extent, this artefact could be accounted for by appropriate cor-
rection of the value (Rübel & Bath 2003). Data from diffusive equilibration are considered to be 
generally more reliable and more in line with other methods (Pearson et al. 2003, Mazurek et al. 
2017a).  

Fig. 4-4 shows δ2H and δ18O profiles as a function of distance from the Opalinus Clay/Passwang 
Formation contact. These profiles include diffusive exchange and squeezing data from cores of 
the BDB-1 borehole (Waber & Rufer 2017, Mazurek et al. 2017a) as well as older diffusive 
exchange data, (corrected) vacuum distillation and squeezing data from drillcores located along 
the tunnel axis (Pearson et al. 2003, Mazurek et al. 2009, 2011). Note that for the BDB-1 borehole 
scaled orthogonal distances are used as outlined above. 

Similar to the chloride profile, these profiles suggest a diffusive process between the Opalinus 
Clay and the surrounding aquifers but show a steeper decrease towards the underlying Lias aquifer 
(Mazurek et al. 2011). Results obtained by squeezing and diffusive isotope exchange of drillcores 
from the BDB-1 borehole (diamond and square symbols) recently compiled by Waber & Rufer 
(2017) and Mazurek et al. (2017a) exhibit largely consistent data with older diffusive exchange 
and corrected vacuum distillation data compiled within the CLAYTRAC project (Mazurek et al. 
2009, 2011). There is more scatter in the older data of Pearson et al. (2003), in particular with 
regard to δ18O. The data plot along the GMWL in the δ18O – δ2H plot, as discussed in Section 4.5.  

The benchmark study of Rufer & Mazurek (2018; see Section 4.2.4) included the equilibration of 
a BDB-1 core with artificial porewater. The composition of the water isotopes after the tests was 
found to be the same in the squeezed waters as in that obtained from the diffusive exchange 
method. These compositions were slightly higher (deviation is 0.3 – 0.5‰ for δ18O and  
+ 0.9 – 2.1‰ for δ2H) than those obtained for the corresponding artificial water, which was 
explained by minor evaporation effects.  
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Fig. 4-4: Profiles for δ2H (above) and δ18O (below) obtained from core samples 

Errors on values for BDB-1 data taken from Mazurek et al. (2017a). Errors on diffusive 
exchange data, vacuum distillation and squeezing assumed for all values to be ± 2.8‰ for 
δ2H and ± 0.4‰ for δ18O based on data from Pearson et al. (2003) and Gimmi et al. (2007). 
Scaled distances used for BDB-1 data according to the procedure outlined above. Data from 
Pearson et al. (2003) and Waber & Rufer (2017). 
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The stable isotope profiles for borehole water data as well as seepages from the bounding forma-
tions (Pearson et al. 2003) are shown in Fig. 4-5. Furthermore, selected newer borehole water data 
(BPC-C1, BHT-1 and BCI-4), that do not indicate any clear perturbations, are shown. The error 
on data reflects time series of water samples (except for BCI-4 with only one data point). They 
exhibit the same trend as the core data obtained from squeezing and the diffusive exchange/ 
vacuum distillation method. There is, however, substantial variation in the data with no clear 
temporal trend. This suggests that methodological issues, such as drilling and/or sampling may 
have affected the borehole water data. It should be noted that most of the boreholes were drilled 
with air, but two of them (BPC-C1, BHT-1) were drilled with nitrogen. The δ2H data follow the 
same trend exhibited by the core data, but the values closer to the upper boundary appear to be 
slightly lower. This deviation is more obvious for the δ18O data, which are shifted by roughly 
0.5 – 1‰ to lower values compared to the core data. The reason for this difference is not clear at 
this stage. It might result from so-far not understood methodological issues. In the δ18O – δ2H plot 
(Section 4.5), the data points show a tendency to be displaced toward the left of the GMWL, thus 
evaporation effects having potentially occurred in the borehole prior to sampling cannot explain 
the observed trend. Moreover, massive dissolution/precipitation and/or oxidation processes, 
which would be necessary to explain a shift in δ18O values, are inconsistent with the chemical 
data detailed above. The drainage of porewater with a meteoric component through fractures to 
the galleries of the URL might be invoked for the lower δ18O values of the borehole waters. The 
influence of meteoric water is, however, not indicated from chloride data (cf. Fig. 4-2), which are 
consistent with those obtained by squeezing (see above). It should be noted that most of the pre-
sented data refer to boreholes drilled 13 – 25 m upward into the formation where pressures in the 
packed-off boreholes are several bars. The exception is BCI-4, where the test interval was 4.7 m 
below the gallery and the pressures below 1 bar. No trend with regard to the position of the test 
intervals and their distance from the gallery or with regard to measured pressures can be deduced. 
A further possibility is the more general effect of the 240 – 310 m thick overburden on the hydrau-
lic regime of the Opalinus Clay. According to hydrogeological observations from a number of 
tunnels penetrating the Opalinus Clay (Gautschi 2001, 2017), limited water flow was restricted 
to sections with an overburden less than 200 m and generally associated to faults. Tracer profile 
data and hydraulic measurements are, however, not in line with an advective component at the 
level of the Mont Terri Rock Laboratory. We therefore consider it to be unlikely that water 
isotopes in the porewaters are affected by infiltration from the surface via fracture flow. Already 
Rübel & Bath (2003) discussed the difference between isotopic exchange data and borehole water 
data in the light of different water types in the clay, i.e. "free" porewater and electrostatically 
bound water (Section 2.7). Whereas borehole water data would reflect predominantly the free 
water, diffusive exchange data would also reflect the bound water, which may be isotopically 
heavier. This hypothesis may appear reasonable but does not explain the data of the squeezed 
waters, which also predominantly reflect the free water, exhibiting different δ18O signals but simi-
lar chloride concentrations as the corresponding borehole waters. 
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Fig. 4-5: Profiles for δ2H (above) and δ18O (below) for selected borehole waters and seepages 
from bounding formations  
Errors on borehole data represent the range of measurements. 

 

4.2.2 Seepage waters from boreholes 
The initial seepage waters were obtained from ascending, packed-off boreholes BWS-A1, 
BWS-A2 and BWSA-3. The boreholes were drilled with air, but the test interval was filled with 
N2. Systematic sampling was performed from 1996 to 2000 (Griffault et al. 2003) and then conti-
nued more sporadically. Regular sampling of these boreholes was resumed in the period 2003 – 
2005 (Courdouan Merz 2008). Pearson et al. (2003, Tables 5.13 – 5.15) compiled "reference 
waters" (water compositions deemed to be reliable) for BWS-A1, BWS-A2 and BWS-A3 on the 
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basis of the early sampling campaign. Afterwards, Pearson et al. (2011) included also later data 
compiled in Wersin et al. (2009) and derived average water compositions for BWS-A1 and 
BWSA-3 (Tab. 4-1). These authors also derived an average composition for the PC-C experiment 
(Tab. 4-1) based on the data of Vinsot et al. (2008b). The corresponding borehole BPC-C1 had 
been drilled with N2 in 2004 to minimise oxidation by air ingress (Vinsot et al. 2006) and argon 
was circulated continuously through the test interval. Later, the HT (Hydrogen Transfer) experi-
ment (with a similar experimental set-up as PC-C) was sampled, yielding two seepage waters 
before the injection of H2 (Vinsot et al. 2014b). The analyses of the major components from the 
first two samples are presented in Tab. 4-5. 

A further restricted dataset on seepage waters was obtained from the investigation of the so-called 
"wet spots" in the BWS-H2 borehole (WS-H experiment; Müller & Leupin 2012) and BBB-3 
borehole (WS-I experiment; Becker & Vogt 2020). The BDI-B1 borehole also yielded seepage 
water data (Fernández et al. 2007). These experiments, which were all affected to some extent by 
perturbations, are summarised in Section 4.2.3. 

In the following, the datasets from BWS-A1, BWSA-3 and BPC-C1, for which long sample series 
are available, are presented:  

The chloride concentrations in the three seepage waters depicted in Tab. 4-1 plot along the profile 
as shown in Fig. 4-2. Ionic strength as well as major cations follow the same trend, thus increasing 
toward the lower sections of the Opalinus Clay.  

As indicated from the standard deviations (1σ) (Tab. 4-1), the main components Na, Cl, Mg and 
SO4 display minor variations in the same borehole. Larger variations are manifested for K, Br, 
Alkalinity, Fe, Si and Al. Alkalinity measurements determined by acid titration may have partly 
been affected by CO2 outgassing leading to calcite precipitation and/or by the presence of low 
molecular organic acids (Pearson et al. 2003). This may also explain variations found for the 
calcite saturation index and calculated pCO2. On average, however, the waters are close to calcite 
saturation. The average partial pressures of CO2 vary roughly from 10-2 to 10-3 bar in the three 
boreholes. Measured pH values in the three boreholes vary from 7.1 to 7.6 and exhibit the expec-
ted inverse relationship with pCO2. The uncertainty in pH/pCO2 and the controlling processes of 
these parameters are discussed in Section 5.5. 

The three seepage waters seem to be rather close to equilibrium with regard to (ordered) dolomite 
although the variability is larger than for calcite. Equilibrium control by dolomite is further dis-
cussed in Section 5.3. Moreover, porewaters of BWSA-1, BWS-A3 and BPC-C1 further indicate 
that porewaters are close to celestite saturation. They are undersaturated with regard to gypsum. 

The porewaters appear to be undersaturated with regard to siderite in spite of the widespread 
presence of this mineral (Chapter 2). However, the uncertainty in the Fe concentration is con-
siderable and these data might, at least partly, have been affected by oxidation to insoluble Fe(III). 
In this regard, the distinctly lower Fe concentrations in BWS-A1 and BWS-A3, which were 
drilled with air, than those in BPC-C1, which was drilled with N2, are conspicuous. 

Si concentrations may reflect quartz saturation, but variations are large. Dissolved Al concentra-
tions are not well known due to the difficulty of measuring truly dissolved Al. In fact, the strong 
supersaturation with regard to kaolinite (SI ≈ +5) inferred from the BWS-A1 and BWS-A3 data 
may either reflect colloidal Al or measurement errors. 
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Tab. 4-1: Selected compounds in seepage waters of BPC-C1, BWS-A1 and BWS-A3 experi-
ments 
Data reflect mean value and standard deviation compiled by Pearson et al. (2011) based on 
Wersin et al. (2009) and Vinsot et al. (2008b). 

 

  BPC-C1 BWS-A1 BWS-A3 

Distance top OPA 122.4 m 101.9 m 36.1 m  
mean 

 
stddev mean 

 
stddev mean 

 
stddev 

Measured 
  

[%] 
  

[%] 
  

[%] 

pH [-] 7.13 ± 3.2 7.55 ± 5.0 7.41 ± 2.0 

Na [mM] 281.0 ± 2.0 232.0 ± 5.3 122.0 ± 5.0 

K  [mM] 1.92 ± 37.7 1.47 ± 13.2 0.907 ± 22.8 

Mg [mM] 22.0 ± 2.2 16.6 ± 4.1 5.93 ± 3.8 

Ca [mM] 18.9 ± 2.9 15.8 ± 4.6 6.83 ± 5.6 

Sr [mM] 0.459 ± 13.6 0.463 ± 5.1 0.351 ± 6.6 

Cl [mM] 327.0 ± 1.7 276.0 ± 6.4 124.0 ± 7.4 

Br [mM] 0.554 ± 79.4 0.463 ± 4.3 0.194 ± 4.7 

SO4 [mM] 16.8 ± 5.2 12.6 ± 15.6 7.79 ± 25.0 

Alkalinity [mM] 4.00 ± 20.1 1.22 ± 51.0 3.35 ± 42.1 

CO2 tot [mM] 3.89 ± 14.4 1.24 ± 53.3 4.47 ± 92.8 

Fe [mM] 0.0296 ± 64.2 3.68 × 10-3 ± 163.9 1.67 × 10-3 ± 38.1 

Al [mM] n.d. 
  

2.21 × 10-3 ± 124.0 2.11 × 10-4 ± 100.7 

Si [mM] 0.165 ± 29.8 0.0574 ± 42.9 0.169 ± 87.6 

Li [mM] 6.29 × 10-2 ± 8.4 6.21 × 10-2 ± 5.2 1.38 × 10-1 ± 5.7 

Ba [mM] 6.14 × 10-4 ± 34.2 1.32 × 10-4 ± 78.4 1.52 × 10-4 ± 13.0 

NH4 [mM] 4.72 × 10-1 ± 57.0 5.76 × 10-1 ± 15.6 3.76 × 10-1 ± 31.6 

F [mM]    3.79 × 10-2 ± 15.5 2.01 × 10-2 ± 16.1 

I [mM] 1.45 × 10-2   1.73 × 10-2   6.83 × 10-3 ± 1.0 

B [mM] 3.61 × 10-1 ± 21.2 1.70 × 10-1 ± 33.1 1.87 × 10-1 ± 15.5 

DOC [mg/L] 10.9 ± 42.3 14.2 ± 55.3 2.6 ± 87.2 

Calculated *  
         

Ionic strength [M] 0.379 
  

0.315 
  

0.155 
  

log (pCO2) [bar] -2.03 
  

-2.95 
  

-2.31 
  

SI Calcite [-] 0.10 
  

-0.03 
  

0.05 
  

SI Dolomite [-] 0.27 
  

-0.03 
  

0.07 
  

SI Siderite [-] -0.48 
  

-1.43 
  

-1.39 
  

SI Celestite [-] -0.08 
  

-0.12 
  

-0.17 
  

SI Gypsum [-] -0.45 
  

-0.57 
  

-0.87 
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Tab. 4-1: (continued) 
 

  BPC-C1 BWS-A1 BWS-A3 

Distance top 
OPA 

122.4 m 101.9 m 36.1 m 

 
mean 

 
stddev mean 

 
stddev mean 

 
stddev 

Calculated *    [%]   [%]   [%] 

Si Quartz [-] 0.12 
  

-0.34 
  

0.13 
  

SI Kaolinite [-]    5.35   4.54   

SI Barite [-] 0.59   -0.13   -0.01   

SI Fluorite [-]    -1.02   -1.69   

Br/Cl [-] 1.69 × 10-3   1.68 × 10-3   1.56 × 10-3   

SO4/Cl [-] 5.14 × 10-2   4.57 × 10-2   6.28 × 10-2   

* Calculation with THERMOCHIMIE version 9b database (Giffaut et al. 2014), assuming temperature of 13 °C 

 
Regarding minor compounds, Ba, NH4, F, I, B and DOC (dissolved organic carbon), the data of 
the three boreholes are broadly consistent (Tab. 4-1). Higher Ba concentrations were determined 
in the BPC-C1 borehole compared to the other two boreholes. Conversely, DOC values are lowest 
in BWS-A3 (1 – 3 mg C/L) and in the similar range in BWSA-1 and BPC-C1 (≈ 10 – 15 mg C/L). 
Note that variations for this parameter are large as indicated from the standard deviation. Waters 
are close to saturation (BWS-A1, BWS-A3) or supersaturated (BPC-C1) with regard to barite, but 
undersaturated with regard to fluorite (Tab. 4-1).  

Seepage waters exhibit reducing conditions as indicated from Eh measurements. These, however, 
show large variations in the same borehole (Tab. 4-2). It is worth noting that Eh measurements in 
general are prone to sampling and analytical artefacts and also from theoretical considerations 
they should be interpreted with care (Pearson et al. 2003). The analyses of redox active elements 
Mn, Fe and U confirm reducing conditions in the Opalinus Clay porewater (Tab. 4-2). Sulphide 
levels were generally found to be below detection limit, although at some instances, sulphide was 
detected during sampling, such as for example in the BPC-C1 (Vinsot et al. 2008b) and BWSA-3 
(Pearson et al. 2003) boreholes.  

As discussed in Sections 3.7 and 6.2, it is at present not clear whether the redox potential is con-
trolled by the sulphur or the iron system. 
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Tab. 4-2: Eh and selected redox active elements in seepage waters of BPC-C1, BWS-A1 and 
BWS-A3 experiments  
Based on data from Vinsot et al. (2008b) and Pearson et al. (2011). 

 

  BPC-C1 BWS-A1 BWS-A3 

mean 
 

stddev mean 
 

stddev mean 
 

stddev 

Measured   [%]   [%]   [%] 

Eh [mV] < -100 * ±  -96.2 ± 155.9 +21.9 ± 522.4 

Fe [mM] 2.96 × 10-2 ± 40.1 3.40 × 10-3 ± 94.1 4.40 × 10-3 ± 113.6 

Mn [mM] 6.88 × 10-3 ± 21.9 6.30 × 10-3 ± 27.0 5.50 × 10-3 ± 30.9 

U [mM]    5.10 × 10-6 ± 5.9 2.30 × 10-6 ± 13.0 

* Vinsot et al. (2008b), detailed data not reported. 

 

4.2.3 Diffusively equilibrated borehole waters 
Diffusive equilibration between artificial porewater circulating in a borehole and the surrounding 
porewater in the rock is a further method to obtain in situ porewater compositions (Wersin et al. 
2004). This method was applied in the PC experiment (Wersin et al. 2011a), but, because of an 
unexpected microbial disturbance, no reliable in situ porewater composition could be obtained 
there (see Section 7.3.3).  

In other experiments with a similar set-up, such as the DI-A experiments (Wersin et al. 2006, 
2010) and the DR experiment (Gimmi et al. 2014), the circulating waters diffusively exchanged 
with the porewater for periods of about one year in the boreholes BDI-A1 and BDI-A2 and 
3.7 years in borehole BDR-1. It is worth noting that these experiments were focussed more on 
tracer diffusion and less on deriving the in situ porewater composition, thus the latter aspect was 
not studied systematically. Tab. 4-3 shows the composition of borehole waters collected at the 
end of the DI-A1, DI-A2 and DR experiment. The composition in the BDI-A1 and BDI-A2 
boreholes, which were located close to each other, exhibit a very similar composition in major 
elements. Differences are noted in pH and alkalinity, the reasons of which are not understood at 
this stage. Chloride data suggests that these waters nearly reached equilibration with the in situ 
porewater with regard to this component since they lie on the overall chloride profile (Fig. 4-2). 
The main solutes (Cl, SO4, Na, Ca, Mg) did not exhibit large changes during the diffusion process 
(Wersin et al. 2006, 2010), thus indicating that the artificial porewater composition was close to 
that of the in situ porewater. The DR experiment, which was located in the upper part of the 
Opalinus Clay, also exhibited chloride concentrations consistent with the overall trend. In this 
experiment, variations in major solutes with time were small too (Gimmi et al. 2014). A further 
indication of diffusive equilibration was that the overcore sampled after the end of the experiment 
showed no trend in the chloride profile perpendicular to the borehole. It is worth noting that in 
this borehole two packed-off intervals (BDR-1/I and BDR-1/II) fed by two circulation systems 
were sampled. Whereas BDR-1/II reflected expected water compositions reasonably well, 
BDR-1/I exhibited unexpectedly low SO4, high alkalinity and high TOC concentrations 
(Tab. 4-3). This was explained by microbial sulphate reduction in the test interval induced by 
glycerol which had leaked from an in-line electrode (Gimmi et al. 2014). Bromide concentrations 
measured at the end of the DR experiment show large variations and Br/Cl values which are not 
consistent with other borehole data. This is probably related to incorrect bromide analyses. 
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Tab. 4-3: Compositions (mmol/L) of water circulated in boreholes (diffusively equilibrated 
waters from BDI-A1, BDI-A2 and BDR-1) 
Grey shaded sample: disturbed by microbial sulphate reduction in borehole. Calculations of 
pCO2 and saturation index (SI) assuming T = 13 °C. 

 

Borehole BDI-A1 BDI-A2 BDR-1/II BDR-1/I 

Reference Wersin et al. (2006) Wersin et al. (2010) Gimmi et al. (2014) Gimmi et al. (2014) 

Orth. distance to  
top Opalinus Clay 

153.9 m 154.2 m 51.8 m 51.2 m 

Equilibration time 291 d 360 d 1'363 d 1'363 d 

pH 8.20 7.54 7.54 7.38 

Na 264.47 265.34 147.02 155.29 

K 1.41 1.59 0.97 4.19 

Mg 18.10 19.42 9.63 10.12 

Ca 18.44 20.04 8.11 8.38 

Sr 
  

0.46 0.48 

Cl 315.35 310.27 174.03 181.65 

Br 
  

0.98 1.25 × 10-3 

SO4 14.19 16.55 8.58 2.85 

Alkalinity 0.71 3.63 3.98 11.80 

TOC [mg/L] 2.1 3.4 1.6 180.0 

log (pCO2) [bar] -3.88 -2.48 -2.39 -1.76 

Calcite (SI) 0.39 0.49 0.28 0.61 

Dolomite (SI) 0.77 0.98 0.66 1.32 

Celestite (SI)   -0.10 -0.57 

 

A further, still ongoing experiment, in which artificial porewater is circulated in three separate 
test intervals in a vertical borehole (BBN-1), is the BN (bitumen – nitrate – clay interaction) expe-
riment (Bleyen et al. 2017). Before injection of nitrate and other substances, the circulating water 
was sampled in the three test intervals. The analyses after 8 months of diffusive equilibration with 
the surrounding porewater are depicted in Tab. 4-4. Concentrations of chloride and other major 
components lie within the overall trend exhibited by seepage waters and squeezed waters across 
the profile. Speciation calculations indicate that all borehole waters are close to celestite satura-
tion. For samples BBN-1-1 and BBN-1-3, calcite and dolomite saturation indices are close to 
zero, whereas for BBN-1-2 they are slightly undersaturated.  

The CI (cement – clay interaction) experiment is another example where artificial porewater after 
several years of diffusive equilibration in a shallow test interval of the BCI-4 borehole has been 
sampled (Mäder 2018b). The analyses of the later two samples extracted in the campaign 
2015/2016 are shown in Tab. 4-4 These data also lie within the overall trend. The pH measure-
ments indicated a steady increase to stable values after the initial readings (range of stable 
readings shown in Tab. 4-4. This was interpreted by Mäder (2018b) as degassing of CO2 during 
the measurements. This is supported by speciation calculations, which indicate close to equilib-
rium conditions with regard to calcite and dolomite considering the lower pH values, but signi-
ficant oversaturation when the higher values are assumed (Tab. 4-4). 



NAGRA NTB 18-01 68  

Tab. 4-4: Compositions (mmol/L) of water circulated in boreholes (diffusively equilibrated 
waters of BBN-1 and BCI-4) 

Calculations of pCO2 and saturation index (SI) assuming T = 13 °C 
 

Borehole/sample BBN-1-1 BBN-1-2 BBN-1-3 BCI-4-B BCI-4-C 

Reference Bleyen et al. (2017) Mäder (2018b) 

Orthogonal distance to 
top Opalinus Clay 

67.4 m 66.5 m 65. 5m 93.4 m 93.4 m 

pH 7.1 7.2 7.4 7.33 – 7.88* 7.16 – 7.68* 

Na 174 174 174 238.9 240.2 

K 1.2 1.2 1.2 1.4 1.4 

Mg 9.7 9.5 9.1 16.2 16.0 

Ca 11.7 11.0 10.7 15.2 15.1 

Sr 0.4 0.4 0.4 0.5 0.5 

Cl 203.1 205.9 203.1 271.9 271.0 

Br 
   

0.5 0.5 

SO4 11.03 11.66 11.66 13.1 13.9 

Alkalinity 
   

2.3 2.3 

TIC 5.2 2.8 2.8 2.4 2.5 

NH4 n.a. n.a. 0.083 < 0.7 < 0.8 

NO3 < 0.01 < 0.01 < 0.01 < 0.03 0.05 

Ba 
   

< 7 × 10-4 < 7 × 10-4 

I 
   

0.02 0.02 

Si 
   

0.13 0.11 

TOC [mg/L] 8.4 11.0 9.6 10.3 7.9 

log (pCO2) [bar] -1.89 -2.25 -2.44 -2.45** 
(-3.02) 

-2.28** 
(-2.81) 

Calcite (SI) 0.03 -0.16 0.05 0.01** 
(0.54) 

-0.16** 
(0.35) 

Dolomite (SI) -0.01 -0.36 0.05 0.06** 
(1.13) 

-0.28** 
(0.74) 

Celestite (SI) -0.12 -0.10 -0.09 -0.07 -0.09 

* Lower pH: stable values measured after short storage time. Higher pH: stable values reached after long storage 
time (see Mäder 2018b for details). 

** Non-bracketed value: calculated assuming low pH; bracketed value: calculated assuming high pH. 
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4.2.4 "Disturbed" borehole waters 
Various processes may lead to changes in chemistry in the porewaters and boreholes in which 
these are sampled. Perturbations of borehole waters may occur from excavation and drilling, 
contamination in boreholes and sampling/analytical procedures (Pearson et al. 2003). In the 
following, common perturbing processes and their effect on chemistry are presented. 

Oxidation of pyrite 
Ingress of O2 by air drilling induces oxidation of pyrite in the Opalinus Clay and concurrent dis-
solution of carbonates: 

FeS2 + 15/4O2 + 7/2H2O → Fe(OH)3 + 2SO4
2- + 4H+ 

CaCO3 + 2H+ → Ca2+ + CO2 + H2O 

This leads to an increase in sulphate concentration as well as to an increase in pCO2 and lowering 
of pH. Such effects were for example observed in the BWS-A seepage waters during the initial 
stage of sampling (Pearson et al. 2003). The effect is also manifested by increased SO4/Cl in early 
samples of the aqueous extracts compared to the later ones. 

The DI-B1 experiment was affected by perturbation due to packer failure during the first stages 
of the experiment (Fernández et al. 2007). Ingress of air induced pyrite oxidation leading to an 
increase in SO4, Ca, Mg and alkalinity in the borehole water. Subsequently, borehole BDI-B1 was 
deepened and the experimental set-up was improved. Monitoring data from the later stage indi-
cated conditions in the borehole that were more representative of the formation. It should be noted 
that variations in chloride were minor throughout the experiment.  

Microbial sulphate reduction 
First it should be pointed out that there is so far no evidence of microbial activity in the undis-
turbed Opalinus Clay (Stroes-Gascoyne et al. 2007) which is largely related to the nanoporous 
structure of this clayrock. Under disturbed conditions, however, this process has been observed 
in a series of locations in the rock laboratory. A prominent example is the PC experiment in which 
microbially-induced sulphate reduction occurred due to the release of glycerol emanating from 
an in-line pH electrode (Wersin et al. 2011a, 2011b, Stroes-Gascoyne et al. 2011, De Cannière et 
al. 2011). This process resulted in a considerable change in water composition (Tab. 4-5). 
Notably, sulphate concentrations and pH values decreased, whereas sulphide alkalinity, pCO2 
exhibited a strong increase. The same type of artefact occurred in the DR experiment (upper inter-
val). The PC experiment is further discussed in Section 7.3.3. 

The injection of H2 in the HT experiment induced microbial sulphate reduction together with H2 
oxidation with more moderate compositional changes of the borehole water (Tab. 4-5; Vinsot et 
al. 2014b). Hydrogen was also injected into the borehole of the RC experiment resulting in the 
same type of redox process (Bagnoud et al. 2016). The redox rates, i.e. H2 oxidation and SO4 
reduction were rather pronounced, resulting for example in elevated sulphide levels of several 
hundreds of µmol/L. 
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This observed behaviour can be qualitatively understood by the generalised redox reactions 
involving either organic carbon or hydrogen as electron donors:  

2CH2O + SO4
2- +H+ → HS- + 2CO2 + 2H2O 

and 

4H2 + SO4
2- + H+ → HS- + 4H2O 

where "CH2O" is used as proxy for dissolvable organic matter. 

Tab. 4-5: Composition of borehole waters affected by microbial sulphate reduction in com-
parison with respective (almost) undisturbed waters 
Note that high Br concentration in PC samples is due to addition of Br as tracer. bd: below 
detection. 

 

Borehole Unit BWSA-1 BPC-1 BPC-1 BHT-1 BHT-1 

Sample 
description 

Average 
composition 

600 d 
after start 

1'846 d 
after start 

Βefore H2 

injection 
10 months after H2 

injection 

pH [-] 7.55 6.72 6.75 7.10 6.90 

Na [mM] 232 251 238 242 255 

K [mM] 1.47 1.8 1.8 2.1 1.5 

Mg [mM] 16.6 19.0 16.8 19.7 18.6 

Ca [mM] 15.8 15.3 13.3 16.3 16.3 

Sr [mM] 0.463 
 

0.2 0.5 0.4 

Cl [mM] 276 287 276 280 295 

Br [mM] 0.463 6.7 4.0 0.5 0.4 

SO4 [mM] 12.6 6.2 4.2 15.6 14.4 

Alkalinity [mM] 1.22 11.4 10.0 2.3 2.1 

Fe [mM] 3.40 × 10-3 
 

3.04 × 10-3 7.85 × 10-2 2.92 × 10-3 

S(-II) [mM] bd 1.00 0.41 < 3 × 10-3 0.11 

DOC [mg C/L] 14.2 140 15.2 2.1 12.8 

Acetate [mg C/L] 
 

156 4.0 
  

pCO2 [log(bar)] -2.95 -1.47 -1.22 -2.1 -1.92 

SO4/Cl [-] 0.046 0.021 0.015 0.056 0.049 
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CO2 degassing and ingassing 
The shift in carbonate equilibria due to CO2 exchange with the atmosphere during sampling 
affected a number of seepage waters, especially in the early phases of the rock laboratory (Pearson 
et al. 2003). Thus, CO2 degassing in the BWS-A1 borehole resulted in an increase of pH and 
positive calcite saturation indices. It is worth noting that later samples of BWS-A1 and also of 
BWSA-2, BWS-A3 and BPC-C1 yielded generally lower pH values with resulting calcite indices 
close to zero. This might suggest that CO2 degassing during sampling could be largely avoided. 
On the other hand, the variations in pH in those boreholes are quite considerable, suggesting that 
these readings were partly affected by CO2 exchange during sampling. 

In the case of waters squeezed from drillcores, CO2 degassing is a general issue and appears to be 
difficult to overcome at present (Section 4.2.5).  

Disturbances involving nitrate 
Nitrate occurs at low levels in the natural Opalinus Clay porewater, often below detection limit. 
Dissolved N2 is the main dissolved gas (Section 4.2.10). Conversely, ammonium is present at 
rather constant concentrations below 1 mM. This suggests that N species are not redox active in 
the natural state and that the Eh in the Opalinus Clay is more reducing than would be inferred by 
the NO3

-/NH4
+ redox couple. 

High nitrate concentrations were added in the BN experiment to evaluate the oxidation power of 
this compound in the Opalinus Clay (Bleyen et al. 2017). It could be observed that slow microbial 
nitrate reduction occurred. Addition of acetate and H2 significantly enhanced the microbial nitrate 
reduction rates. High nitrate concentrations were observed in the borehole waters of the BBB-3 
borehole (see below). 

WS-I and WS-H experiments 
The main focus of these experiments was the investigation of the hydro-mechanical behaviour 
related to observed water inflows and wet spots on tunnel and borehole walls (Müller & Leupin 
2012, Becker & Vogt 2020).  

The pre-existing borehole BBB-3, in which high outflows were observed, was used for hydro-
mechanical investigations in the WS-I experiment (Vogt 2013, Becker & Vogt 2020). In parallel, 
outflow waters were sampled for chemical and isotopic analysis. In a first test phase, sampling 
was carried out in the open borehole for a period of about two years. Elevated nitrate and low 
ammonia concentrations were observed suggesting oxidation effects in the borehole. After this 
test phase, the borehole was dried by ventilation and a number of logging tests were carried out. 
These showed that precipitation of iron oxides and probably of gypsum had occurred due to oxi-
dation of sulphides. Subsequently, the borehole was extended and a packer system with packed-
off test interval installed for further hydrotesting. During this test phase two water samples were 
extracted which yielded inconspicuous nitrate and ammonia concentrations. On the other hand, 
increased sulphide, iron and alkalinity concentrations and low δ13C values were noted, suggesting 
microbial activity and sulphate reducing processes in the borehole. In addition, increased 14C 
levels indicated the presence of modern carbon. The influence of perturbation is also suggested 
from water isotope analyses. The δ18O – δ2H values acquired during test phase 1 plot slightly 
below the GMWO-line, whereas those acquired in test phase 2 plot above this line.  
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In spite of the obviously perturbed conditions in the BBB-3 borehole, measured chloride concen-
trations3 plot along Cl profile (Fig. 4-2) indicative of the location of the borehole. This supports 
that outflows reflect the local porewater and have not been drained from distant locations 
(Becker & Vogt 2020). 

The WS-H experiment was motivated by the observation of wet spots in gallery 08 during its 
construction in 2008 (Müller & Leupin 2012).Two horizontal boreholes were drilled, BWS-H1 
and BWS-H2, the latter of which was equipped for hydrotesting and water sampling. Water 
samples were extracted during two campaigns. In general, water analyses were indicative of some 
perturbing effects, manifested by the presence of tritium (in the first sample) and measurable 14C, 
elevated DOC concentrations and measurable sulphide. Nevertheless, measured chloride concen-
trations are in line with those expected from the overall profile. 

4.2.5 Squeezed waters 
A number of water compositions by high pressure squeezing of core samples has been obtained 
over the course of the Mont Terri Project. These data are more prone to artefacts (e.g. pyrite 
oxidation, CO2 degassing, sample evaporation (Pearson et al. 2003, Mazurek et al. 2016) com-
pared to the borehole waters described above. Nevertheless, broad consistency with seepage 
waters in different clayrocks has been reported for a number of samples by Tournassat et al. 
(2015). Tab. 4-6 underlines such consistency between squeezed water compositions from drill-
cores with seepage waters for the HT, WS-A1 and PC-C boreholes. Obviously, by taking care 
during core preparation, compositions reflecting fairly minor disturbances can be obtained for the 
major compounds. 

Common disturbances that may arise are sulphide oxidation leading to too high sulphate levels 
and CO2 degassing (Section 4.2.3). The latter process may have occurred in the squeezed core 
samples HT-1m and WS-A1 (Tab. 4-6). Sulphide oxidation has been a common issue for 
squeezing data in the past (Pearson et al. 2003) as indicated from the increase SO4/Cl ratio of 
many samples (Fig. 4-6). In fact, the SO4/Cl ratio obtained from numerous seepage and non-oxi-
dised squeezed waters appeared to be close to that of modern seawater (∼ 0.052 m/m; but see 
discussion in Section 4.5). It should be noted though that this ratio is not constant over the whole 
Opalinus Clay formation at Mont Terri as indicated for the squeezing data from the recent BDB-1 
borehole (Mazurek et al. 2017a). The SO4/Cl levels indicate an increase towards the upper bound-
ary of the Opalinus Clay (Fig. 4-7) which can be explained by diffusive exchange with the aquifer 
in the Passwang Formation exhibiting very low chloride concentrations. 

 

  

 
3  There appear to be slight inconsistencies in the chloride data measured by two different labs during test phase 1. Cl 

concentrations from one lab indicated a decreasing trend which was not seen in the data of the other lab. 
Nevertheless, absolute differences in concentrations are fairly minor (< 5%). 
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Tab. 4-6: Comparison between seepage and squeezed waters in three different boreholes 
Concentrations in mmol/L. Calculations of pCO2 and saturation index (SI) assuming T = 
13 °C for seepage waters and T = 20 °C for squeezed waters. 

Method Seepage Squeezing Seepage Squeezing Seepage Squeezing 

Sample desc. HT-1 HT-1m WS-A1 WSA-1 PC-C DB-A_221 

Reference Vinsot 
et al. (2014b) 

Fernández 
et al. (2014) 

Pearson 
et al. (2003) 

Pearson 
et al. (2003) 

Pearson 
et al. (2011) 

Mazurek 
et al. (2017a) 

Laboratory Ciemat BGS Criepi 

pH 7.1 7.7 7.6 7.5 7.1 7.4 

Na 242.0 234.9 232.0 235.8 281.0 279.7 

K 2.1 1.4 1.5 0.8 1.9 2.5 

Mg 19.7 22.2 16.6 21.6 22.0 14.9 

Ca 16.3 16.8 15.8 20.0 18.9 20.9 

Sr 0.5 0.5 0.5 0.6 0.5 0.5 

Cl 280.0 276.4 276.0 286.5 327.0 315.4 

Br 0.5 0.4 0.5 0.4 0.6 0.5 

SO4 15.6 17.7 12.6 17.2 16.8 17.3 

Alkalinity 2.3 1.8 1.2 1.9 4.0 n.m.

log (pCO2) [bar] -2.22 -2.90 -2.95 -2.72 -2.03

Calcite (SI) -0.20 0.39 -0.03 0.32 0.10

Dolomite (SI) -0.31 0.98 -0.03 0.76 0.27

Celestite (SI) -0.05 0.04 -0.12 0.05 -0.08 -0.04

Fig. 4-6: Br/Cl and SO4/Cl molar ratios as a function of Cl concentration of squeezed waters 
Note the logarithmic scale. Molar ratios of seawater are also shown. From Fernández et al. 
(2003); original figure provided by the courtesy of Ana María Fernández. 
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Fig. 4-7: SO4/Cl molar ratio as of squeezed waters and borehole waters as a function of orthog-
onal distance from top Opalinus Clay 
Squeezing data from the BDB-1 borehole (Mazurek et al. 2017a). Borehole waters: BPC-C1, 
BWS-A1, BWS-A3, BHT-1, BBN-1, BCI-4 and BDR-1/II. Dashed line: Molar ratio of 
modern seawater. 

A further parameter which may affect porewater chemistry is the squeezing pressure (Pearson 
et al. 2003). The data suggest that this effect is small below a certain "threshold" pressure. In fact, 
Fernández et al. (2014) found only minor effects of squeezing pressure in the range of 70 – 
200 MPa for a core from the BHT-1 borehole (Fig. 4-8 above). 

At higher pressures than 200 MPa, however, effects are noted. Thus, chloride concentrations 
decrease steadily as already shown in the previous tests (Pearson et al. 2003; Fig. 4-8 below). In 
the recent BDB-1 squeezing tests performed in the laboratory of CRIEPI this trend was confirmed 
as illustrated in Fig. 4-9. Na follows the same trend as Cl. On the other hand, Ca and Mg exhibit 
an increase. The apparent dilution of chloride due to high pressure squeezing has been explained 
by ion filtration (Mazurek et al. 2015) or by successive dilution by anion-deficient water bound 
to the clay surface (Van Olphen 1977). The increase of Ca, Mg and also Sr has been explained by 
pressure-dependent solubilities of carbonate minerals (Wersin et al. 2013, Mazurek et al. 2015). 
It should be noted that the change in porewater composition occurs at somewhat lower pressure 
(∼ 150 MPa) than that observed in the squeezing tests of Fernández et al. (2014). The different 
conditions in the test set-ups might explain this difference.  
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Squeezing pressure (MPa) 

Fig. 4-8: Behaviour of major compounds as a function of squeezing pressure 
Above: Core from BHT-1 borehole. Below: Compilation from selected experiments (redrawn 
from Fernández et al. 2014). Deviation of Cl- concentrations at high squeezing pressures 
[Cl(p)] from those measured at lowest pressure [Cl(p0)].  
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Fig. 4-9: Deviation of Cl, Na, Ca and Mg concentrations at high squeezing pressures Cl(p), 
Na(p), Ca(p), Mg(p) from those measured at lowest pressure yielding water Cl(p0), 
Na(p0), Ca(p0), Mg(p0) from BDB-1 samples 
From Mazurek et al. (2017a). 

The effect of sample geometry (machined samples with cylindrical shape tightly fitting squeezing 
chamber, irregularly shaped blocks, and cm-sized rock pieces) from a core of the DR-B experi-
ment was recently evaluated (Mazurek et al. 2016). Moreover, the obtained compositions were 
compared with seepage waters from the BPC-C1 borehole. The samples with different geometries 
generally showed consistent results. The machined samples yielded the largest volumes of 
squeezed water. The effect of squeezing pressure was evident, inducing successively lower con-
centrations of the main ions Cl+ and Na+ and higher ones of the divalent cations Ca2+, Mg2+ and 
Sr2+. This was explained by ion filtration effects on the one hand and pressure-dependent solubil-
ities of calcite on the other hand. The water composition extracted at the lowest pressure was 
found to be in good agreement with the BPC-C1 seepage water with regard to Na+, Ca2+, Mg2+ 
and Cl-. The somewhat higher SO4

2- concentrations compared to the BPC-C1 water were 
explained by pyrite oxidation during the squeezing experiment. pH, TIC, TOC data revealed 
considerable differences with regard to the BPC-C1 water, the reason of which could not be 
clarified. 

Another recent experimental benchmark study involved squeezing of a BDR-B1 core sample (in 
addition to Canadian shale samples) after they had been equilibrated with artificial porewater in 
diffusive cells (Rufer & Mazurek 2018). It was found that the first water obtained by squeezing 
(at 50 MPa squeezing pressure) closely matched the artificial water for major cations and anions 
(Na, Ca, Mg, Cl, Br and SO4). 
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4.2.6 Advectively displaced waters 
Mäder (2004) studied porewaters from a core of the BPC-A borehole by the advective displace-
ment method. He could show that the early displaced water samples (i.e. those not affected by 
infiltrating artificial porewater) yielded data (Tab. 4-7) broadly consistent with borehole water 
data located in the vicinity (e.g. BCI-4; Tab. 4-4). The chemical composition of the water sample 
deemed to be least affected by disturbances was Sample #5 according to Mäder (2004). Never-
theless, the high K concentration in that sample was interpreted to be due to leakage of the electro-
lyte from the in-line pH electrode.  

In general, disturbances arising from the advective displacement method may include desaturation 
of the core (before fluid injection), evaporation in the sampling syringes, pCO2 degassing and 
mobilisation of organic matter yielding high concentrations of low-molecular weight organic 
acids (mainly acetate; Mäder & Waber 2017a). 

Tab. 4-7: Compositions of water samples and artificial porewater (APW) from the advective 
displacement study in mmol/L 
Drillcore from BPC-A borehole. Modified from Mäder (2004). 

Sample #02 Sample #05 Sample #06 Sample #07 APW 

pH (lab) 7.41 7.38 7.53 7.44 7.74 

pH (in-line) 7.5 ± 0.2 

Ca 13.02 14.47 14.65 15.22 15.92 

Mg 13.17 14.85 15.06 15.63 18.02 

Na 227.49 235.32 234.89 241.85 255.33 

K 1.64 5.55 1.76 1.71 1.46 

Alkalinity < 0.72 1.77 1.9 2.08 1 

Cl 234.11 256.11 253.86 255.27 262.32 

SO4 14.16 14.73 14.68 14.68 14.68 

NO3 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

F < 0.05 < 0.05 < 0.05 n.a.

NO2 < 0.04 < 0.05 < 0.06 < 0.07 n.a.

Br 0.37 0.46 0.70 1.35 29.41

TIC 2.11 1.70 2.07 

TOC 7.04 4.85 4.94 3.37 

Si 0.07 0.09 0.09 0.09 

Al < 3.7 × 10-3 < 3.7 × 10-4 < 3.7 × 10-5 < 3.7 × 10-6 

Sr 0.36 0.40 0.40 0.42 0.45 

Ba < 1.5 × 10-4 < 1.5 × 10-5 < 1.5 × 10-6 < 1.5 × 10-7 < 1.5 × 10-8 

Li 0.052 0.059 0.062 0.062 

Mn 7.28 × 10-3 6.37 × 10-3 4.91 × 10-3 4.37 × 10-3 4.00 × 10-3 

Fe 4.12 × 10-3 4.30 × 10-3 4.30 × 10-3 4.48 × 10-3 2.33 × 10-3 
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4.2.7 Aqueous extracts 

Chloride and anion-acessible porosity 
As outlined in the methods section (section 3.3.3), aqueous extraction delivers total inventories 
of free components not affected by mineral – water reactions (e.g. Cl-, Br-). This enables the deter-
mination of in situ anion concentrations if the anion-accessible porosity is known. A considerable 
amount of Cl- und Br- data consistent with seepage and squeezed water has been acquired (e.g. 
Pearson et al. 2003, Waber & Rufer 2017, Yu 2017). Conversely, together with the data from 
squeezing or seepage waters, aqueous extraction data enables the estimation of anion accessible 
porosity fractions. 

In Tab. 4-8, anion-accessible porosity fractions derived in different studies from chloride data are 
summarised. Most of these were determined from leachate data in combination with squeezed 
waters or borehole waters (Section 2.7). Overall, the obtained values are consistent with each 
other, suggesting very similar anion-accessible porosities across the whole formation. Using early 
data from aqueous extraction, squeezing and seepages, Pearson et al. (2003) derived a value of 
0.54 ± 0.04. Similar values were obtained by Mazurek et al. (2017a) and Gimmi et al. (2014). 
Fernández et al. (2014) obtained a slightly higher mean value of 0.58 (but still within the range 
reported by the former studies) similar to that estimated by Van Loon et al. (2004) from Cl- 
diffusion data. 

Tab. 4-8: Accessible anion-porosity fraction determined by different studies at the Mont Terri 
Rock Laboratory 

Reference Method Anion porosity fraction 

Pearson et al. (2003) Leaching/squeezing + borehole waters 0.54 ± 0.04* 

Fernández et al. (2014) Leaching/squeezing 0.58 ± 0.08* 

Mazurek et al. (2017a) Leaching/squeezing 0.55** 

Gimmi et al. (2014) Leaching/borehole waters 0.55** 

Van Loon et al. (2004) Cl diffusion 0.57** 

* Error indicated by authors
** No error indicated by authors

Besides data on conservative components, a lot of data on reactive components affected by 
mineral – water reactions has been acquired (e.g. Pearson et al. 2003, Waber & Rufer 2017). 
These data cannot be directly used to derive porewater composition but nevertheless are useful 
for process understanding. 
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Behaviour of sulphate during aqueous extraction 
Sulphate data in aqueous extracts exhibit a linear relationship with solid/liquid (S/L) ratio, similar 
as chloride (Pearson et al. 2003; Section 5.4). This suggests at first sight that extracted sulphate 
originates primarily from the porewater. On the other hand, sulphate concentrations from aqueous 
extracts back-calculated to in situ conditions are much higher than those observed in borehole 
waters and squeezed waters (Waber & Rufer 2017) in similar manner as noted for the Schlattin-
gen-1 borehole (Section 4.4.2). 

The above-mentioned discrepancy was the incentive to conduct a recent systematic extraction 
study by BRGM and Uni Bern on selected samples at Mont Terri (Debure & Gailhanou 2019, 
Aschwanden & Wersin 2020). Besides S/L ratio, extraction time, sample mass, sample prepara-
tion and pH conditions were varied in the aqueous extractions, all conducted under rigorously 
anaerobic conditions. Both single and selective extractions were carried out. The exchangeable 
cation population was determined on original and selectively extracted samples by the Ni-en 
method. The main findings thereof are discussed in the Processes chapter (Section 5.4.3). In the 
following the main results are summarised. 

• The data generated by BRGM (Debure & Gailhanou 2019) and Uni Bern (Aschwanden &
Wersin 2020) who used different experimental protocols is consistent (except for the effects
of disintegration, see below).

• Fig. 4-10 shows the concentrations of Cl, SO4 and Sr in meq/kgrock as a function of S/L ratio
obtained by the two teams. For Cl, no effect of S/L ratio ≥ 0.2 is observed. The BRGM data
at lower S/L ratio suggest slightly lower Cl concentrations, but differences are largely within
the analytical uncertainty. For SO4, no trend as a function of S/L ratio is noted and SO4 con-
centrations at low and high S/L ratios are similar. For Sr, a significant scatter in the BRGM
data is observed, whereas the Uni Bern data fall within a narrow range.

• No effect of sample mass in the range of 4 – 20 g was observed indicating the lack of sample
heterogeneity.

• pH conditions were variable depending on the S/L ratio and the exposed atmosphere (N2 or
N2/CO2 mixture). This did not induce any significant differences in the amounts of extracted
sulphate in the aqueous extracts.

• Different sample disintegration methods were tested by the two teams. No differences
between crushed and milled samples were noted in the results of Uni Bern, except for SO4 in
the case of one of the samples. In the case of BRGM data, however, a more systematic devia-
tion between samples crushed to pieces of ∼ 0.5 – 1 cm and milled and sieved samples was
observed. Thus, for Cl and Sr crushed samples yielded lower solute concentrations than the
milled samples. For SO4, this difference largely vanished. The reason for the different results
of the two studies is not clear. It may be related to the different sample preparation and/or
shaking methods.

• Sequential extractions show a strong depletion of Cl and SO4 after the first extraction and
after the third extraction these compounds are completely removed (Fig. 4-11). The SO4/Cl
ratio, however, increases after the first extraction. This is explained by release of sulphate in
the carbonate fraction as indicated from the data of acid extracts. This release could be
approximately modelled by assuming the dissolution of calcite containing a small mol
fraction (0.004) of sulphate (Debure & Gailhanou 2019). It is worth noting that the amount
of sulphate released during the first extraction is much larger than that released during the
following extraction steps the latter of which constitutes only ∼ 1% of the total extracted
amount.
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• The exchanger composition is progressively enriched in Ca at the expense of Na during the
sequential extractions (Fig. 4-12). This can be explained by dilution of the extracts and the
dissolution of calcite. The exchangeable Sr increases after the first extraction by about
0.3 meq/kgrock. This addition may stem mainly from celestite dissolution (see Section 5.4.3).
During the subsequent extractions no further increase of Sr is noted, which in turn suggests
that very small amounts of Sr are released from the remaining carbonate fraction.

In conclusion, the extraction study fully confirms previous studies which showed that more sul-
phate was leached in anaerobic aqueous extracts compared to direct sampling methods, such as 
seepage waters from boreholes or waters squeezed from drillcores. This "excess sulphate" 
(Section 5.4.3) may be partly explained by celestite dissolution occuring during the extraction. 
The Sr data (in the dissolved and exchangeable fraction) indicate, however, that there is not suffi-
cient celestite to account for the "excess sulphate". Thus, an additional pool of sulphate released 
from the clay is required to explain the sulphate in aqueous extracts (see discussion in 
Section 5.4). 

Fig. 4-10: Chloride, sulphate and strontium concentration (meq/kgrock) as a function of S/L ratio 
in aqueous extracts 
From Debure & Gailhanou (2019) and Aschwanden & Wersin (2020). 
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Fig. 4-11: Cl, SO4 concentrations (mmol/kgrock) and SO4/Cl ratio during sequential aqueous 
extractions 
From Aschwanden & Wersin (2020). 

Fig. 4-12: Ni-en extracts: Ni consumption/sum cations, extracted Ca, Na, Mg, K and Sr in 
meq/kgrock 
Green symbols: Shaly sample, red symbols: Marly sample. From Aschwanden & Wersin 
(2020). 
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4.2.8 Cation exchange data 
The cation exchange capacity (CEC) can be expressed by the consumption of the index cation 
(e.g. Ni, Co, Cu) or by the sum of extracted cations (e.g. Na, Ca, Mg, K, Sr). In the latter case, 
the data should be corrected for the salt contribution in the porewater and for possible mineral 
dissolution. The early data on CEC and exchangeable cation populations was evaluated by Waber 
et al. (2003a) and summarised in the main text of Pearson et al. (2003). The main findings by 
these authors were: 

• The most reliable applied methods for determining cation exchange data for Opalinus Clay
were found to be the Ni-en and the Co-hex method. The applied Na acetate and BaCl methods
seemed to be less suitable for determining the exchangeable cation population.

• The main exchangeable cation is Na, followed by Ca and Mg, K and finally Sr. There is a
tendency of the Na/Ca ratio to decrease from > 1 to < 1 with decreasing ionic strength.

• A clear trend of increasing CEC with clay mineral content was found (Fig. 4-13 left). Most
data showed a good agreement between index cation consumption and sum of exchangeable
cations (Fig. 4-13 right).

• There was a considerable scatter in the data, in particular regarding the exchanger population.
This is also manifested in the systematic differences in the data obtained by the different
methods. The reasons therefore were unclear, and they were hypothesised to be related to
method-dependent perturbations and side-reactions, such as enhanced mineral dissolution.
This methodological issue also made adequate corrections for the in situ cation population
difficult.

• Methodological issues impeded correct determination of selectivity coefficients from extrac-
tion methods on the bulk material. More reliable data could be obtained from measurements
of exchange isotherms on the clay fraction. The derived selectivity coefficients were found to
be in line with literature data on soils. In view of this, selectivity coefficients from the litera-
ture were used in the modelling assuming single exchange site modelling. For K+, however,
modelling with two exchange sites appeared to be more appropriate.

• The inventory of NH4
+ on the exchanger could not be reliably determined.

Since the synthesis of Pearson et al. (2003) modelling approaches were refined based on exchange 
isotherm data on pure clay minerals, such as illite, smectite and I/S (Tournassat et al. 2007, 2009). 
Notably, activity coefficients of exchangeable cations as a function of cation occupancy could be 
estimated using empirical relationships. The data and model (Fig. 4-14) show the strong increase 
of the selectivity coefficient (according to the Gaines-Thomas (GT) convention) as a function of 
the K fraction (EK) on the exchanger. For the expected EK range at Mont Terri, the model predicts 
high selectivity coefficients, i.e. logKNa/K = 1.0 – 1.4 (Pearson et al. 2011). 

Selected cation exchange data are depicted in Tab. 4-9. The modelled cation occupancies for 
BWSA-1 (Tab. 4-9) using the proposed selectivity coefficients of Pearson et al. (2011) and a 
single site model agree with the measurements of Bradbury & Baeyens (1998) on a BWSA-1 core 
and of the nearby BPC-1 core of Koroleva et al. (2011a). Tab. 4-9 also lists early data of Waber 
et al. (2003a) which is used for the discussion part in Section 5.3. In general, the data indicate an 
increasing trend in Na and concomitant decreasing trend in Ca and Mg with distance from the 
Opalinus Clay/Passwang Formation boundary. The shift in the cation occupancies thus correlates 
with the increase in salinity and chloride concentration. 
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Fig. 4-13: Sum of exchangeable cations vs. clay content (left) and consumption of selective 
cation vs. sum of exchangeable cations (right) 

Errors on sum of exchangable cations and consumption of selective cation: 1 σ. Error on clay 
content: ± 10% of value. Numbers refer to boreholes. Data from Pearson et al. (2003) and 
Waber & Rufer (2017). 

Fig. 4-14: Comparison of measured and calculated Na/K exchange selectivity coefficients as a 
function of K occupancy (EK) on Source Clay Illite Imt-2 (squares) and < 2 µm 
fraction of Opalinus Clay from Mont Terri (circles) 
Blue lines: Model from Tournassat et al. (2009) for illite (dashed line) and Opalinus Clay 
(straight line). Red line: Prediction according to the model of Bradbury & Baeyens (2000). 
From Pearson et al. (2011). 
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Tab. 4-9: CEC (consumption of Ni complex) and fractional cation occupancies on exchanger 
derived from different studies and modelled for BWSA-1 and BWSA-3 based on 
chemical analyses of the sampled waters 
References: 1: Bradbury & Baeyens (1998, cation occupancies based on correction with 
NaCl/CaSO4). 2: Koroleva et al. (2011a, sample 13 cm radial distance from borehole wall, 
CEC and cation occupancies from Tables 3 and 4). 3: This work (equilibrium modelling with 
100 meq/kg CEC and compositions shown in Tab. 4-1, selectivity coefficients shown in 
Tab. 6-3). 4: Waber et al. (2003a, CEC from 1:1 Ni extracts in Table A3.10, cation occupan-
cies from Table A3.12).  

Ref. Sample type Distance 
top Opali-
nus Clay 
[m] 

Method CEC*

[meq/kg] 

NaX 

[eq. fr.] 

CaX2 

[eq. fr.] 

MgX2 

[eq. fr.] 

KX 

[eq. fr.] 

SrX2

[eq. fr.] 

1 BWSA-1 core 102 Ni-en 125.3 0.51 0.27 0.17 0.06 0.036 

2 BPC-1 core 104 Ni-en 109 0.52 0.21 0.18 0.08 0.012 

3 BWSA-1 102 Modelling 0.50 0.21 0.20 0.08 0.006 

3 BWSA-3 36 Modelling 0.44 0.26 0.21 0.08 0.013 

4 BWS-E2 2 Ni-en 91.7 0.31 0.32 0.23 0.10 0.040 

4 BWS-E3 6 Ni-en 101.8 0.32 0.27 0.26 0.10 0.041 

4 BWS-A5 105 Ni-en 115.1 0.48 0.26 0.18 0.07 0.010 

4 BWS-A6 148 Ni-en 115.5 0.48 0.24 0.18 0.07 0.009 

* Obtained from consumption of Ni-en complex

Laboratory intercomparison study 
Recently, a systematic methodological study involving five different research laboratories (Uni 
Bern, PSI, BGR, SCK•CEN and CIEMAT) and different extraction methods (Ni-en, Cu-trien, 
Co-hex, Cs-ex) has been conducted (Hadi et al. 2019). The same sample prepared under anaerobic 
conditions originating from a drillcore of the BCI-21 borehole (shaly facies) was studied by the 
different teams. The specification was that each team should perform at least one extraction test 
at the same conditions (extraction time: 2 h, S/L ratio: 0.05 kg/L). Other than that, the teams were 
free to test different experimental conditions. Thus, Uni Bern carried out a systematic study 
involving three different methods (Ni-en, Co-hex, Cu-trien) and testing effects of extraction time, 
S/L ratio and pH conditions. 

The CEC results obtained from the different laboratories for the same extraction time of 2 h and 
the same S/L ratio of 0.05 kg/L are summarised in Tab. 4-10. The CEC values derived from the 
consumption of the index cation reveal a remarkable consistency except for those two datasets 
obtained with the Co-hex method (Fig. 4-15a). The latter method was shown to induce redox 
reactions leading to strong overconsumption of Co (Hadi et al. 2016). It is further noteworthy that 
a somewhat lower CEC value in one Cu-trien extraction test was obtained because of competition 
with the added TRIS (tris(hydroxymethyl)aminomethane) buffer. Excluding the three datasets the 
average CEC is 137 ± 8 meq/kg. The determination of CEC via the sum of extracted cations (non-
corrected) exhibited more scatter (125 – 180 meq/kg; Fig. 4-15b). This is largely related to the 
scatter in the extracted Ca and less to that of other cations. The pH conditions in the extracts 
affected the amounts of extracted cations. Notably, in the unbuffered experiments and increase in 
Ca was observed which is interpreted as a result of calcite dissolution. 
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The data corrected for the contribution of soluble salts and mineral dissolution based on aqueous 
extraction data, however, resulted in a closer match with the data obtained from index cation 
consumption (Fig. 4-15c, Tab. 4-10). Thus, the CEC derived from the sum of extracted cations 
was close to that obtained from consumption of the index cation (135 ± 6 meq/kg). Moreover, the 
distribution of the exchangeable cation population exhibited less scatter, although some variation 
was still evident. This was explained by analytical errors on the one hand and uncertainties related 
to the correction procedure on the other hand. It is worth noting that also the Co-hex yielded 
reasonably consistent results regarding the extracted cations.  

a) 

b) c) 

Fig. 4-15: CEC determined various methods and laboratories 
a) Consumption of index cation measured by colourimetry. b) Uncorrected sum of extracted
cations, c) Corrected sum of cations. Line: Average CEC value (and standard deviation). In
case of consumption of index cation, 2 Co-hex and 1 Cu-trien experiments not included (see
text). From Hadi et al. (2019).
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Tab. 4-10: Key results obtained from the intercomparison exercise using different methods but 
same extraction time and S/L ratio (2 d, 0.05 kg/L) 
Concentrations of extracted cations and CEC in meq/kgrock. Extracted cations corrected for 
soluble salts and carbonate mineral dissolution. For details of correction method see Hadi et 
al. (2019). 

Lab Method Conditions Initial 
pH 

Final 
pH 

Na
+
 K

+
 Ca

2+
 Mg

2+
 Sr

2+
 CEC 

∑cat 
CEC 

compl. 

UniBe Cu(trien)-B Anaerobic 5.8 8.01 49 7 45 32 1.1 135 132 

UniBe Cu(trien)-B Tris Anaerobic 7.42 8.20 49 7 43 32 1.1 132 131 

SCK·CEN Cu(trien)
5×calcite

 Aerobic 8.07 8.21 58 13 53 21 1.2 146 144 

SCK·CEN Cu(trien) Aerobic 7.52 8.26 57 13 49 22 1.2 142 147 

BGR Cu(trien)
5×calcite

 Aerobic1d 65 11 35 29 139 137 

BGR Cu(trien)
5×calcite

 Aerobic52d 66 10 32 29 136 131 

BGR CoHex
calcite

 Aerobic100d 65 12 35 33 144 134 

UniBe CoHex Tris Anaerobic 8.33 8.41 51 10 34 36 1.2 133 (194) 

UniBe Ni(en)
3
 Tris Anaerobic 8.39 8.45 52 7 37 33 1.2 130 131 

UniBe Cu(trien)-ATris Anaerobic 8.45 8.48 48 7 34 32 1.1 122 (110) 

SCK·CEN Cu(trien)
5×calcite

 Anaerobic 8.07 8.48 52 9 38 30 0.5 129 155 

SCK·CEN Cu(trien) Anaerobic 7.52 8.54 51 9 45 26 0.7 131 136 

BGR Cu(trien)
5×calcite

 Anaerobic 8.8 66 10 36 25 136 136 

Ciemat Cu(trien) Anaerobic 8.2 8.95 65 9 49 25 1.2 149 148 

PSI Cs-ex Anaerobic 6.5 9.17 52 – 56 10 34 – 38 28 1.1 130 

UniBe CoHex Anaerobic 5.1 9.38 50 10 46 27 1.2 134 (228) 

UniBe Ni(en)
3
 Anaerobic 10.47 9.79 51 7 35 17 1.2 111 133 

UniBe Cu(trien)-A Anaerobic 10.28 9.83 49 7 34 16 1.1 108 128 

Average* 55.5 9.3 40.0 27.4 1.1 134.8 137.4 

Std-dev. 7.1 2.1 6.6 5.6 0.2 6.3 8.0 

* Upper value of PSI data assumed. Values in brackets: considered to be erroneous (see text)

Overall, the intercomparison exercise highlighted that currently used methods for deriving cation 
exchange parameters in Opalinus Clay and other clayrocks yield broadly consistent data. Uncer-
tainties still pertain in the in situ cation occupancy which is mainly related to uncertainties 
regarding the correction of the contribution of soluble cations and carbonate mineral dissolution/ 
precipitation. 
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4.2.9 Carbon-13 and sulphate isotopes 

Carbon-13 
The δ13C-TIC data of the early seepage waters (BWS-A boreholes) and δ13C – CO2(g) data in the 
headspaces of boreholes are summarised in Waber (2003). The values of the latter data were in 
the range of -15 to -2‰ VPDB. It was argued that they were, at least partly affected by air conta-
mination and resulting oxidation of methane. The corresponding δ13C-TIC values indicated a 
similar variation (0 to -13‰ VPDB). The values close to 0 reflect close-to-equilibrium conditions 
with solid carbonates (Waber 2003, Gaucher et al. 2003a, Gaucher 2004). The more negative 
values exhibited by most samples indicate non-equilibrium conditions with regard to solid carbo-
nates. Moreover, Waber (2003) concluded that measured δ13C-CO2(g) and δ13C-TIC values are 
not in equilibrium either. 

The reported δ13C-TIC values in the seepage waters of the BPC-C1 borehole are in the range 
of -6.4 to -14.1‰ (Vinsot et al. 2008b), thus also below values expected from equilibrium with 
carbonate minerals and in the same range as measured previously for the BWS-A boreholes. 

Few headspace gas data have been collected on δ13C-CH4 from seepage waters. Pearson et al. 
(2003) reported values from BWS-A boreholes of about -40‰ for most of the samples, but 
increased values in some samples suggesting CH4 oxidation were also observed. Note that also 
data of higher alkanes are reported in Pearson et al. (2003). 

Sulphate isotopes 
Some δ34S-SO4 data is available from early seepage waters displaying a range of +16 to +23‰ 
V-CDT (Griffault et al. 2003). More recent data from the BPC-C1 borehole exhibit values of
+21.3 to +24.6 (Vinsot et al. 2008b). The δ18O-SO4 data generally display small variations around
the value of +12‰ V-CDT.

4.2.10 Dissolved gases 
Gas measurements were carried out already during the early stage of the Mont Terri Project 
(Pearson et al. 2003). Thus, gas was extracted from the headspace of several boreholes between 
1998 and 2000 and analysed for major and minor components and selected isotopes (Waber 
2003). In general, the results of these early experiments suffered from oxidative disturbances, 
(e.g. methane oxidation) due to air leakage into the borehole. 

More recently, the evolution of natural gases was monitored in two boreholes (BPC-C1 and 
BHT-1) during several years (Vinsot et al. 2017). The temporal evolution of natural gases which 
degassed from the porewater into the test interval of the HT experiment (Fig. 4-16) indicates that 
the initial rapid increase of N2 and light alkanes is followed by a more gradual rise and 
approaching a plateau. 

The evolution of these gases was modelled with PHREEQC V3 accounting for diffusion in the 
rock and degassing in the borehole. This enabled the estimation of their concentrations in the 
porewater. These are shown in Tab. 4-11. Thus, N2 is the main dissolved gas, followed by 
methane. Ethane and propane occur at considerably lower levels. From the obtained N2 concen-
tration (2.2 mmol/L) Vinsot et al. (2017) estimated a minimum pressure of 3.2 bar below which 
N2 would degas ("bubble point"). 
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Fig. 4-16: N2, CH4, C2H6, C3H8, i-C4H10, and n-C4H10 content measured in the gas circulating 
in BHT-1 borehole (logarithm scale) 
GC: Gas chromatography; analytical error is included within the symbol size. From Vinsot 
et al. (2017), figure provided by the courtesy of A. Vinsot. 

Tab. 4-11: Proposed in situ partial pressures and porewater concentrations of nitrogen, methane, 
ethane and propane 
Based on measurements and modelling in the HT experiment (Vinsot et al. 2017). 

Gas Partial pressure 

[log(bar)] 

Concentration 
in porewater 

[mmol/L] 

Concentration 
in porewater 

[error] 

Volume gas 

[ccSTP/gH2O] 

N2 0.55 2.2 ± 25% 5.45 × 10-2 

CH4 -0.67 0.3 ± 25% 7.43 × 10-3 

C2H6 -1.78 0.023 ± 25% 5.70 × 10-4 

C3H8 -2.23 0.012 ± 25% 2.97 × 10-4 

The partial pressure of CO2 in the BPC-C1 borehole was estimated by Vinsot et al. (2008b) both 
by measurements in the borehole headspace and derived by porewater analysis. A range of log 
partial pressures of -1.7 to -2.5 was derived from pH and alkalinity / DIC measurements. The CO2 
concentration measured in the corresponding headspace was somewhat lower, but exhibiting an 
increasing trend with time, reaching -2.3 at the end of the measurement period. The log partial 
pressures of the BWSA-1 and BWSA-3 waters derived from the average compositions (Pearson 
et al. 2011) are -2.9 and -2.3, respectively. Lassin et al. (2003) derived a value of -2.22 ± 0.1 from 
pCO2 measurements of a drillcore from the BGS-2 borehole. It is worth noting that the pCO2 
method was still in the developing stage at that time. The data is summarised in Tab. 4-12 where 
the derived concentrations of carbonic acid (H2CO3) are also listed. These are in a similar range 
as those of dissolved methane (Tab. 4-12). 
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Tab. 4-12: CO2 partial pressures and corresponding H2CO3 concentrations in porewaters com-
piled from different sources 

 

Borehole Sample pCO2 

[log bar] 
pCO2 

[range] 
H2CO3*** 

[mmol/L] 
Reference 

BPC-C1 
Porewater -2.0 -1.7 to -2.4 0.68 Vinsot et al. (2008b) 

Headspace borehole -2.3* 
   

BWSA-1** Porewater -2.9 
 

0.052 Pearson et al. (2011) 

BWSA-3** Porewater -2.3 
 

0.23 Pearson et al. (2011) 

BGS-2 Degassing drillcore -2.22 -2.1 to -2.3 
 

Lassin et al. (2003) 

* Value obtained at end of measurement sequence 
** Based on average concentration documented in Pearson et al. (2011) 
*** Calculated in this work assuming temperature of 13 °C  

 
Noble gases were analysed in a number of drillcores by Rübel et al. (2002). The derived concen-
trations for He, Ar and Ne are listed in Tab. 4-13. He concentrations were interpreted as diffusion 
profile having reached a steady state of in situ production and diffusive loss to the adjacent forma-
tions (Rübel et al. 2002). It was shown later that in fact steady-state has not been reached and the 
derived diffusion coefficient was too low which is incompatible with that of other solutes 
(Mazurek et al. 2009). The noble gases were analysed later in the BDB-1 borehole (Waber & 
Rufer 2017) yielding similar contents as Rübel et al. (2002) for He and Ar, but somewhat higher 
ones for Ne (Tab. 4-13). 

Tab. 4-13: Range of He, Ne and Ar concentrations in porewater based on analyses of Opalinus 
Clay drillcores 
Based on Table A5.2 in Rübel et al. (2002) and Tables 11-2 and 11-3 in Waber & Rufer 
(2017). 

 

Dissolved 
gas 

Concentration Reference 

[ccSTP/gpw] [mmol/Lpw] 

He 2.9 × 10-5 – 1.3 × 10-4 1.2 × 10-3 – 5.7 × 10-3 

Rübel et al. (2002) Ne 1.3 × 10-7 – 2.0 × 10-7 5.6 × 10-6 – 8.6 × 10-6 

Ar 3.0 × 10-4 – 4.5 × 10-4 1.3 × 10-2 – 2.0 × 10-2 

He 4.2 × 10-5 – 9.2 × 10-5 1.8 × 10-3 – 4.1 × 10-3 

Waber & Rufer (2017) Ne 7.4 × 10-7 – 1.9 × 10-6 3.2 × 10-5 – 8.2 × 10-5 

Ar 3.8 × 10-4 – 1.1 × 10-3 1.7 × 10-2 – 4.9 × 10-2 

 
 
The He profile obtained in the BDB-1 borehole could be explained by in situ production and 
diffusive exchange with the upper aquifer (Rufer et al. 2018). A second-order deviation in the 
transitional part of the He profile between the present day aquifer and the flat profile shape in the 
Opalinus Clay allowed – by combining the noble gas data with other tracer data such as stable 
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isotopes of water – to model a spatially variable aquifer/aquitard boundary during the last 20 kyr 
(Fig. 4-17). According to the modelling, the He system is in a transient state and would reach a 
steady state in 2 – 5 Myr under the current hydrological conditions. Thus, the modelling of Rufer 
et al. (2018) can be considered as improvement of the previous model of Rübel et al. (2002). Key 
prerequisites for this advance was a refined spatial sampling close to the aquitard/aquifer boun-
dary, the renunciation of the steady-state assumption and interlinking information of multiple 
tracers, both with and without an in situ production term. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4-17: Profile of 4He in porewater along the BDB-1 borehole 
Model fits with spatially variable groundwater boundary. The best fit to the measured data is 
obtained when the groundwater flow is at first localised at 73 m BHL (borehole length) 
between 23 and 8 ka, after which it shifts to the present day location. This is in agreement 
with Cl-, Br- and stable water isotope data, which show local minima around 73 m BHL, 
indicating exchange between porewater and a groundwater of different composition over a 
certain period. From Rufer et al. (2018). 
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4.2.11 Summary of porewater data at the Mont Terri Rock Laboratory 
A large body of chemical data on porewaters across the Opalinus Clay formation at Mont Terri is 
available. Besides yielding an extensive dataset, valuable insight into the geochemical and micro-
biological processes affecting porewater chemistry has been gained. The knowledge obtained at 
Mont Terri has provided a valuable basis for applying the appropriate methodology for the deep 
boreholes in northern Switzerland. Important findings include: 

• In situ porewater chemistry data of major solutes with minor disturbances have been obtained 
from seepage waters in packed-off boreholes. High pressure squeezing up to a threshold value 
of 100 – 200 MPa has yielded porewater chemistry data comparable to those obtained from 
seepage waters when applying the adequate procedures. This is also the case for a few diffu-
sively equilibrated waters in boreholes. Likewise, the advective displacement method is a 
valuable complementary tool for producing porewater chemistry data. 

• The porewater composition is of Na-Cl type and displays an increasing salinity from the upper 
to the lower boundary of the formation. Ca2+ and SO4

2- are the second most important cation 
and anion, respectively. 

• The compositional characteristics suggest a marine origin, manifested for example by the 
Br/Cl ratio, but this is at odds with the combined chloride – water isotope data as discussed 
in Section 4.5.  

• Perturbations having occurred from excavation/drilling procedures, during sampling or the 
analytical procedures are difficult to avoid. This particularly regards CO2 degassing or ingas-
sing. It should be noted that this process has only a minor effect on the majour solutes (Na, 
Cl, Ca, SO4, Mg). 

• pH, alkalinity and TIC data exhibit variations between the different locations, but also in the 
same borehole, presumably because of CO2 exchange with the atmosphere. Thus, uncertain-
ties related to these parameters and to pCO2 still prevail. pH values vary roughly between 7 
and 8 and pCO2 values between 10-2.0 and 10-3.3 bar. It is at present not clear whether these 
parameters show some trend across the formation or whether they are constant. 

• Measured levels of dissolved organic carbon are variable. The DOC concentrations obtained 
from carefully sampled seepage waters are in the range of several mg/L. 

• Conditions in porewaters are reducing. Due to inherent uncertainties related to Eh measure-
ments in such clay-rich environment, accurate Eh values are difficult to obtain. Both the 
sulphur system (e.g. S(VI)/S(-II) couple) or the iron system (Fe(III)/Fe(II)) may exert control 
on redox conditions. 

• Most common redox disturbances induced by human interventions are pyrite oxidation by air 
ingress and anaerobic microbial sulphate reduction. Addition of nitrate leads to (slow) oxida-
tion of the clayrock. 

• Cation exchange capacity parameters are fairly well established. The CEC values are roughly 
in the range of 80 – 180 meq/kg and correlate with the clay mineral content. The exchange-
able cation population is dominated by Na, followed by Ca, Mg, K and Sr. A shift towards 
higher Na and lower Ca and Mg toward the lower boundary of the Opalinus Clay is mani-
fested. A recent laboratory intercomparison reveals that currently applied methods yielded 
reliable CEC data. Regarding cation population, however, the differences were still notable. 

  



NAGRA NTB 18-01 92  

• Water isotope, Cl and He profiles suggest a diffusive exchange process with the surrounding 
aquifers. In general, consistent data between the different methods is obtained. Regarding 
stable water tracers, borehole waters display a considerable scatter and slightly lower δ18O 
values than obtained by squeezing or the diffusive exchange method. 

• The most important dissolved gas is N2 followed by CO2 and CH4. Uncertainty in partial 
pressure of CO2 due to methodological artefacts still pertains. 

4.3 Mont Russelin 
Natural tracers in porewaters of Opalinus Clay from Mont Russelin were studied as part of the 
CLAYTRAC project (Mazurek et al. 2009). Drillcores were obtained in the motorway tunnel 
located about 5 km SE of the Mont Terri Rock Laboratory. The scope was to assess transport 
mechanisms of solutes in the Opalinus Clay strongly affected by faulting and fracturing (in fact 
the deformation pattern is much more complex than that at Mont Terri). 

The solute compositions obtained from squeezing and aqueous extraction of drillcores were pre-
sented and discussed by Koroleva et al. (2011b). Chloride concentrations are shown as a function 
of distance in the tunnel (Fig. 4-18). Thus, chloride concentrations in Opalinus Clay display a 
steady decrease from 23'000 to 13'000 mg/L or from 643 to 367 mmol/L towards the Dogger 
limestone. Note the consistency between squeezed waters and aqueous extracts which were back-
calculated to in situ conditions assuming a Cl-accessible porosity fraction of 0.54. The chloride 
content and thus also the total mineralisation is thus somewhat higher than at Mont Terri which 
has been explained by the different erosion history (Mazurek et al. 2009).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 4-18: Chloride concentrations in the porewater along the tunnel at Mont Russelin 

From Koroleva et al. (2011b). 
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The hydrogen and oxygen isotope values of porewater range from -4.79‰ VSMOW to -8.88‰ 
VSMOW in δ18O and -27.8‰ VSMOW to -62.4‰ VSMOW in δ2H. The values scatter around 
the Global Meteoric Water Line (Koroleva et al. 2011b). Both isotopes exhibit a similar distribu-
tion along the tunnel as chloride. Br/Cl ratios are close to marine values. 

The analysis of a groundwater sample in the Stafelegg Formation underlying the Opalinus Clay 
revealed the highest chloride and and the least negative δ values for water isotopes relative to all 
Mont Terri samples collected. The groundwater was interpreted as reflecting an old component 
not affected by flushing after Jura thrusting (Mazurek & Haller 2017; cf. Section 4.5). The 
groundwater body in the core of the anticline was in a position protected against erosion in con-
trast to the corresponding aquifer at Mont Terri which was strongly affected by erosion and 
surface exposures today, unlike the Mont Russelin anticline. 

4.4 Porewater chemistry data from deep boreholes in northern Switzerland 

4.4.1 Benken borehole 
The deep borehole of Benken was drilled in 1998 – 1999 (Nagra 2001). Porewater chemistry 
investigations of drillcores included aqueous extractions, CEC determinations and high-pressure 
squeezing tests (Waber et al. 2003b). It is worth noting that methods were in the early develop-
ment stage at that time and only a limited parameter set was obtained. For example, only two core 
samples were squeezed at a very high pressure (512 MPa), which delivered significantly perturbed 
water compositions. Nevertheless, a reasonable dataset for Cl, Br and cation exchange parameters 
could be acquired.  

The chloride depth profile obtained from aqueous extraction and back-calculated to in situ condi-
tions (assuming a Cl-porosity fraction of 0.5) is illustrated in Fig. 4-19 left. The centre of the 
formation exhibits Cl concentrations of about 140 – 200 mM and decreases towards the bound-
aries. The profile was interpreted to be the result of diffusive exchange with the bounding aquifers 
during the last 0.5 – 2 Myr (Gimmi & Waber 2004).  

Br/Cl ratios derived from aqueous extracts were rather variable but below that of seawater, except 
for two samples which were above. The different shapes of the depth profiles of Cl and Br were 
interpreted by Pearson & Waber (2001) as indication that these profiles reflected more than a 
single stage of diffusional transport. 

SO4/Cl ratios in the extracts on the other hand were clearly above that of seawater. The samples 
that were prepared under ambient conditions exhibited higher sulphate concentrations than those 
prepared in the glovebox. 

The CEC was determined from consumption of Ni, as the index cation showed a good correlation 
with the sum of extracted cations, but the Ni consumption systematically showed slightly higher 
values. This difference was interpreted to result from the presence of other non-analysed cations 
(e.g. NH4

+, H+) by Waber et al. (2003b). It is worth noting that other reasons, such as additional 
sorption of Ni2+ to edge sorption sites and surface polymerisation of Ni complexes have been 
invoked (e.g. Bradbury & Baeyens 1998). The CEC was in the range of about 100 – 120 meq/kg. 

Exchangeable cation population is dominated by Na, followed by Ca, Mg, K and finally Sr. The 
exchangeable cation population is rather similar to that derived at Mont Terri, but displays slightly 
higher Ca and lower Mg. No clear trend with depth in the cation occupancies can be seen 
(Fig. 4-19 right). 
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A "reference" porewater chemistry for Opalinus Clay at the Benken borehole was estimated based 
on modelling and the analogies from the Mont Terri Opalinus Clay material (Pearson 2002, Waber 
et al. 2003b). For the modelled water at 25 °C an ionic strength of 0.23 mM and a pH of 7.2 with 
an assumed pCO2 of 10-2.2 bar were calculated. In general, the derived porewater composition is 
very similar to that at Mont Terri, which is not surprising given that the Benken porewater model-
ling was based on process understanding gained from Mont Terri. 

Isotopic data for water tracers (δ2H, δ18O) are presented together with those of the Schlattingen-1 
borehole (cf. next section). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4-19: Depth profiles in the Benken borehole 
Left: Cl- concentrations in aqueous extracts (considering anion-accessible porosity fraction 
of 0.5), squeezed samples and groundwaters. Right: Fractional cation occupancies (from 
Waber et al. 2003b). 

 

4.4.2 Schlattingen-1 borehole 
The deep borehole in the community of Schlattingen (TG), which was drilled in 2011, delivered 
an extensive dataset for Opalinus Clay and the confining units. A suite of methods was applied 
for constraining porewater chemistry including aqueous extraction, two different extraction 
methods (Ni-en and Co-hex) for CEC parameters, high-pressure squeezing, advective displace-
ment tests and pCO2 measurements. The data are presented in detail in Wersin et al. (2013) and 
synthesised in Wersin et al. (2016). Additional details on advective displacement data are pro-
vided in Mäder & Waber (2017b). Data on noble and reactive gases are presented in Rufer & 
Waber (2015).  

The chloride depth profile is shown in Fig. 4-20. Aqueous extraction data (back-calculated to 
water-loss porosity) exhibit the same trend but distinctly lower concentrations than squeezing data 
(Fig. 4-20 left). This difference largely vanishes when the anion-accessible porosity fraction is 
accounted for in the aqueous extraction data (Fig. 4-20 right). The anion-accessible porosity 
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fraction was derived independently from squeezing data (Wersin et al. 2016; see also below). 
Note that the groundwater sampled just above the Opalinus Clay shows a similar Cl concentration. 
The Cl profile is very similar to that of the Benken borehole, regarding both trend and concentra-
tions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4-20: Chloride vs. depth in the Schlattingen-1 borehole 
Left: Aqueous extracts back-calculated to water-loss porosity. Right: Aqueous extracts back-
calulated to anion-accessible porosity fraction of 0.52. 

 
 
 
The anion-accessible porosity was derived from the squeezing data. The deduced anion-accessible 
porosity fraction was 0.52 ± 0.05 shown to be fairly constant over the profile and not affected by 
the clay-mineral content for samples with > 25 wt.-% (Fig. 4-21). 
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Fig. 4-21: Borehole Schlattingen-1: Anion-accessible porosity vs. clay-mineral content de-
duced from squeezed samples  
Includes samples from 'Brown Dogger', Opalinus Clay and Lias. From Wersin et al. (2016). 

 
 
 
Sulphate concentrations of aqueous extracts back-calculated to water-loss porosity show values 
which are much higher than those obtained by squeezing (Fig. 4-22 left). Note that squeezing data 
agrees with the sampled groundwater and with the values obtained from the advective displace-
ment technique (see below). The difference between aqueous extracts and squeezed waters 
becomes even larger if the anion-accessible porosity is taken into account (Fig. 4-22 right). This 
apparent discrepancy has been explained by a solid sulphate source present in the rock which 
would dissolve during aqueous extraction (Wersin et al. 2013). This is further discussed in 
Section 5.4.3. 
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Fig. 4-22: Sulphate concentrations in porewaters vs. depth 
Left: Aqueous extracts back-calculated to water-loss porosity. Right: Aqueous extracts back-
calculated to anion-accessible porosity fraction of 0.52. 

Squeezed waters were obtained from applied pressures of 200 – 500 MPa. For the main compo-
nents Na+ and Cl-, decreasing concentrations with increasing pressure were noted (Fig. 4-23), as 
also observed for Mont Terri samples (see above). This was explained by filtration (Mazurek et 
al. 2015) and/or electrostatic effects (Wersin et al. 2013). Conversely, for divalent cations Ca2+, 
Mg2+ (Fig. 4-23) and Sr2+ the opposite behaviour was observed, in line with observations from 
Mont Terri samples. This was explained by pressure solution effects of carbonate phases. It was 
concluded from the study of Mazurek et al. (2015) "that data obtained at the lowest pressure of 
200 MPa closely represents in situ porewaters". This is supported by the modelling exercise of 
Wersin et al. (2016). Note that the squeezing data presented in the above sections corresponds to 
waters squeezed at the lowest pressure of 200 MPa.  

The compositions of the waters squeezed at the lowest pressure are presented in Tab. 4-14. Gene-
rally speaking, these are of Na-Cl type. Looking specifically at the Opalinus Clay porewaters, the 
water compositions are in a narrow range with an ionic strength of ∼ 0.2 mol/L except for the 
lowermost samples. The chemistry is similar to that of Mont Terri porewaters. Schlattingen-1 
Opalinus Clay porewaters lie within the compositional range of those at Mont Terri. It should be 
noted, however, that SO4/Cl are generally higher, and Br/Cl are lower than at Mont Terri. Note 
also that no reliable data on pH and alkalinity for squeezed waters at Schlattingen-1 could be 
acquired.  
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Fig. 4-23: Deviation of Cl, Na, Ca and Mg concentrations at high squeezing pressures (Cl(p) 
etc.) from those measured at lowest pressure yielding water (Cl(p0) etc.) from the 
Schlattingen-1 borehole 

 
 
 

Tab. 4-14: Analyses of liquid aliquots squeezed at 200 MPa from the Schlattingen-1 borehole 

Concentrations in mmol/L. From Wersin et al. (2016). 
 

Sample ID Geologic unit Na K Ca Mg Sr Cl Br SO4 

780.66-sq 

'Brown Dogger' 

144.47 1.92 10.56 4.37 0.18 144.80 0.08 13.36 

796.53-sq 145.74 2.04 12.16 4.60 0.22 150.05 0.08 14.47 

807.51-sq 200.34 2.78 12.03 4.09 0.20 196.50 0.10 13.26 

816.93-sq 153.33 1.96 12.42 4.58 0.20 160.38 0.08 12.60 

825.65-sq 147.44 1.97 13.35 5.18 0.25 154.64 0.07 13.52 

878.45-sq 

Opalinus Clay 

176.68 2.06 12.83 4.34 0.19 179.15 0.08 13.78 

896.31-sq 198.73 2.57 13.19 4.44 0.20 207.49 0.09 10.22 

915.87-sq 155.01 1.97 13.81 5.25 0.21 164.18 0.07 12.11 

937.89-sq 157.48 1.58 14.47 5.44 0.21 161.51 0.07 16.37 

958.21-sq 
Lias 

183.62 2.12 12.97 4.65 0.18 170.88 0.08 22.68 

987.40-sq 101.81 1.21 4.10 1.41 < 0.1 67.92 0.03 20.09 
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Advective displacement experiments were performed on one drillcore sample from the Opalinus 
Clay and two from the overlying 'Brown Dogger' unit (Mäder & Waber 2017b). Compositions 
could be deduced which were considered to be representative of porewaters (Tab. 4-15). It was 
noted that cores were not fully saturated at the onset of the experiments, which was hypothesised 
of being due to a gas phase at in situ conditions. This may have explained the scatter of chloride 
data in the early samples (Mäder & Waber 2017b). Furthermore, high levels in low-molecular 
organic acids (mainly acetate) were eluted during the initial stage, especially in the case of the 
'Brown Dogger' samples. 

Comparison of these data with the corresponding ones obtained from squeezing (Tab. 4-14) indi-
cates broad agreement between the two methods. There are, however, some differences in Cl and 
Na, which do not seem systematic. Thus, the SLA 939 sample from advective displacement dis-
plays somewhat higher concentrations, while sample SLA 779 exhibits somewhat lower concen-
trations than in the corresponding squeezed samples. Ca and Mg also show some differences 
whereas for sulphate fair agreement is noted. 

Tab. 4-15: Analyses (mmol/L) of samples obtained by the advective displacement method from 
the Schlattingen-1 borehole  
BD: 'Brown Dogger'. From Mäder & Waber (2017b). 

 

Sample ID Geologic unit Na K Ca Mg Sr Cl Br SO4 

SLA 779 'Brown Dogger' 134.58 1.07 6.94 3.70 0.24 103.80 0.05 13.51 

SLA 811 'Brown Dogger' 195.43 1.51 16.42 7.41 0.39 182.35 0.09 14.41 

SLA 939 Opalinus Clay 245.76 1.15 22.73 8.52 0.34 238.06 0.10 21.55 

 
 
 
Measurements of CO2 partial pressures by outgassing nine cores in specifically designed cells 
during ten months (Wersin et al. 2013, 2016) yielded remarkably constant values in the range of 
10-2.5 to 10-2.2 bar (Fig. 4-24). No pCO2 dependency with sample depth was found. Similar results 
have been obtained at Mont Terri (Section 4.2.10) and other argillaceous formations (Lassin et al. 
2012) providing confidence in the pCO2 measurements. The overall broad consistency with pore-
water chemistry data suggests that the measured final pCO2 values can be used as proxy for in situ 
CO2 partial pressures, even though it is difficult to evaluate the true in situ values (Lassin et al. 
2012). 
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Fig. 4-24: Measured CO2 partial pressures as a function of time in cores from the Schlattingen-1 

borehole 
From Wersin et al. (2016). 

 
 
Noble and "reactive" gas data on drillcore samples were acquired by Rufer & Waber (2015). The 
He data for Opalinus Clay samples exhibit concentrations of about 0.4 – 1 ccSTP/gpw porewater 
(Tab. 4-16). For one Opalinus Clay sample (SLA 908.62), also N2, CO2 and alkanes were mea-
sured. This indicates that N2 is the major gas, followed by CO2 and methane, which is in quali-
tative agreement with findings from Mont Terri. The content of N2 is about 10 times higher than 
at Mont Terri (cf. Tab. 4-13) which may be explained by the higher hydrostatic pressure at 
Schlattingen-1 under the assumption that dissolved N2 concentrations are constrained by solu-
bility (Section 7.6.1). Likewise, the contents of alkanes (methane, ethane and propane) are about 
15 – 80 times higher than at Mont Terri. 

The measured concentration of the reactive gas CO2 is 0.36 ccSTP/gpw. The amount of measured 
CO2 is a major fraction (33 vol.-%) of the exsolved gas (Rufer & Waber 2015) and thus reflecting 
a pCO2 of 10-1.76 bar. This is broadly in the same range (although slightly higher) as the pCO2 
measurements reported in Wersin et al. (2013; Fig. 4-24). 
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Tab. 4-16: Gas contents determined in drillcore samples from the Opalinus Clay formation at 
Schlattingen-1 
Data for C4H10 and C5H12 not shown. From Rufer & Waber (2015), Tables 4-4 & 5-1. 

 

Sample He 
[ccSTP/gpw] 

N2 

[ccSTP/gpw] 
CO2 

[ccSTP/gpw] 
CH4 

[ccSTP/gpw] 
C2H6 

[ccSTP/gpw] 
C3H8 

[ccSTP/gpw] 

SLA 845.71 3.56 × 10-4 
     

SLA 880.09 9.19 × 10-4 
     

SLA 908.62 5.86 × 10-4 5.40 × 10-1 3.60 × 10-1 1.12 × 10-1 1.69 × 10-2 2.40 × 10-2 

SLA 922.06 1.02 × 10-3 
     

 
 
Cation exchange parameters (CEC, exchangeable cation population) were measured with the Ni-
en and Co-hex extraction methods. For Ni-en, several S/L ratios (from 0.1 to 1.0) were tested. 
Comparison of the datasets and plausibility checks indicated that the Ni-en at the highest S/L ratio 
yielded the most reliable CEC and exchangeable cation data (Wersin et al. 2016). These data 
showed a rather good match between the amount of Ni consumed and the sum of cations, although 
the latter values tended to be lower. This has been explained by (i) a slight overconsumption of 
Ni due to polynuclear Ni complexes at the surface or (ii) sorption of Ni2+ at amphoteric "edge" 
surface sites (Bradbury & Baeyens 1998). It should be noted, however, that the CEC data derived 
from Ni consumption matches well with the corresponding "theoretical" values obtained from the 
smectite, illite, chlorite and kaolinite fractions from XRD analysis (Fig. 4-25 left; Wersin et al. 
2016). The exchangeable cation population is dominated by Na which displays a slight decrease 
toward the upper part of the studied sequence (Fig. 4-25 right). The two samples from the Opali-
nus Clay display a Na equivalent fraction of nearly 0.6. The corresponding CEC values derived 
from Ni consumption are 101 and 111 meq/kg. 

The exchanger population can also be estimated from the squeezed waters assuming that these 
represent in situ conditions. This was done in the same way described above for the Mont Terri 
case. The results for the two Opalinus Clay samples located close to corresponding samples for 
which cation exchange parameters were determined, are displayed in Tab. 4-17. The comparison 
between measured and modelling data is fair. The measured data displays somewhat higher Na 
and lower Ca proportions. This difference may either be explained by uncertainties in the mea-
surements or reflect a slight disturbance related to the squeezed waters. The differences in Sr 
between Ni-extraction and modelled squeezed samples are discussed in Section 5.3. 
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Fig. 4-25: CEC vs. depth estimated from consumption of index cation (Ni), sum of cations and 
illite and smectite content (XRD) (left) and exchangeable cations vs. depth deter-
mined with the Ni-en method (right) 
Based on Wersin et al. (2013). 

 
 

Tab. 4-17: Comparison between measured and calculated exchangeable cation occupancy 
(equivalent fraction) for different samples 

 

Measured data from Wersin et al. (2016). Modelled data based on squeezing data and 
assuming celestite equilibrium and selectivity constants presented in Chapter 6. 

  
Wersin et al. (2016) This work Wersin et al. (2016) This work 

Sample ID 860.77-pw 878.45-sq 898.31-pw 896.31-sq 

Method Ni-en extraction Modelling Ni-en extraction Modelling 

NaX 0.57 0.51 0.58 0.53 

CaX2 0.19 0.30 0.20 0.27 

MgX2 0.13 0.10 0.12 0.08 

KX 0.09 0.09 0.08 0.11 

SrX2 0.011 0.004 0.011 0.004 

 
 
Depth profiles for δ 2H, δ 18O are shown in Fig. 4-26 in which also corresponding ones from the 
Benken borehole are presented. The values and trends of the water tracers are remarkably similar 
in both boreholes. The profiles can be explained by diffusive exchange with the bounding Malm 
and Keuper aquifers, respectively which became active 0.5 – 2 Ma ago (Gimmi et al. 2007, Wersin 
et al. 2018). 
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Fig. 4-26: Water isotope distribution vs. depth for Schlattingen-1 and Benken boreholes 

Left: δ18O. Right: δ2H, gw: groundwater. Data from Schlattingen-1 in Wersin et al. (2013), 
data from Benken in Gimmi & Waber (2004). 

 

4.4.3 Salinity data data from other deep boreholes 
There is very little information on porewater chemistry of the Opalinus Clay from other deep 
boreholes. In fact, the boreholes that were drilled in the 1980ies for the crystalline programme 
were not intended to focus on Opalinus Clay and confining units. Nevertheless, some mineralogi-
cal investigations on these units were carried out for the boreholes of Weiach (Matter et al. 1988a, 
Nagra 1989), Riniken (Matter et al. 1987, Nagra 1990) and Schafisheim (Matter et al. 1988b, 
Nagra 1992). 

About 20 years later, further mineralogical and porewater analyses were carried out on drillcores 
on the Mesozoic sediments from those boreholes (Meier & Mazurek 2011). Obviously, because 
of extensive oxidation and evaporation effects which had occurred in these drillcores, the infor-
mation gained was limited, but still useful. Notably, chloride and, to a lesser extent, bromide 
porewater data (via aqueous extraction) could be acquired. A challenge turned out to be the deter-
mination of the porosity of the rock samples because of the poor drillcore quality. Therefore, this 
parameter is inflicted with large uncertainty which affects the quality of the derived porewater 
concentrations. The anion-accessible porosity was estimated based on the findings from the 
Benken study. For Opalinus Clay samples, an anion-accessible porosity fraction of 0.5 was 
assumed for deriving Cl- porewater concentrations. 

In spite of the considerable uncertainties regarding the Cl- concentrations, fairly well-defined Cl- 

depth profiles could be obtained for Weiach and in the lower part also for Riniken (Fig. 4-27), 
whereas for Schafisheim the scatter in the data was rather large (not shown). The range of esti-
mated chloride concentrations in the Opalinus Clay porewaters for the three boreholes is shown 
in Tab. 4-18. 

The depth trends shown in Fig. 4-27 need to be interpreted with caution, as straight depth profiles 
would also lie within the indicated error ranges. The main conclusion from the study of the old 
core materials is that porewater salinity likely lies in the same range as that observed elsewhere. 
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Fig. 4-27: Chloride concentrations (back-calculated assuming an anion-accessible porosity 
fraction of 0.5) as a function of depth 
Left: Borehole Weiach. Right: Borehole Riniken (Meier & Mazurek 2011). Blue line: Poly-
nominal fit of data. Blue squares: Groundwater. 

 
 

Tab. 4-18: Chloride concentrations in Opalinus Clay porewaters back-calculated aqueous 
extracts assuming anion-accessible porosity fraction of 0.5 

  
Riniken Weiach Schafisheim 

Cl [mg/L] 1'900 – 3'400 3'300 – 5'100 5'600 – 9'600 

Cl [mmol/L] 54 – 96 93 – 144 158 – 271 

 

4.5 Provenance of porewaters 
At first sight, the chemistry of the Mont Terri porewaters suggests a marine origin. This is sup-
ported by the constant Br/Cl ratio close to that of seawater (∼ 1.53 × 10-3; Alcalá & Custodio 
2008; Fig. 4-28 left). The δ34S-δ18O data for sulphate are in line with a marine origin from the 
Miocene (Mazurek & de Haller 2017). The maximum Cl concentrations are about two thirds of 
that of seawater. At Mont Russelin, the maximum Cl concentrations are about at seawater concen-
tration. 

The δ2H and δ18O profiles (Fig. 4-4) exhibit a similar spatial trend as Cl, with more negative 
values towards the boundaries. These profiles could be explained by diffusive exchange with the 
bounding freshwater aquifers during the last 6 Ma (towards the southern aquifer) to 0.5 Ma 
(towards the northern aquifer) (Mazurek et al. 2009, 2011). Similar diffusion timescales were 
deduced by Yu et al. (2018) from inverse modelling of the chloride profile. The δ2H – δ18O plot 
reveals that porewaters and groundwaters scatter along the Global Meteoric Water Line (Fig. 4-29 
above). On this basis, the porewaters could be seen as binary mixtures between seawater and 
meteoric water. This hypothesis, however, is at odds with the combined chloride-water isotope 
data which suggest a depletion of the saline end member in δ18O (Fig. 4-30) and δ2H. Pearson et 
al. (2003) discussed this apparent inconsistency and proposed various processes to explain the 



105 NAGRA NTB 18-01 

observed trends, including (i) in situ isotopic exchange during burial between porewaters and 
clays, (ii) authigenesis of clay minerals and/or carbonates, (iii) hyperfiltration during compaction 
and (iv) lower diffusion coefficients for Cl- relative to water isotopes. 

Fig. 4-28: Br/Cl ratios vs depth of borehole 
Left: Mont Terri waters, Right: Schlattingen-1 borehole. Vertical lines: Formation bound-
aries of Opalinus Clay. Horizontal dashed line: Br/Cl ratio of seawater. Borehole waters Mont 
Terri: BWSA-1, BWS-A3, BPC-C1, BHT-1, BCI-44. 

Recently, Mazurek & de Haller (2017) have proposed a different and more complex model to 
explain chemical and isotopic signatures, augmented by findings from the Mont Russelin tunnel 
(Koroleva et al. 2011b) and the regional paleo-hydrogeological evolution. This model considers 
the in-diffusion of a partially evaporated seawater during Aquitanian/Chattian times. According 
to the paleo-geographical evolution documented by Kuhlemann & Kempf (2002), incursions of 
marine waters derived from the Rhine – Bresse graben system occurred at that time and are evi-
denced by the presence of gypsiferous marls. Current porewaters could be rationalised as mixtures 
between an old component residing in the Dogger units, a partially evaporated Tertiary seawater 
and more recent, fresh groundwaters. In the calculations of Mazurek & de Haller (2017), all 
mixing occurs via diffusion, without the necessity to invoke pulses of advective transport. 

Waber & Rufer (2017) proposed an alternative hypothesis and considered a source of salinity in 
the underlying Gipskeuper instead of a provenance from Miocene seawater. From there, SO4 may 
have migrated upwards either by long-term diffusion or via advection during the tectonic move-
ments related to the thrusting of the Jura Fold-and-thrust belt. 

The Cl and Br porewater concentrations are similar in the Benken and Schlattingen-1 boreholes. 
Br/Cl ratios are distinctly lower than those of seawater (Fig. 4-28 right), contrary to those obser-
ved at Mont Terri and Mont Russelin. Depth profiles of δ2H and δ18O exhibit a similar trend as 
that of Cl. These have been interpreted as a result of diffusive exchange between the bounding 
aquifers during that last 0.5 – 2 Ma (Gimmi & Waber 2004, Wersin et al. 2018). The lower aquifer 
in the Keuper was flushed with meteoric water during that time, whereas the upper aquifer in the 
Malm probably reflects an older more evolved groundwater component that did not undergo signi-
ficant flushing in recent times. The paleo-hydrogeology is not well known. During the erosion 
and karstification phase in the early Tertiary, freshwater infiltrated into the Malm, thus estab-
lishing a new boundary condition for diffusion in the underlying low-permeability sequence. 

4  Note that Br data for BDR-1 is not presented because not deemed reliable (see Section 4.2.3). For BBN-1, there is 
no Br data available. 
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The plot of δ2H vs. δ18O shows that Lias porewaters and the Keuper groundwater from Benken 
plot along the GMWL in the lower part of the profile (Fig. 4-29 below). In the upper parts, there 
is a clear trend to the right of the GMWL with the Malm groundwater from Benken as "end point". 
It has been interpreted to be influenced by a marine-brackish component (Waber et al. 2014). 
Interestingly, Schlattingen-1 and Benken data also show a different trend in the δ18O – Cl plot 
(Fig. 4-30) compared to Mont Terri and roughly scatter along the meteoric water – seawater 
mixing line. This could suggest a marine origin, but as noted above, this is at odds with the Br 
data and the combined δ2H-δ18O signals. 

Fig. 4-29: δ2H vs. δ18O plot 
Above: Mont Terri porewaters. Below: Schlattingen-1 porewaters from Opalinus Clay and 
adjacent formations. Dashed line: Global Meteroric Water Line. 
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Fig. 4-30: Chloride concentrations vs. δ18O values for different porewaters, Mont Russelin 
groundwater, seawater and meteroric water 
Data for Mont Terri and Mont Russelin compiled by Mazurek & de Haller (2017). Schlattin-
gen-1 porewaters: Samples analysed for Cl (leachates) and δ18O (diffusive exchange) and 
squeezed water samples from Wersin et al. (2013). Benken porewaters: Samples analysed for 
Cl (leachates) and δ18O (diffusive exchange) from Gimmi & Waber (2004). Data for seawater 
& meteoric water (from Mont Terri) from Pearson et al. (2003). Dashed line: Mixing line 
between seawater and meteoric water. Modified from Mazurek & de Haller (2017). 

4.6 Summary of porewater chemistry data 
The largest dataset on porewater chemistry has been obtained from the Mont Terri Rock Labora-
tory where a pioneering methodological work on porewater sampling and analysis has been 
carried out over the last 25 years. The porewater chemistry data from the Benken and Schlattin-
gen-1 boreholes in NE Switzerland is largely consistent with that of Mont Terri; i.e. same water 
type, same underlying water – rock process model. This is remarkable given the different geologi-
cal and hydrogeological settings of these sites, as evidenced by different signals in chemical and 
isotopic tracers. It is explained by the similar mineralogy of Opalinus Clay at the different sites, 
the large chemical buffering capacity of the Opalinus Clay and the slow, diffusion-dominated 
transport of solutes (see Chapter 5). A main pertinent uncertainty is related to in situ pH/ pCO2 
conditions, which are difficult to constrain due to disturbances during the drilling and/or 
sampling/extraction procedures.  

In spite of the similarities mentioned above, tracer (Cl, Br) and isotope data (2H, 18O) clearly point 
to a different paleo-hydrogeological evolution of the porewaters at Mont Terri relative to those in 
NE Switzerland. 

A summary of the known characteristics of the porewater compositions is given in Tab. 4-19. At 
present the largest dataset from deep boreholes is available for the Schlattingen-1 borehole, where 
for the first time, systematic squeezing tests on Opalinus Clay drillcores from a deep borehole 
were carried out. High-pressure squeezing is a promising method for obtaining reliable porewater 
chemistry data from future deep-seated drillcores. 
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Tab. 4-19:  Ranges for selected parameters in Opalinus Clay porewater at different locations: 
Mont Terri, Schlattingen-1, Benken, Weiach, Riniken and Schafisheim 
eq. fr.: equivalent fraction. 

  
Mt. Terri SLA BEN WEI RIN SHA 

Water type Na-Cl Na-Cl Na-Cl Na-Cl a) Na-Cl a) Na-Cl a) 

Ionic strength [M] 0.15 – 0.4 ~ 0.2 ~ 0.15 – 0.2 b) ~ 0.1 – 0.15 c) ~ 0.1 c) ~ 0.15 – 0.3 c) 

Cl [mM] 120 – 330 d) 160 – 220 e) 140 – 200 e) 93 – 144 f) 60 – 100 f) 160 – 270 f) 

SO4 [mM] 8 – 17 d) 10 – 16 g) 
    

pCO2 [bar] 10-2 – 10-3 h) 10-2.5 – 10-2.2 i) 
    

pH 7.0 – 8.2 j) 
     

DOC [mg/L] 1 – 20 k) 
     

CEC [meq/kg] 80 – 180 l) 100 – 120 m) 100 – 120 m) 
   

NaX [eq. fr.] 0.4 – 0.5 n) 0.5 – 0.6 o) ~ 0.5 p) 
   

CaX2 [eq. fr.] 0.2 – 0.3 n) 0.2 – 0.3 o) ~ 0.3 p) 
   

MgX2 [eq. fr.] ~ 0.2 n) ~ 0.1 o) 0.1 – 0.2 p) 
   

KX [eq. fr.] ~ 0.1 n) ≤ 0.1 o) ~ 0.1 p) 
   

a) Assumed based on analogy with Benken and Schlattingen-1 boreholes 
b) Based on Pearson (2002) 
c) Based on Cl- conc. 
d) Variation in borehole waters and squeezed waters from BDB-1 borehole 
e)  Based on aqueous extraction & squeezing data 
f)  Based on aqueous extraction data 
g)  Based on squeezing data 
h)  Estimated from seepage waters and gas measurements core samples 
i)  Based on pCO2 measurements of core samples 
j)  Based on seepage waters, diffusively equilibrated borehole waters and squeezed waters 
k)  Based on Courdouan Merz (2008) 
l)  Variation based on Waber et al. (2003a) 
m)  Variation based on Ni-en extraction data 
n)  Based on BWSA-1 and BWSA-3 data 
o)  Based on Ni-en extraction and squeezing data 
p)  Based on Ni-en extraction data 
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5 Processes controlling porewater chemistry 

5.1 Introduction 
Up to the 1990ies knowledge on porewater chemistry and related processes in clayrocks was rather 
poor, mainly because of lack of interest and the difficulty to extract porewater samples. Since 
then, this has changed thanks to initiatives of waste management organisations and the Mont Terri 
Project has played an important role in this regard. Thus, today our knowledge on processes con-
trolling porewater chemistry in Opalinus Clay is fairly advanced. This has been made possible by 
the development of the appropriate sampling and analytical methods (Chapter 3), such as for 
example high-pressure squeezing. A further important tool is modelling which has been succes-
sively refined in view of the increasing knowledge on the solid phases, the surface properties of 
clay minerals, and the solutes (Chapter 6). 

Findings from other argillaceous host rocks, such as the Callovo-Oxfordian Formation (COx) or 
the Boom Clay have indicated that similar processes control the porewater compositions in these 
clayrocks. This adds additional confidence to the data interpretation in Opalinus Clay. Neverthe-
less, there still exists a number of conceptual and data uncertainties as outlined in the following 
sections. 

5.2 "Free" solutes 
Anions, such as chloride – the main anion in the Opalinus Clay porewater – and bromide are 
considered as conservative species with no or very limited interaction with the minerals. They are 
repelled by the negative surface charge and thus affected by ion exclusion. The distribution of 
these "free" solutes is constrained by the paleo-hydrogeology of the site and, in particular, by 
diffusive exchange with the surrounding aquifers. Their concentrations can be determined for 
example by squeezing or borehole sampling (usually only in URLs feasible). From aqueous 
extracts the total inventory of these anions is derived. With the total inventory and concentration 
known from borehole/squeezing data, the anion-accessible porosity fraction is obtained, accepting 
the simple concept of complete anion exclusion in the diffuse double layer described in 
Section 2.7. 

The Br/Cl ratio largely reflects the diffusive exchange process between the aquitard (Opalinus 
Clay and confining units) and the surrounding aquifers. It thus depends on the paleo-hydrogeo-
logy of the site (Section 4.5). 

5.3 Processes controlling major cations 
Cations, such as Na+, Ca2+, Mg2+, K+ and Sr2+ are concentrated at the negatively charged clay 
surface. Their concentrations and proportions may be described by cation exchange and mineral 
dissolution processes. For example, the exchange of Na+ by Ca2+ can be expressed as: 

2NaX + Ca2+ ↔ CaX2 + 2Na+  (5-1) 

where X- represents 1 mol of the exchanger. Commonly, the activities of the exchange complexes 
are approximated by the Gaines-Thomas convention (e.g. Bradbury & Baeyens 1998), in which 
these activities are expressed as equivalent fractions. Thus, for the above equilibrium: 

2
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where ECaX2, ENaX stands for the equivalent fractions of Ca2+ and Na+ and {Ca2+}, {Na+} for the 
activities of these aqueous species. The exchanger composition is an "image" of the major cation 
porewater composition (Tournassat et al. 2015). It is worth noting that the amounts of the cations 
in the exchange complexes are much higher than the corresponding solution concentrations and 
thus these are well buffered against perturbations. 

Cation concentrations are also affected by mineral dissolution/precipitation reactions and in parti-
cular by reactions of carbonate minerals. Ca2+ concentrations are thus in equilibrium with calcite, 
occurring ubiquitously in the Opalinus Clay. As shown in Chapter 4, this is generally supported 
by porewater data. 

Dolomite, another carbonate phase occurring in the clay formation, has been considered to be the 
solubility controlling phase for Mg2+ (Pearson et al. 2003). In this case, the Mg2+/Ca2+ activity 
ratio is controlled by the corresponding ratios of the solubility constants of dolomite and calcite 
(Pearson et al. 2011): 

dolomitecalcite2

2
KlogKlog2

}Mg{
}Ca{log −=










+

+

 (5-3) 

The log {Ca2+}/{Mg2+} values obtained from seepage water measurements at Mont Terri are 
shown in Fig. 5-1. These are generally below the calcite/dolomite equilibrium line. A further 
observation is the variation of this ratio which appears to be dependent on the ionic strength or 
more precisely the chloride concentration (Pearson et al. 2011). In fact, the BWSA-3 seepage 
waters with lowest chloride concentrations display the highest {Ca2+}/{Mg2+} ratios. These are 
close to the calcite/dolomite equilibrium line, whereas the more saline waters from BWSA-1 and 
BPC-C1 are below. It is worth noting that different solubility constants of dolomite have been 
proposed and these differences may be related to the crystallinity and chemical composition of 
dolomite (Tournassat et al. 2008). The equilibrium line shown in Fig. 5-1 is based on the well-
established logKdolomite constant of 3.54 (for the reaction CaMg(CO3)2 + 2H+ = Ca2+ + Mg2+ + 
2HCO3

-) of Nordstrom et al. (1990). Using the proposed logK value for "disordered dolomite" by 
the same authors would result in a lowering of the equilibrium line to a value of about -0.4. This 
would be below the log{Ca2+}/{Mg2+} values displayed by the more saline waters. In summary, 
it is at present not clear, to which extent dolomite equilibrium controls Mg2+ concentrations in 
Mont Terri and other Opalinus Clay porewaters. Furthermore, the reason for the apparent depen-
dence of {Ca2+}/{Mg2+} ratio with Cl- is not yet resolved (Pearson et al. 2011). 
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Fig. 5-1: Activity ratios of Ca2+ to Mg2+ calculated for samples from the BPC-C1, BWSA-1 
and BWSA-3 boreholes 
Dashed line: Activity ratio corresponding to calcite/dolomite equilibrium. From Pearson et 
al. (2011). 

 
 
K+ displays a high affinity to the clay surface (in particular to illite) which is expressed by its high 
selectivity coefficient. As outlined in Section 4.2.7 and shown by Tournassat et al. (2007, 2009), 
the selectivity of K+ varies with K+ concentration suggesting a complex multi-site sorption beha-
viour. High selectivity coefficients were deduced for Opalinus Clay and K+ porewater concen-
trations could be adequately approximated using a single-site Gaines-Thomas exchange model 
for the geochemical conditions of Opalinus Clay at Mont Terri and northern Switzerland (Pearson 
et al. 2011, Wersin et al. 2016). 

The occupancy of Sr2+ on the exchanger (SrX2) is considerably lower than those of cations men-
tioned above, in line with its lower concentration in the porewater. Its exact value is difficult to 
measure from extraction data because of the probable interference by dissolution of celestite 
(Gaucher et al. 2009; see Section 5.4.3). Based on analogies from other clay systems and model-
ling considerations (Pearson et al. 2011, Gaucher et al. 2009) the selectivity coefficient of Sr2+ 
was proposed to be similar to that of Ca2+. Analysing SrX2 data from modelling of borehole waters 
at Mont Terri reveals an inverse relationship with the chloride concentration (Fig. 5-2). Thus, the 
equivalent fraction increases from 0.004 in the BPC-C1 borehole to 0.012 in the BWSA-3 bore-
hole. The same trend is seen from the squeezed waters of the BDB-1 borehole, although the scatter 
is larger (not shown). The measured data (obtained from Ni extraction) suggests much higher 
SrX2 levels (factor 2 – 3) and a similar trend. The higher level is likely explained by the dissolu-
tion of celestite during the extraction tests. Note that borehole waters are close to saturation with 
celestite (next section). Data from Schlattingen-1 display a similar trend for squeezed waters as 
noted for Mont Terri boreholes and squeezed waters. Also, measured SrX2 values are considerably 
higher and actually suggest an opposite trend. A similar trend is exhibited by the waters obtained 
from advective displacement (not shown). The systematically higher SrX2 levels obtained from 
Ni-en extraction data are also likely explained by SrSO4 dissolution (next section). The reason for 
the opposite trend observed in the Schlattingen-1 data (but not in the Mont Terri data) is not clear 
at this stage. 
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Fig. 5-2: Fractional occupancy of exchangeable Sr (calculated from measured porewater com-
positions and measured via Ni-extraction) versus chloride concentrations 
Left: Mont Terri samples: Borehole waters (red circles, BWSA-1, BWS-A3, BPC-C1, 
BHT-1, BBN-1, BCI-4 and BDR-1/II) and measured values determined by Ni-extraction 
(blue triangles). Right: Schlattingen-1 samples: Squeezed waters at lowest pressure (red 
squares) and measured values by Ni-extraction (blue triangles). 

Regarding the occupancy of Fe2+ on the exchanger, no reliable experimental data exist so far 
(Pearson et al. 2011). It needs to be estimated indirectly from modelling and measured Fe(II) 
concentrations. The latter, unfortunately, are inflicted with large errors because of the scarcity of 
measurements on the one hand and the possibility of oxidation during sampling on the other. The 
few available data from seepage waters (Tab. 4-1) suggest undersaturation with regard to siderite. 
The composition of siderite is not pure but displays some Ca and Mg as indicated from the pre-
liminary study of Bretscher (2012, reported in Wersin et al. 2013) and Lerouge et al. (2015). Ca-
Mg-bearing siderite (also termed sideroplesite) was also observed in the COx formation (Gaucher 
et al. 2006). Using those siderite compositions, Tournassat et al. (2008) tentatively estimated the 
Fe solubility for COx which was higher than that of pure siderite. In contrast, seepage water data 
from Opalinus Clay seem to suggest control from a lower solubility phase than pure siderite. It is 
worth noting that diagenetic ankerite is also present whose solubility is not well constrained. At 
present it is not clear how to describe the solubility of Fe(II) with the observed Fe-bearing carbo-
nate assemblage. At least, it appears that assuming solubility control with pure siderite provides 
an upper limit for dissolved Fe(II). Siderite solubility has usually been assumed for controlling 
Fe(II) in Opalinus Clay porewater (Pearson et al. 2003, 2011, Mäder 2009). The presence of Fe 
oxides in Opalinus Clay cannot be confirmed or disconfirmed at present (Section 2.2.2). Note that 
nano-goethite and nano-magnetite were identified in the COx formation from magnetic measure-
ments (Kars et al. 2015). 
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5.4 Processes controlling sulphate 

5.4.1 Introductory remarks 
Processes controlling sulphate in the porewaters have been controversially discussed in the past 
(Pearson et al. 2003, 2011, Wersin et al. 2016, Waber & Rufer 2017). In principle, two hypotheses 
have been formulated: 

• sulphate occurs in the porewater only, its concentrations being controlled by exchange with 
the bounding aquifers 

• sulphate control by celestite equilibrium 

The former hypothesis was based on the constant SO4/Cl ratios observed in the early aqueous 
extracts of core samples at Mont Terri (but not at Benken or Schlattingen-1). The latter was based 
on measured concentrations of SO4 and Sr in seepage and squeezed waters which are close to 
equilibrium with regard to celestite. It is worth noting that sulphate concentrations derived from 
aqueous extracts yield much higher concentrations than corresponding borehole and squeezed 
waters (Wersin et al. 2013, Wersin et al. 2017). In the following, the issue of sulphate in Opalinus 
Clay porewater is discussed in the light of different porewater and microscopic data, also con-
sidering findings from a recent study (Debure & Gailhanou 2019, Aschwanden & Wersin 2020) 
summarised in Section 4.2.7. 

5.4.2 The role of celestite and diffusive exchange 
As detailed in Section 4.2, a number of borehole waters from well designed packed-off intervals 
at the Mont Terri Rock Laboratory are deemed to yield reliable porewater compositions which 
are only slightly affected by disturbances (Tournassat et al. 2015). Here we select data from 
experiments which span across the formation and for which no obvious disturbances could be 
inferred. In addition, squeezing and leaching data from the BDB-1 borehole, for which a system-
atic set of core samples was analysed, are selected. A further dataset is selected from drillcores 
from the Schlattingen-1 borehole, including data from squeezing, advective displacement and 
leaching. 

The saturation index (SI) of celestite of selected borehole waters is shown in Fig. 5-3. The SI 
values are close to zero, thus indicating that these waters are in equilibrium with celestite. The 
same trend is displayed by porewaters obtained from squeezing tests at lower pressures5, such as 
those on BDB-1 drillcores from Mont Terri or on drillcores from the Schlattingen-1 borehole 
(Fig. 5-3). The scatter however is larger, presumably due to experimental disturbances during the 
tests. There is a tendency of slight undersaturation in most of the samples. 

Celestite containing variable amounts of Ba has been observed as (late) diagenetic mineral in 
Opalinus Clay at Mont Terri, Schlattingen-1 and Benken (Lerouge et al. 2015, Pekala et al. 2019, 
Lerouge et al. 2014; see Section 2.3). Celestite may occur as large elongated irregularly-shaped 
grains (Wersin et al. 2013) of several hundreds of µm but also as smaller-sized grains in the range 
of 10 – 20 µm and even in the sub-µm range (Jenni et al. 2019, Section 2.3.1). 

 

  

 
5  This statement only holds for tests where pyrite oxidation by air ingress was minimised. 
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Fig. 5-3: Celestite saturation indices (SI) for selected waters from Mont Terri (left) and 
Schlattingen-1 borehole (right) 
Temperature of 13 and 25 °C assumed for speciation calculations for Mont Terri and 
Schlattingen-1, respectively. Borehole waters at Mont Terri include BWSA-1, BWS-A3, 
BPC-C1, BHT-1, BBN-1, BCI-4 and BDR-1/II. Vertical lines: Boundaries of Opalinus Clay. 

In conclusion, mineralogical and chemical data strongly suggest that porewater compositions are 
constrained by celestite or possibly Sr-Ba sulphate solid solution equilibrium. The possible con-
trol by Sr-Ba sulphate solid solution is discussed in Section 6.2.3. 

The SO4/Cl molar ratios in borehole waters and squeezed waters from the BDB-1 cores at Mont 
Terri are consistent (Fig. 5-4 left). There is a tendency of increasing ratios towards the top of the 
Opalinus Clay. On the other hand, the SO4/Cl ratios in the aqueous extracts from the BDB-1 
borehole are much higher (by a factor of 3 – 5) and exhibit large variations. Since care was taken 
to minimise O2 ingress during sampling and the extraction procedure, the reason for the much 
higher SO4/Cl in the extracts cannot be attributed to pyrite oxidation (Waber & Rufer 2017). 
When back-calculating sulphate concentrations in the leachates to in situ conditions, very high 
sulphate concentrations result. Accepting the Sr concentrations in the borehole waters as proxy 
for in situ porewaters, then sulphate concentrations back-calculated from the leachates would 
result in strong supersaturation with respect to celestite. This suggests that sulphate concentrations 
obtained from leachates do not reflect the true sulphate concentrations in the porewaters. An 
analogous picture is seen from the Schlattingen-1 data. The waters obtained from squeezing and 
advective displacement of Opalinus Clay drillcores exhibit approximately constant SO4/Cl ratios 
in the Opalinus Clay formation and a slightly decreasing and increasing trend, respectively, in the 
confining units (Fig. 5-4 right). On the other hand, the SO4/Cl ratios obtained from the leachates 
are much higher (up to a factor of 10) and display considerable variations. Also, for these leachate 
samples, the impact of pyrite oxidation during core sampling and the experimental leaching proce-
dure is probably not important (Wersin et al. 2013), although the measures to prevent O2 ingress 
were less rigorous. 
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Fig. 5-4: Profiles of porewater SO4/Cl molar ratios for Mont Terri (left) and Schlattingen-1 
(right) 
Borehole waters at Mont Terri include BWSA-1, BWS-A3, BPC-C1, BHT-1, BBN-1, BCI-4 
and BDR-1/II. Vertical lines: Boundaries of Opalinus Clay. 

The spatial profiles for sulphate in borehole waters, and squeezed waters of Opalinus Clay, 
together with seepages/tunnel outflows of the bounding formations at Mont Terri exhibit a con-
sistent trend (Fig. 5-5 left), similar to that observed for the Cl with its asymmetric bell-shaped 
curve (Fig. 4-2). The Cl profile is explained by diffusive exchange with the adjacent aquifers 
(Mazurek et al. 2009). The sulphate data also hints at a diffusion profile although the scatter is 
somewhat larger compared to the chloride data. The back-calculated leachate SO4 data broadly 
displays a similar trend but much higher concentrations than the corresponding borehole and 
squeezed waters (Fig. 5-5 right). Note that for Cl leachate data are consistent with the other data. 

Fig. 5-5: Sulphate profiles at Mont Terri without leachates (left) and with leachates (right) 
Borehole waters at Mont Terri include BWSA-1, BWS-A3, BPC-C1, BHT-1, BBN-1, BCI-4 
and BDR-1/II. Seepage data of bounding formations from Pearson et al. (2003). Vertical 
lines: Boundaries of Opalinus Clay. 

The data from the Schlattingen-1 borehole reveals an analoguous picture. Thus, SO4 data from 
squeezed and advectively displaced waters show a consistent trend (Fig. 5-6 left) and suggest a 
diffusion profile. In fact, using a multicomponent diffusion model, Wersin et al. (2018) could 
adequately simulate chloride, sulphate and other major components by diffusive exchange with 
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the bounding aquifers during the last 0.5 – 1 Ma (Wersin et al. 2018). The model included celestite 
equilibrium, which was necessary to correctly model the SO4 profile. The sulphate profile shown 
in Fig. 5-6 (right) underlines the high sulphate levels in the back-calculated leachates, which are 
also way above those of the groundwaters in the bounding aquifers.  

In summary, sulphate data across the Opalinus Clay obtained from borehole, squeezed and advec-
tively displaced waters are in line with a diffusion profile, whereas this is not the case if back-
calculated leachate data are used. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 5-6:  Sulphate profiles at Schlattingen-1 without leachates (left) and with leachates (right) 
Groundwater data from Benken borehole. Vertical lines: Boundaries of Opalinus Clay. 

 

5.4.3 A closer look at leachates 
A large dataset on aqueous extraction (leaching) of Opalinus Clay and confining units has been 
generated, both at Mont Terri and the Schlattingen-1 borehole. The early tests at Mont Terri were 
partly affected by pyrite oxidation (as discussed in Pearson et al. 2003), but in later tests at Mont 
Terri and Schlattingen-1 this artefact could be minimised by conducting the tests in the glovebox 
(Wersin et al. 2013, Waber & Rufer 2017).  

In general, SO4 data from leachates exhibit a similar behaviour as Cl. Thus, a (quasi) linear 
increase of concentrations with S/L ratios from 0.1 to 1.0 is noted. In the case of Cl, the back-
calculated leachate concentrations (accounting for anion-accessible porosity) match those 
obtained from squeezing and/or seepage waters (Wersin et al. 2013, Waber & Rufer 2017). In the 
case of SO4, however, there is a large mismatch with the back-calculated leachate concentrations 
being much higher than the corresponding ones in squeezed and seepage waters. This is illustrated 
in the depth profile for SO4 in the Schlattingen-1 borehole, in which concentrations are normalised 
per mass of rock (Fig. 5-7). The leachate data for Cl and SO4 exhibit approximately constant 
concentrations over the range of measured S/L ratios (Wersin et al. 2016). The corresponding 
back-calculated chloride concentrations of the squeezed waters are in the same range (Fig. 5-7 
left) whereas those for SO4 (Fig. 5-7 right) are shifted to lower values (by about 3 – 4 meq/kg). It 
is worth noting that data from advective displacement and also from a groundwater sample are 
consistent with squeezing data (Wersin et al. 2013). 

The same behaviour is revealed by Mont Terri data. This is for example illustrated by recent 
leachate data of Aschwanden & Wersin (2020; summarised in Section 4.2.7) and corresponding 
borehole water data (BCI-4 borehole, Mäder 2018b; see also Fig. 5-8).  



 117 NAGRA NTB 18-01  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5-7: Chloride (left) and sulphate (right) concentrations shown as meq/kgrock vs. solid/ 
liquid ratio (S/L) for two aqueous extraction samples from the Schlattingen-1 bore-
hole 
Squeezing data (lines) from drillcores at similar depths also shown (data from Wersin et al. 
2013). Squeezing data back-calculated from water content and anion porosity fraction of 
0.52. Dashed lines: Uncertainty range of squeezed waters. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5-8: Chloride (left) and sulphate (right) shown as meq/kgrock vs. solid/liquid ratio for two 
aqueous extraction samples from Mont Terri 
Diffusive equilibrated borehole water from BCI-4 borehole (data from Mäder 2018b) also 
shown. Borehole water concentrations back-calculated assuming grain density of 2.7 g/cm3, 
porosity of 0.17 and anion porosity fraction of 0.55. Dashed lines: Uncertainty range of bore-
hole water. Data from Aschwanden & Wersin (2020). 

 
 
The difference between leachate and squeezing and/or borehole water data has been termed 
"excess sulphate" (Wersin et al. 2013, 2016). This reflects an additional sulphur source releasing 
sulphate to the leachates during extraction. Potential sources are pyrite, sulphur bound in organic 
matter, sulphate minerals (celestite, gypsum/anhydrite) and sulphate bound in carbonate minerals 
(Wersin et al. 2013, 2016, Jenni et al. 2019). The calculated "excess sulphate" amounts to 2 – 
6 meq/kg rock in the Schlattingen-1 samples, and thus to a low proportion of total sulphur in the 
rock (< 2%).  
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As explained in Wersin et al. (2013, 2016) pyrite oxidation cannot explain all of the SO4 released 
to leachates in the Schlattingen-1 borehole, although some oxidation during sample preparation 
cannot be completely ruled out. In the case of the BDB-1 borehole at Mont Terri, where similar 
amounts of "excess sulphate" were observed, even greater care was taken to avoid pyrite oxidation 
during preparation (Waber & Rufer 2017). Organic carbon is considered to be an unlikely relevant 
source of sulphate because this would require a high amount of sulphur (10 – 20%). Moreover, 
all this organic sulphur would need to have been oxidised during the experimental procedure of 
the aqueous extraction tests (Wersin et al. 2013).  

Dissolution of sulphate minerals is a viable possibility to explain "excess sulphate" in aqueous 
leachates. Celestite formed during diagenesis was observed in the carbonate-rich silty layers in 
Opalinus Clay and confining units (Wersin et al. 2013, Lerouge et al. 2014, Pekala et al. 2019). 
Using high-resolution SEM and microprobe analysis, small grains of celestite could also be identi-
fied in the clay-rich matrix (Jenni et al. 2019, summarised in Section 2.3.2). Authigenic gypsum, 
another potential sulphate mineral, has been reported at rare instances usually in association with 
pyrite (Bläsi et al. 1990). It is considered to be a less likely candidate for explaining "excess 
sulphate" because of (i) its rare occurrence and (ii) the fact that porewaters, as sampled in bore-
holes and squeezed cores, indicate significant undersaturation with regard to this mineral. Accor-
ding to Wersin et al. (2013, 2016), dissolution of celestite was deemed to be the most likely 
process for explaining "excess sulphate". The same explanation was given by Gaucher et al. 
(2009) for the observed sulphate levels in leachates of COx samples. In that case, a 1:1 correlation 
between leached SO4 and exchanged Sr was found. The main further arguments put forward were 
(i) the frequent presence of this mineral and (ii) porewater obtained from boreholes (seepage water 
diffusively equilibrated waters) and squeezing are in close equilibrium with regard to celestite. 
Note, however, that for Opalinus Clay such a 1:1 correlation between leached SO4 and exchanged 
Sr was not found (see discussion below). 

Dissolution of celestite during leaching has been invoked as viable hypothesis to explain "excess 
sulphate" (Wersin et al. 2013). There is an issue, however, regarding the amount of Sr, which 
would be released in equivalent amounts as sulphate. This Sr does not only occur in dissolved 
form but also "sorbed" on the exchanger. Mass balance estimates with these fractions points to a 
lower Sr inventory than that of sulphate in the leachates. Wersin et al. (2013) estimated that the 
Sr inventory in Schlattingen-1 samples are in the range of 0.6 – 1.2 meq/kg, lower than the "excess 
sulphate" inventory (2 – 6 meq/kg). Similar differences between leached SO4 and Sr were noted 
for Mont Terri samples in a recent BRGM/Uni Bern study (Debure & Gailhanou 2019, 
Aschwanden & Wersin 2020; see Section 4.2.7). The reason for this mismatch is at present not 
clear. It might be related to the release of sulphate from incongruent dissolution of the sulphate-
bearing carbonate fraction during leaching. This hypothesis is currently being tested in the ongo-
ing studies. 

5.4.4 Summary 
Sulphate concentrations in porewaters are close to equilibrium with regard to celestite as shown 
by numerous samples from borehole waters, squeezed waters and waters extracted by advective 
displacement. It thus appears reasonable to assume equilibrium control with celestite or by a 
Sr-Ba-SO4 solid solution. The latter is, however, deemed to be less likely as discussed in 
Section 6.2.3. The sulphate concentrations in porewaters across the Opalinus Clay formation 
suggest a diffusion profile. This is supported in the case of Schlattingen-1 by a reactive transport 
modelling study (Wersin et al. 2018) where the sulphate profiles could be adequately described 
by diffusive exchange with bounding aquifers and celestite equilibrium control. 
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The (back-calculated) sulphate levels in the leachates yield sulphate concentrations that are higher 
than those of the in situ porewaters. This is explained by an additional pool ("excess sulphate") 
which dissolves during leaching. A likely candidate is celestite, but data suggest an additional – 
so far unknown – sulphate source contributing to sulphate in aqueous leachates.  

5.5 Control of pH/pCO2 and role of Al-silicates  
Direct measurements of pH in porewater are not straightforward and prone to perturbations (see 
previous section). This variable is generally estimated from equilibrium modelling and various 
ways have been proposed to constrain pH (Pearson et al. 2003, 2011; further discussion in 
Chapter 6). It is linked to the partial pressure of CO2 (pCO2) via the equilibrium with dissolved 
and solid carbonate: 

CO2(g) + H2O ↔ H+ + HCO3
- 

CaCO3(s) + 2H+ ↔ Ca2+ + CO2(g) + H2O 

In the "classical" model, cation exchange and calcite (and sometimes dolomite) equilibria are 
considered. In this type of model, the carbonate system is underconstrained according to the Gibbs 
phase rule and pCO2 needs to be fixed (see also Section 6.2.1). This parameter generally relies on 
expert judgement but may also be estimated from pCO2 measurements. The latter, however, are 
inflicted with some uncertainty (but see discussion in Section 7.4.3). An alternative model con-
siders selected phyllosilicate equilibria in addition to carbonate minerals and cation exchange. In 
this way, the system is entirely constrained, i.e., pCO2 is not an input parameter. Thus, through 
the equilibrium with a clay mineral, the pH (and thus also pCO2 via the carbonate equilibrium) is 
fixed. In addition, it requires equilibrium with a further clay mineral to fix Al activity. For 
example, Gaucher et al. (2009) fixed the pH of COx porewater by assuming equilibrium with 
illite and chlorite of specific compositions according to the reaction: 

illite + 0.25quartz + 5.875Fe2+ +8.9H2O ↔ 1.175chlorite + 0.85K+ + 0.5Mg2++ 10.4H+ 

yielding: 

4.10
log125.0log175.1log)log(25.0)log(875.5)log(85.0 22

quartzchloriteillite KKKMgFeK
pH

−+−+−
=

+++

 

where the considered compositions of illite and chlorite are K0.85Mg0.25Al2.35Si3.4O10(OH)2 and 
Fe5Al(AlSi3)(OH)8, respectively, which are considered representative of the COx formation and 
presumably also of the Opalinus Clay (Pearson et al. 2011). Alternatively, pH can be fixed by the 
Al-silicate assemblage including kaolinite, which is a common mineral in Opalinus Clay (but not 
in COx). For example, assuming equilibrium with illite and kaolinite (Al2Si2O5(OH)4): 

illite + 1.35H+ + 2.775H2O ↔ 1.175kaolinite + 1.05quartz + 0.85K+ + 0.25Mg2+ 

Thus, the pH can be expressed as: 

35.1
log05.1log175.1log)log(25.0)log(85.0 2

quartzkaoliniteillite KKKMgK
pH

−−+−−
=
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It is worth noting that this approach is similarly disputable as the one where pCO2 is fixed 
according to expert judgement because of the uncertainties related to the composition and thermo-
dynamics of clay minerals. However, as pointed out in Gaucher et al. (2009) and Pearson et al. 
(2011), the pH values are relatively insensitive to the solubility constants of silicates proposed by 
these authors. 

In the context of equilibrium control by clay minerals, kinetic constraints are important. Reaction 
kinetics of these phases are slow and not well known for natural conditions. In fact, dissolution 
rates are usually determined in idealised laboratory systems, far from equilibrium. Extrapolation 
of weathering at the field conditions is challenging (White & Brantley 2003) and reliable data are 
missing. This is even more the case for the reverse reaction – precipitation, where both lack of 
experimental data and of process understanding (Lippmann 1982) add to further uncertainty. The 
role of reaction kinetics of clays is further explored in Chapters 6 and 7.  

5.6 Control of redox conditions 
Opalinus Clay has a large reducing capacity owing to its ferrous- and sulphide-bearing minerals 
such as pyrite and siderite. Therefore, porewaters are reducing which is also evident from Eh 
measurements of seepage waters. Which redox equilibria control the Eh, however, is still unclear. 
Pearson et al. (2003) proposed to use the SO4/pyrite redox couple for constraining Eh. It was 
argued that, given the long-time residence times of the porewater solutes, the assumption 
sulphide/sulphate redox equilibrium was reasonable in spite of the absence of microbial activity. 
Control by Fe(III)/Fe(II) species was considered to be less likely due to the lack of observation 
of Fe(III) oxides. It should be noted that nano-goethite and nano-magnetite were identified in the 
COx formation based on magnetic measurements (Kars et al. 2015). Redox control by Fe(III)/ 
Fe(II) species, such as for example goethite/siderite or magnetite/siderite must at present be con-
sidered as a viable possibility in Opalinus Clay in spite of lack of evidence so far. The impact of 
assuming different Fe and S species for constraining Eh is discussed in Chapter 6. 

5.7 Dissolved organic matter 
Opalinus Clay contains about 1% of organic C most of which is insoluble and consists of 
refractory kerogen (Chapter 2). Analyses from samples of the shaly facies indicate that only a 
small amount (∼ 0.15%) of the total organic C is extractable by solvents and considered to be 
humic material. The water-soluble organic carbon constitutes a few mg C/L as indicated from 
seepage waters (Section 4.2.1). The concentrations tend to rise in aqueous extracts, squeezed 
waters and advectively displaced waters to variable degrees suggesting the release of bound small 
organic molecules during the experimental procedure. 

According to the study of Courdouan Merz (2008) and Courdouan et al. (2007), about one third 
of the dissolved organic matter (DOM) in Opalinus Clay consists of low molecular weight organic 
acids (acetate, lactate, formate, proprionate) and one third of other unidentified hydrophyllic 
compounds below a mass of 500 Daltons6. The remainder consists of hydrophobic (predominantly 
aliphatic) compounds. In general, the study revealed only small amounts of humic substances as 
also indicated from the study of Glaus et al. (2005). The DOM extracted with artificial anoxic 
porewater at high S/L ratio displayed similar characteristics as that of the porewater (i.e. seepage 
waters at Mont Terri). 

 
6  1 Dalton is defined precisely as ¹⁄₁₂ of the mass of an unbound neutral atom of carbon-12 in its nuclear and electronic 

ground state and at rest. 
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From acid-base titrations it could be shown (Courdouan Merz 2008, Courdouan et al. 2008) that 
the DOM contributes only to a minor extent to the porewater proton buffering capacity which is 
dominated by dissolved carbonate. On the other hand, the study showed that (unidentified) organ-
ic ligands in the DOM have a significant complexing power towards trivalent metal cations and 
thus increase the solubility of Eu in the Opalinus Clay porewater. In contrast, Glaus et al. (2005) 
found only a small effect of water-extractable OM on the complexation of Eu(III), Ni(II) and 
U(IV). They concluded that DOM does not have a relevant impact on the mobility of these ele-
ments. It is worth noting, however, that those experiments were not carried out under anoxic 
conditions. In fact, aqueous extraction under oxidising conditions induces an increase in DOC 
and a shift in composition to higher molecular weight compounds (Glaus et al. 2005, Courdouan 
Merz 2008). 

Overall, although the DOM in Opalinus Clay has been characterised to some extent, uncertainties 
remain. In particular, the precise speciation and the relationship between dissolved and solid OM 
– i.e. solubility and sorption processes, are not known. This deficiency has so far, impeded the
inclusion of OM in porewater chemistry models (Wersin et al. 2015). Since a significant part of
the DOM contains anionic functional groups (Huclier-Markai et al. 2010, 2018), it seems
reasonable to assume that a large part of DOM behaves similar as inorganic anionic compounds,
thus is affected by anion exclusion and no or only weak sorption (Charlet et al. 2017, Chen et al.
2018).





6 Modelling porewater chemistry 

6.1 Introduction 
Geochemical modelling has been an important component in the study of porewater chemistry 
ever since the Opalinus Clay and other clayrocks have been considered as host rocks for radio-
active waste disposal. One objective is the prediction of the porewater compositions in view of 
the technical difficulty of extracting and analysing porewaters, especially during the initiation of 
the investigation programmes at Mont Terri and other URLs (Chapter 3). Other objectives are 
(i) to screen the solubility controls which are likely controlling the solute concentrations, (iii) to
extrapolate information from a well characterised site (e.g. Mont Terri) to a less characterised one
(e.g. Benken) and (iii) to predict the impact of perturbations on porewater chemistry (Tournassat
et al. 2015).

The development of porewater modelling has evolved iteratively together with the experimental 
data from URLs and the laboratory. In particular, the analysis of seepage waters from packed-off 
boreholes (although not free of artefacts) has helped to validate assumptions and to improve 
model concepts. A pioneering work in this regard was the geochemical synthesis of Pearson et al. 
(2003) where equilibrium modelling approaches based on the concept of anion exclusion were 
discussed. On the basis of that work equilibrium modelling was improved for COx (Gaucher et al. 
2009) and Opalinus Clay (Mäder 2009, Pearson et al. 2011). The same type of equilibrium model-
ling has been applied to porewaters obtained from high-pressure squeezing (Fernández et al. 2014, 
Wersin et al. 2016). A further application has been the simulation of hydrothermal experiments 
with COx samples (Beaucaire et al. 2012, Gailhanou et al. 2017). All this has helped to increase 
the overall confidence in the modelling approach, but also to highlight pertinent uncertainties. 

6.2 Equilibrium modelling 

6.2.1 Phase rule considerations 
The Gibbs phase rule defines the number of independent pieces of information (constraints) 
required to determine the state (an intensive variable), but not the extent, of a chemical system at 
equilibrium. For a chemical system, the number of degrees of freedom (NF – also known as vari-
ance) is related to the number of components (NC) and the number of phases (Nφ) according to: 

NF = NC – Nφ + 2 

The number of degrees of freedom possessed by a system is the number of unknown properties 
of the system, which must be specified to fix completely the equilibrium state of the system. The 
state of equilibrium for the system can be uniquely determined when the system possesses zero 
degrees of freedom. Note that the number 2 in the above equation represents two additional 
degrees of freedom due to temperature and pressure. 

If temperature and pressure are assumed constant (which is a reasonable simplification for many 
near-surface systems), then: 

NF = NC – Nφ 

With the above in mind, let us consider the intensive equilibrium state of an aqueous solution 
remaining in equilibrium with an assemblage of minerals (m) and gases (g) of known fugacity. In 
this consideration, we are only concerned with the amounts of the aqueous components (also 
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known as master/basis species – i, which define the chemical composition of the aqueous solution) 
– minerals and gases are only of interest insofar they are present or not, but their specific amounts 
are not of direct interest. Note, for example, that the concentration of Na+ and Cl- in a solution at 
equilibrium with halite is independent of the amount of halite present. 

In such a case: 

NC = Ni + 1 

Nφ = Nm + Ng + 1 

Where Ni, Nm and Ng are the numbers of aqueous, mineral and gas components, respectively, and 
the number 1 represents water. The individual minerals and gases are not considered as compo-
nents here because we seek to define the intensive equilibrium state of the aqueous solution, where 
the amounts of minerals and gases are irrelevant. 

In this situation, the number of degrees of freedom is defined as: 

NF = Ni – Nm – Ng 

In other words, the system is in equilibrium (invariant with zero degrees of freedom) when the 
number of aqueous components equals the sum of minerals and gases of known fugacity: 

Ni = Nm – Ng 

The intensive state of equilibrium for the system can be uniquely defined when the number of 
independent pieces of information (e.g. presence of equilibrium with the individual minerals and 
gases) matches the number of aqueous components. When NC > Nφ, the system is said to be under-
constrained. In this case, the missing information must be supplied externally (e.g. in the form of 
measured or otherwise known/assumed concentrations) for the equilibrium state to be uniquely 
determined. When NC < Nφ, the system is over-constrained and some of the superfluous con-
straints must be dropped for a unique solution to be obtained. 

It should be further noted that every aqueous solution must be electrically charge-balanced. This 
means that the basis species are not completely independent of one another. This is sometimes 
used as an additional constraint on a selected basis species (e.g. on H+ to define the pH). Alterna-
tively, the constraint is imposed on a (typically unconstrained) component a posteriori, once the 
equilibrium state is calculated. 

In geochemical practice, the amounts of minerals and gases that are considered in equilibrium 
with an aqueous solution are, however, often of interest. This is, for example, the case in reaction 
path modelling. In such a situation, the unknown amounts of minerals and gases increase the 
overall number of degrees of freedom of the system. According to the extensive Gibbs phase rule 
for the system under consideration: 

NC = Ni + Nm + Ng + 1 

Nφ = Nm + Ng + 1 

Therefore: 

NF = Ni 
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These additional degrees of freedom (numerically equal to the number of aqueous components) 
arise from the fact that the amounts of the equilibrium phases must also be specified for the 
system's equilibrium state and extent to be defined. In reaction path modelling these quantities 
are specified at the start of the reaction (initial condition) and are followed as the reactions pro-
gress. This can be done either by directly implementing conservation equations for each mineral 
or gas, or implicitly by updating the quantities along the reaction path. Worth noting is that in a 
reaction path model, reaction stoichiometry provides additional independent constraints. 

6.2.2 Model developments 
In the synthesis of Pearson et al. (2003), equilibrium modelling of Opalinus Clay porewater was 
presented. To some extent, the modelling was based on earlier work of Hutcheon & Abercrombie 
(1990) and Coudrain-Ribstein & Gouze (1993) who modelled groundwaters in sedimentary 
basins. Those authors considered a number of mineral equilibria including also feldspars (K-feld-
spar, albite) and clay minerals (Mg-chlorite, kaolinite). The same type of approach was used for 
the Boom Clay by Beaucaire et al. (2000). Bradbury & Baeyens (1998) applied a similar approach 
for modelling Opalinus Clay porewaters at Mont Terri but considered cation exchange reactions 
rather than equilibrium with feldspar minerals. 

These early modelling approaches were discussed by Pearson et al. (2003) who carried out a 
sensitivity study with different model variants to simulate seepage waters from the BWS-A1 and 
BWS-A3 boreholes. All of these were based on a combination of mineral equilibria and cation 
exchange reactions. The conditions and constraints applied for the favoured model variant and 
also used for defining the "reference" porewater for the Benken site (Pearson 2002) are illustrated 
in Tab. 6-1. In this model, pCO2 was fixed, and was derived from pH and alkalinity measurements 
of the seepage waters at Mont Terri. A further model feature was the assumption that the sulphate 
concentration was constrained by a constant SO4/Cl ratio corresponding to that of seawater, 
although the possibility of celestite equilibrium was also discussed. Mg was assumed to be con-
strained either by dolomite or by Na-Mg exchange (Tab. 6-1). The redox potential Eh was 
assumed to be controlled by the SO4

2-/S2- redox potential with either pyrite/siderite or pyrite/ 
Fe(III) oxide as regulating mineral phases. In general, a reasonably good match between modelled 
data and measurements for the two seepage waters could be obtained for a number of model 
variants as illustrated in Fig. 6-1. Some differences with regard to Mg were evident when 
assuming dolomite equilibrium (see discussion in Section 5.3). A further difference was the dis-
crepancy between the measured Sr2+ and K+ contents on the exchanger and predicted ones based 
on the borehole water concentrations. This was attributed mainly to experimental issues (see also 
Section 5.3). A more general uncertainty regarded the pH/pCO2 conditions, in particular in the 
WSA-1 experiment where measured data suggested low pCO2 values. 

On the basis of the model of Pearson et al. (2003), Mäder (2009) derived reference porewaters 
for Opalinus Clay and 'Brown Dogger'. The model applied was similar as that of Pearson et al. 
(2003). Celestite was considered as solubility controlling phase. Because this phase likely dis-
solves during cation exchange experiments, the measured exchangeable Sr content was not con-
sidered to be reliable, leaving the Sr – SO4 system underconstrained (see also discussion in 
Gaucher et al. 2009). Therefore, Mäder (2009) added a pre-equilibration step of the exchanger 
with the solution assuming a fixed SO4/Cl ratio (Tab. 6-1) to obtain a reasonable exchanger com-
position before applying mineral saturation reactions with associated small mass transfers. 
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Tab. 6-1: Correspondence between solution composition variables and constraints on their 
concentrations in various porewater equilibrium models 

 

Component Constraint on component concentration 

Pearson (2002) Mäder (2009) Pearson et al. (2011) 

Database Nagra/PSI Nagra/PSI THERMODDEM 

Cl Fixed Fixed Fixed 

SO4 Fixed SO4/Cl Celestite Celestite OR 
fixed SO4/Cl 

CO3,t pCO2 fixed pCO2 fixed Calcite 

pH Electroneutrality Electroneutrality Illite OR chlorite 

Pe S(VI)/S(-II) 
(pyrite/siderite) OR 
(pyrite/feooh) 

S(VI)/S(-II) 
(pyrite/siderite) 

S(VI)/S(-II) 
(pyrite/siderite) 

Na Na-Ca exchange Na-Ca exchange Electroneutrality 

K Na-K exchange Na-K exchange Na-K exchange 

Ca Calcite Calcite Na-Ca exchange 

Mg Dolomite OR 
Na-Mg exchange 

Dolomite Dolomite 

Sr Na-Sr exchange Na-Sr exchange Na-Sr exchange 

Si Quartz Quartz Quartz 

Al Kaolinite 
 

Kaolinite OR 
chlorite 

Fe Siderite Siderite Siderite 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6-1: Schoeller diagram for average of BWSA-3 data (Mont Terri) and various model 
assumptions 
From Pearson et al. (2011). 
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The modelling approach of porewaters was updated and thoroughly discussed by Pearson et al. 
(2011) by simulating seepage waters of the BPC-C1 borehole. The model considered the develop-
ments of modelling of COx porewaters by BRGM (THERMOAR project, Gaucher et al. 2006, 
2009). A main feature of that model was the inclusion of a selected set of clay minerals thought 
to be representative of the COx formation. The thermodynamic data thereof was, to a large extent, 
obtained from calorimetric measurements. With the inclusion of selected pairs of clay mineral 
equilibria the pCO2 is constrained and thus there is no need to assume this variable to be fixed 
externally (see discussion in Section 5.5). A sensitivity analysis was conducted including various 
combinations of clay mineral pairs as well as the inclusion or not of dolomite and celestite equi-
librium. The overall finding was that the different model variants all matched the major elements 
fairly well, thus displaying only minor differences in major cations and anions. These were also 
in good agreement with measured data of BPC-C1 seepage waters (Tab. 4-1). The differences in 
pH, pCO2 and alkalinity were somewhat larger. Thus, pCO2 values exhibited variations of 10-2.7 
to 10-3.6 bar and corresponding pH values of 7.3 – 7.8 (Tab. 6-2). The lowest pCO2 and highest 
pH values were calculated assuming kaolinite as equilibrium phase. 

Tab. 6-2: Calculated pH, total carbonate and pCO2 with porewater modelling assuming dif-
ferent silicate equilibrium pairs 

  
 Kaolinite 

Illite 
Kaolinite 
Montm. 

Kaolinite 
Daphnite 

Illite 
Daphnite 

Montm. 
Daphnite 

Illite_imt2 
Chlorite_cca 

CO3,tot [mM] 0.51 0.62 1.42 1.61 1.59 1.50 

pH  7.83 7.74 7.39 7.34 7.34 7.36 

log pCO2* [bar] -3.64 -3.47 -2.76 -2.66 -2.66 -2.71 

* Calculated from data given in Pearson et al. (2011). 

 
 
More recently, selected porewaters of the Schlattingen-1 borehole from the Opalinus Clay and 
confining units were modelled by Wersin et al. (2016) using a similar approach as Pearson et al. 
(2003) and Mäder (2009) with a fixed pCO2 of 10-2.2 bar. The latter value was based on pCO2 
measurements on core samples. A number of model variants was tested (details thereof can be 
found in Wersin et al. 2016). The objective was (i) to evaluate the sensitivity of different model 
assumptions and (ii) to compare the model simulations with measured data from squeezing tests. 
All cases assumed celestite equilibrium, except for one in which gypsum equilibrium was 
assumed instead. The results of the modelling are illustrated in Schoeller diagrams (Fig. 6-2). The 
general outcome of this modelling exercise was that a good to fair match of the measured data 
could be obtained for the different model variants, except for the case where gypsum equilibrium 
was assumed. A general uncertainty was found to be the Sr – SO4 system which was undercon-
strained because of the uncertainty related to the Sr occupancy on the exchanger. This was 
addressed by considering different assumptions in the initial conditions, such as the SO4/Cl ratios.  
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Fig. 6-2: Schoeller diagrams comparing squeezing (circles) with modelled data (lines) for 
selected samples of the Schlattingen-1 borehole 
Red solid line: Case A (base case). Green dashed line: Case B (constant initial SO4/Cl molar 
ratio = 0.15). Blue dashed line: Case C (corrected cation exchange composition). Orange 
dashed line: Case D (low pCO2). Red dashed line: Case E (gypsum equilibrium). See Wersin 
et al. (2016) for details. 
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6.2.3 Solid solution modelling of celestite-barite 
Pekala et al. (2019) analysed the mineralogy of carbonate and sulphate minerals in the Opalinus 
Clay and adjacent formations by means of optical microscopy, scanning electron microscopy with 
energy dispersion system (SEM-EDS) and by electron microprobe (EPMA). A sulphate mineral 
containing dominant Sr and a varying amount of minor Ba was identified in a single sample of 
the Opalinus Clay from the BDB-1 borehole. The mineral displayed textural patterns with gradual 
transition between darker, Sr-rich and lighter, Ba-rich zones in the mineral as shown in Fig. 2-3. 
This could be interpreted as existence of a solid solution or a mixture of small intergrowing 
crystals of pure celestite and barite. EPMA spot chemical analyses of the mineral showed signi-
ficant variations in the Ba to Sr ratio from near pure stoichiometric celestite up to a maximum Ba 
fraction (Ba/(Ba+Sr)) of about 17 atom-%. SEM-EDS analysis data indicated a somewhat higher 
maximum Ba fraction of about 27 atom-%. 

Pekala et al. (2019) discussed the nature of the Ba-Sr-SO4 phase in light of available information 
on (Ba,Sr)SO4 solid solutions. Equilibrium geochemical calculations were carried out to test the 
potential effect of presence of a (Ba,Sr)SO4 solid solution or a mixture of pure barite/celestite on 
the composition of the Opalinus Clay porewater. The modelling results were compared to mea-
sured compositions of seepage waters (BWS-A1, BWS-A3 and BPC-C1) at Mont Terri. 

The end-members of the (Ba,Sr)SO4 solid solution, barite and celestite, are isostructural and 
crystallise in a barite type crystal structure (Jacobsen et al. 1998). Despite numerous studies, the 
thermodynamic properties of the solid solution remain not firmly established (e.g. Hanor 2000 
and references therein). For data obtained from high-temperature experiments, this is mainly due 
to the uncertainty related to extrapolation to low temperatures, while observations based on low-
temperature natural samples suffer from slow kinetics and compositional zoning in precipitating 
crystals (Monnin & Cividini 2006).  

Becker et al. (2000) concluded from their first principles calculations that the (Ba,Sr)SO4 solid 
solution is not ideal. The simplest model for representing the properties of a non-ideal solid solu-
tion is the regular solution model. Regular solid solutions display a miscibility gap for the dimen-
sionless interaction parameter a0 above 2 (Guggenheim 1967). Based on natural samples, it has 
been suggested that the barite and celestite form a non-ideal regular solid solution with the inter-
action parameter a0 ranging from 1.6 to 2.34 (Glynn 2000, Monnin & Cividini 2006). As dis-
cussed by Monnin & Cividini (2006), the upper limiting value of 2.34 for the a0 interaction 
parameter is probably too high, and the range of 1.6 to 2.0 should be considered as more likely. 
Zhu (2004) obtained a value of 1.53 for a0 from theoretical studies, which is close to the value of 
1.6 estimated by Galinier et al. (1989). These data suggest that the (Ba,Sr)SO4 solid solution is 
regular with complete mixing. Based on the above data, Pekala et al. (2019) proposed to use the 
non-ideal regular model, considering two values for the a0 interaction coefficient: 1.53 (Zhu 2004) 
and 2.00 (Vinograd et al. 2018) in their calculations. 

It should be noted, however, that significant conceptual uncertainties remain, and interaction para-
meters calculated from atomistic simulations suggest a different picture (Becker et al. 2000, Prieto 
et al. 2000). For example, Prieto et al. (2000) calculated the solid-phase activity coefficients at 
25 °C from first principles to show that the (Ba,Sr)SO4 solid solution is non-ideal and non-regular. 
Furthermore, their model predicts a large miscibility gap (from 2.1 to 97.9 mol-% SrSO4). This 
model is not consistent with data derived from natural samples, but Prieto et al. (2000) argue that 
natural mixtures persist as metastable states due to (slow) kinetic effects. Moreover, the crystalli-
sation of metastable compositions under non-equilibrium conditions is invoked as an additional 
possibility. 
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In the modelling, Pekala et al. (2019) considered two bounding values of Ba content in the poten-
tial solid solution: 27 atom-% (based on the maximum value measured) and 0.3 atom-% (an arbi-
trary small content). For the considered bounding Ba content values, they found that the effect 
the (Ba,Sr)SO4 solid solution equilibrium versus an equilibrium with a mixture of pure barite/ 
celestite was small to negligible for the modelled concentration of dissolved sulphate. Similarly 
small sensitivity was predicted with respect to the dissolved concentrations of Sr. 

Equilibrium with a solid solution has the effect to decrease the dissolved concentration of the 
species present in the solid as minor component. The results obtained indicated that assuming 
equilibrium with a (Ba,Sr)SO4 solid solution characterised by a barite mass fraction in the lower 
end of the measured range would yield a dissolved Ba concentration significantly lower than 
measured in the borehole waters (e.g. by a factor of about 100 – 1'000 when a barite mol fraction 
of 0.3% is assumed). Based on a comparison to measured values in the borehole waters, this 
suggests that the porewater is unlikely to be in equilibrium with such a (Ba,Sr)SO4 solid solution. 
On the other hand, modelling results considering equilibrium with separate pure celestite and 
barite phases yield dissolved Ba concentrations in broad agreement with the measured values. 
Furthermore, similar results are obtained for calculations considering equilibrium with a 
(Ba,Sr)SO4 solid solution characterised by a barite mass fraction in the upper range of the 
measured values (e.g. 26.8 mol-%). Based on these results therefore, the porewater could equally 
likely be in equilibrium with pure celestite and barite phases or with a (Ba,Sr)SO4 solid solution 
having a high barite fraction.  

As discussed earlier, controversy regarding the existence of a miscibility gap within the 
(Ba,Sr)SO4 solid solution persists. The calculations by Pekala et al. (2019) considered complete 
mixing between the celestite and barite end-members (i.e. no miscibility gap). This appears to be 
supported by experimental studies and by the analysis of natural samples. In contrast, the model 
proposed by Prieto et al. (2000) implies a large miscibility gap (from 2.1 to 97.9 mol-% SrSO4). 
The apparent disagreement could be explained by the persistence of metastable mineral compo-
sitions. Assuming validity of the Prieto et al. (2000) model, a (Ba,Sr)SO4 solid solution with about 
30 mol-% of Ba should not exist as a thermodynamically stable phase at the conditions con-
sidered. In such a case, the Ba-Sr-SO4 phase should be interpreted in terms of a metastable mineral 
mixture, or in terms of two separate pure phases (celestite and barite) inter-growing at a micro-
metre scale. 

6.2.4 Summary and discussion of previous modellings 
The equilibrium model developed by Pearson et al. (2003) within the Mont Terri Project and 
successively refined with aid of new experimental and modelling findings is a useful and robust 
tool for calculating porewater compositions in the Opalinus Clay and its confining units. The 
model has been shown to be compatible with well-constrained experimental data from boreholes 
at Mont Terri and other locations as well as from squeezing and advective displacement data from 
drillcores. It requires only a limited set of measured input parameters including (i) concentrations 
of free components (e.g. Cl, Br), (ii) the cation exchange population, (iii) the density and porosity 
of the rock and (iv) the anion-accessible porosity fraction. These parameters can generally be 
measured with reasonable confidence with the current analytical methods (Chapter 3). There 
remain, however, a number of uncertainties and issues that merit further discussion which are 
summarised below. 
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Control of sulphate, strontium and barium 
The two different model assumptions (fixed SO4/Cl ratio or celestite equilibrium) imply either 
control by an external source (by diffusive exchange with bounding formations) or internal 
source. Based on our analysis presented in Sections 5.4, control of sulphate by celestite AND 
diffusive exchange with bounding aquifers is indicated. The latter process implies that the SO4/Cl 
ratio in Opalinus Clay porewater depends on the composition of the aquifers and may vary across 
the formation. 

It also appears that modelling of Sr and Ba assuming solubility with pure SrSO4 and BaSO4 
generally yields a good match with the measured porewater data. The assumption of a binary solid 
solution model in general does not lead to a superior match for Sr and SO4, but to an inferior fit 
for Ba. 

Exchanger composition 
The exchanger composition is an important sensitive parameter in the equilibrium model and 
therefore a good characterisation of the cation exchange properties is important. A recent bench-
mark exercise (Section 4.2.8) has generally confirmed the ability of the pertinent analytical proce-
dures to derive reliable CEC and exchangeable cation populations. Uncertainty remains regarding 
the minor cations, such as Sr2+, K+ and Fe2+. In the case of Sr2+, the measurements are likely 
affected by celestite dissolution yielding too high values. 

Control of magnesium and iron 
Considering Mg control by dolomite or by Na-Mg exchange (with no dolomite control) yield 
similar results and fair agreement with seepage water data. However, these data indicate slight 
but systematic disequilibrium with regard to dolomite and this tendency seems to be accentuated 
with increasing ionic strength (Section 5.3). Thus, it is still unclear whether porewaters are in 
equilibrium with (ordered) dolomite (Pearson et al. 2011). 

Siderite is generally assumed to be the solubility-controlling phase for Fe in Opalinus Clay. See-
page waters, however, indicate undersaturation with regard to this mineral. The possibility of 
control of iron by goethite or more soluble iron hydroxide (in combination with fixing the Eh via 
the SO4/pyrite couple) was tested by Pearson et al. (2003), but this was found to be even less 
consistent with the measured Fe concentrations from borehole waters. It is worth noting that in 
general few iron data are available and it is not entirely clear to which extent they may have been 
affected by oxidation during sampling. 

Control of Fe by carbonate solid solutions (e.g. Mg- bearing siderite, ankerite) has been discussed 
for the COx formation (Tournassat et al. 2008) but not investigated systematically. For Opalinus 
Clay, no such study has yet been carried out.  

Equilibrium with aluminosilicates 
In the early modelling of Coudrain-Ribstein & Gouze (1993) and Beaucaire et al. (2000) equilib-
rium with feldspars for Na and K was considered rather than control by cation exchange. As 
discussed in Pearson et al. (2011) and Gaucher et al. (2009) for the Opalinus Clay and COx 
formation, respectively, equilibrium by feldspars is not compatible with K/Na ratios in the cor-
responding porewaters.  
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Equilibrium with clay minerals which constitute the largest mineral fraction in Opalinus Clay has 
been included in earlier modelling of sedimentary systems and also recent modelling of Opalinus 
Clay. This has the advantage that pCO2 can be invariably constrained according to the phase rule. 
The fundamental question whether clay minerals, such as illite and smectite are thermodynamic 
stable assemblages at all (Lippmann 1982, Essene & Peacor 1995) remains. The only clay mineral 
for which reliable solubility data exist is kaolinite (Thoenen et al. 2014). For the other clay mine-
rals used in the modelling (i.e. illite, smectite, chlorite) the logK data mainly relies on recent 
calorimetric data. These minerals are known to have sluggish reaction kinetics, in particular smec-
tite and illite (Marty et al. 2015). Notwithstanding these uncertainties, modelling results including 
clay mineral equilibria appear to be more or less consistent with measured data from seepage 
waters. 

pCO2/pH control 
The uncertainty in pCO2/pH is related to that of clay mineral equilibria. An important question in 
this context is whether these parameters are entirely constrained by the internal mineral 
assemblage and thus more or less independent of external influences, such as diffusive exchange 
with surrounding aquifers. pCO2 measurements on drillcores from Opalinus Clay, COx and other 
clayrocks suggest fairly constant values. Thus, measurements from Mont Terri were in the range 
of -3.07 to -2.12 log(bar) (Lassin et al. 2003) in the same range as obtained by Pearson et al. 
(2011) from modelling with different clay mineral assemblages. The values obtained from drill-
cores of the Schlattingen-1 borehole exhibited a narrower range of -2.5 to -2.0 (Wersin et al. 2013, 
2016). Gaucher et al. (2010) who analysed drillcores from 4 clayrocks (COx, Opalinus Clay, 
Boom Clay, Toarcian) reported a range of -1.9 to -2.5. These broadly consistent values for Opa-
linus Clay and other clayrocks support the hypothesis of CO2 control by the internal mineral 
assemblage. It is worth noting that the Coudrain-Ribstein & Gouze (1993) derived a pCO2 
of  ≈ -2 log(bar) at temperatures of 10 – 30 °C for waters in deep sedimentary basins. 

Redox control 
Commonly, SO4/pyrite equilibrium is assumed to control the redox potential in the equilibrium 
modelling. The same assumption has been made for the modelling of COx (Gaucher et al. 2009) 
and Boom Clay (De Craen et al. 2004). Experimental solute data supporting this assumption are 
scarce and partly due to the difficulty of preventing oxidation during sampling/analysis. Magnetic 
measurements indicate the presence of nano-crystalline goethite and magnetite in COx (Kars et al. 
2015). For Opalinus Clay, such phases might also occur, but evidence thereof is lacking so far. 

Proton exchange reactions 
These reactions are often neglected. Pertinent experimental data for Opalinus Clay (and COx) are 
missing, i.e. these are limited to pure minerals such as illite and smectite. The effect of protons 
exchanging for other cations on interlayer-type sites has been argued to be small at circumneutral 
pH (Wersin et al. 2015) because of the low H+ activity. On the other hand, hydrolysed edge sites 
(hydroxyl groups) constitute an important source or sink for surface protons depending on solu-
tion pH. Thus, they provide an important pH buffer, in particular upon acidification reactions 
(Section 7.4.1). So far, there are no surface titration data available on the purified Opalinus Clay 
fraction. 
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Dissolved organic carbon  
Natural organic matter is generally not included in equilibrium models for clayrocks, mainly 
because of lack of knowledge of this complex material (Wersin et al. 2015). It has been argued 
that the complexing power of DOC which contains mainly acidic compounds (Courdouan et al. 
2007, Courdouan Merz 2008, Huclier-Markai et al. 2010, 2018) with low reactivity toward major 
elements is limited (Tournassat et al. 2015). 

Anion-accessible porosity 
An anion-accessible porosity fraction of ∼ 0.5 is generally assumed in the equilibrium modelling 
(Pearson et al. 2003, Mäder 2009). This assumption is supported by experimental data. The 
derived anion-accessible porosity fractions on drillcores from Schlattingen-1 are 0.52 ± 0.05. The 
values were found to be independent of the clay mineral content over a range of 25 – 60%. For 
Mont Terri, where the Opalinus Clay has a somewhat larger porosity than in NE Switzerland, 
slightly higher anion-accessible porosities of about 0.55 were deduced. The effect of ionic 
strength on the anion-accessible porosity is not well established and commonly ignored in equilib-
rium modelling. It is worth noting, however, that recent anion diffusion experiments in Opalinus 
Clay clearly indicated a positive correlation of ionic strength on the anion-accessible porosity 
(Wigger & Van Loon 2017). 

6.2.5 Refinements of the equilibrium model 

Constraints on the Sr-SO4 system 
As discussed in previous modellings (Mäder 2009, Wersin et al. 2016), the Sr-SO4 system seems 
underconstrained in view of the unreliable measurements of the Sr population on the exchanger. 
This issue was addressed by Pearson et al. (2003) and Mäder (2009) assuming a constant SO4/Cl 
for modelling Mont Terri and Benken porewaters. This assumption is not quite correct as dis-
cussed in Section 5.4. In fact, SO4/Cl ratios in Mont Terri seepage and squeezed waters exhibit a 
weak negative dependence with the Cl concentration. This dependence is more pronounced in the 
case of the squeezed porewaters at borehole Schlattingen-1. A clear dependence is also seen 
between exchangeable Sr (SrX2) derived from seepage and squeezed waters and the Cl concen-
tration (Fig. 5-2). The same dependence is seen between the Sr2+ activity and chloride (not shown) 
which is explained by celestite equilibrium control of these porewaters. The different SO4/Cl 
ratios and their dependence with Cl at Mont Terri and Schlattingen-1, respectively, are related to 
the different geochemical conditions in the bounding aquifers and more generally to the different 
paleo-hydrogeological evolution. 

Thus, using the relationship between the (modelled) SrX2 and Cl at Mont Terri and Schlattin-
gen-1, the Sr occupancy on the exchanger can be estimated from the chloride concentration. By 
also imposing celestite equilibrium and the exchanger composition, the Sr-SO4 system is fixed. 
In Fig. 6-3, this relationship is shown again for the porewaters at Mont Terri and Schlattingen-1 
under the constraint of celestite equilibrium. 
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Fig. 6-3: Modelled Sr exchanger population assuming celestite equilbrium as a function of 
chloride concentrations (see text) 
Mont Terri: Borehole waters BWSA-1, BWS-A3, BPC-C1, BHT-1, BBN-1, BCI-4 and 
BDR-1/II. Schlattingen-1 data: Squeezed waters at lowest pressure (also include waters from 
bounding formations). 

 

Constraints on main cations and carbonate 
The main cations Na+, Ca2+, Mg2+ and K+ have been constrained in previous modellings by the 
cation exchange capacity and cation exchange population, both of which are determined by mea-
surements. The dissolved carbonate concentration is assumed to be controlled by calcite, omni-
present in Opalinus Clay. In the modelling of Pearson et al. (2003) and Mäder (2009), dolomite 
equilibrium is also assumed, a condition which in fact imposes control on Mg2+, thus overriding 
control by the cation exchange reaction. As shown in Pearson et al. (2011), the assumption of Mg 
control by cation exchange alone slightly improves the match with the seepage waters considered 
in that study. 

Constraints on Fe(II) and redox potential 
Siderite is ubiquitous in the Opalinus Clay formation and siderite equilibrium is commonly 
assumed to control Fe(II) concentrations (e.g. Pearson et al. 2003, Mäder 2009). Seepage waters, 
however, suggest undersaturation with regard to this phase, although it should be noted that the 
data on Fe(II) is still rather shaky. To which extent Fe-bearing carbonate solid solutions or anker-
ite exert control on Fe(II) concentrations is not known. There is, to our knowledge, no established 
thermodynamic data for such phases. In addition, there is a lack of reliable porewater data for 
Fe(II). In view of this deficiency, we propose to keep the assumption of siderite equilibrium. 

The redox couple(s) controlling Eh is still not clear. The common assumption of redox control by 
SO4/FeS2 (Pearson et al. 2003, Mäder 2009) implies that sulphate is redox active. In general, 
sulphate reduction at low temperature is considered possible only by microbial catalysis, which 
is strongly restricted in the nanoporous structure of the Opalinus Clay (Stroes-Gascoyne et al. 
2007). Pearson et al. (2003), however, argued that the abiotic multi-electron transfer reaction from 
sulphate to sulphide might be conceivable given the very long timescales. A further possibility of 
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redox control is by the Fe(III)/Fe(II) couple, thus Fe(III) representing Fe oxides although these 
have not been identified so far. Thus, we can envision redox control by goethite/siderite or magne-
tite/siderite. 

Constraints on pH/pCO2 
Based on the discussion above, it does not appear unreasonable to assume a constant pCO2 in the 
Opalinus Clay, which is controlled internally – by mineral equilibria. Ignoring the early data at 
Mont Terri, the pCO2 measurements carried out by BRGM in Opalinus Clay and other argilla-
ceous rocks display fairly constant values of ≈ 10-2 – 10-2.5 bar. The assumption of Pearson (2002) 
and Mäder (2009) of fixing the pCO2 at 10-2.2 bar for defining so-called Opalinus Clay reference 
waters still seems reasonable.  

Furthermore, silicate equilibria need to be invoked for pH/pCO2 control in a closed system, as has 
been argued in Gaucher et al. (2009) and Pearson et al. (2011). Proposed mineral assemblages by 
Pearson et al. (2011) included different combinations of kaolinite, illite, chlorite and montmorillo-
nite. In addition, for illite and chlorite the effect of two different mineral types with different 
compositions and stability constants was explored. The selection was based, to a large extent, on 
expert judgement and the quality of thermodynamic data of the minerals considered. Here we 
propose to consider a simpler set of silicate assemblages: kaolinite – illite and chlorite (ripidolite) 
– illite. The used illite and chlorite mineral data are of a specific composition and listed in the 
current THERMOCHIMIE database (Giffaut et al. 2014). They are based on calorimetric mea-
surements and were evaluated for consistency (Blanc et al. 2015). The kaolinite logK data was 
taken from Nordstrom et al. (1990) based on the review of Thoenen et al. (2014). A further 
assemblage considered is the Fe-free chlorite (clinochlore) – illite used in the modelling of 
Beaucaire et al. (2012) and whose stability constant was derived by estimation methods rather 
than by measurements. 

Surface protolysis reactions 
As discussed above, surface protonation/deprotonation reactions on edges and broken bonds at 
clay mineral surfaces are well established and described within the surface complexation model 
framework (e.g. Sposito 1984). For multi-mineral clayrocks such as the Opalinus Clay, surface 
site capacities (amount of surface hydroxyl sites) as well as surface complexation constants are 
not well known. Therefore, surface proton reactions are commonly not considered in the model-
ling of porewaters in clayrocks. As indicated from previous modelling exercises, the inclusion of 
surface protolysis reactions for simulating the (natural) porewaters may not be required. However, 
such reactions are important when pH disturbances of the system (for example by microbial pro-
cesses) occur as discussed in Chapter 7. 

The site capacity of surface hydroxyl groups can be roughly estimated from that present in illite 
whose surface protolysis reactions are well established. Bradbury & Baeyens (2009) derive a 
value of ∼ 0.08 mol/kg illite on the basis of surface titration measurements. Considering an illite 
content of 30% one obtains 0.024 mol/kg. This is about 25% of the CEC. The 3-site model of 
Bradbury & Baeyens (2009) for illite includes two types of "weak" sites and "strong" sites. Note 
that for protolysis reactions the number of strong sites and the first type of weak sites can be 
added, resulting in a two-site protolysis model. 
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Summary 
The reactions and equilibrium constants for the proposed porewater model are listed in Tab. 6-3. 
The cation exchange model is based on that described in Pearson et al. (2011) and applied in 
Wersin et al. (2016) for simulating Schlattingen-1 porewaters. The surface protolysis reactions 
are based on the data and modelling of Bradbury & Baeyens (2009) for pure illite. The mineral 
equilibria considered are generally based on the data of THERMOCHIMIE (Giffaut et al. 2014). 
For kaolinite, the logK value of Nordstrom et al. (1990) based on the review of Thoenen et al. 
(2014) is used. 

In Tab. 6-4, the constraints for each component are listed. The "basic model" assumes a fixed 
pCO2 of 10-2.2 bar without including silicate reactions in line with the model of Pearson (2002) 
and Mäder (2009). Furthermore, it assumes control of Mg by cation exchange (thus does not 
include dolomite equilibrium). The main new feature is that it estimates the initial SrX2 from the 
empirical site-specific relationship with Cl based on measured porewater data as outlined above. 
Note that this generally leads to somewhat lower SO4/Cl ratios than considered in Pearson (2002) 
and Mäder (2009). Several model amendments and variants are also proposed. Control of 
pH/pCO2 by clay mineral equilibria is deemed likely. The inclusion of these equilibria is useful 
when higher temperatures are considered. Based on the studies of Gaucher et al. (2009), Pearson 
et al. (2011) and Beaucaire et al. (2012) several illite – chlorite or illite – kaolinite assemblages 
are proposed. Dolomite equilibrium is also proposed as variant, although porewaters at Mont Terri 
do not seem to be entirely in equilibrium with (ordered) dolomite (Pearson et al. 2011). The inclu-
sion of this phase may nevertheless be useful when temperature and pressure effects are con-
sidered. Regarding the redox potential, the Fe(III)/Fe(II) redox couple rather than S(VI)/S(-II) 
might control this parameter. Thus, goethite/siderite or magnetite/siderite are viewed as alter-
native equilibria to SO4/pyrite in this context. 
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Tab. 6-3: Reactions and equilibrium constants at T = 25 °C and infinite dilution used for the 
proposed porewater model 
Cation exchange model according to the Gaines-Thomas convention. Non-electrostatic sur-
face complexation model used for describing surface protolysis. 

 

Reaction logK0 Reference 

Exchange reactions: 
NaX + K+ ⇔ KX + Na+  
2NaX +Ca2+ ⇔CaX2 + 2Na+  
2NaX +Mg2+ ⇔ MgX2 + 2Na+  
2NaX +Sr2+ ⇔ SrX2 + 2Na+  
2NaX +Fe2+ ⇔ FeX2 + 2Na+  

  
1.2 
0.7 
0.7 
0.7 
0.7 

Gaucher et al. (2009) 
Pearson et al. (2011) 
Pearson et al. (2011) 
Pearson et al. (2011) 
Pearson et al. (2011) 

Surface protolysis reactions: 
>S1OH +H+ ⇔ >S1OH2  
>S1OH ⇔ >S1O- + H+ 

>S2OH +H+ ⇔ >S2OH2  
>S2OH ⇔ >S2O- + H+ 

 
4.0 
-6.2 
8.5 

-10.5 

 
Bradbury & Baeyens (2009) 
Bradbury & Baeyens (2009) 
Bradbury & Baeyens (2009) 
Bradbury & Baeyens (2009) 

Calcite: CaCO3 ⇔ Ca2+ + CO3
2- -8.48 THERMOCHIMIE 

Celestite: SrSO4 ⇔ Sr2+ + SO4
2- -6.62 THERMOCHIMIE 

Dolomite: CaMg(CO3)2 ⇔ Ca2+ Mg2+ + 2CO3
2- -17.09 THERMOCHIMIE 

Quartz: SiO2 +2H2O ⇔ H4SiO4 -3.74 THERMOCHIMIE 

Illite (Illite-Imt-2): 
(Na0.044K0.762)(Si3.387Al0.613)(Al1.427Fe0.292Fe0.084Mg0.241)O10(OH)2 
⇔ 0.241Mg2+ + 0.762K+ + 0.044Na+ + 0.292Fe3+ + 0.084Fe2+ + 
2.040Al3+ - 8.452H+ + 3.387H4SiO4 - 1.548H2O 

11.54 THERMOCHIMIE 

Chlorite (Ripidolite_Cca-2): 
(Si2.633Al1.367)(Al1.116Fe0.215Fe1.712Mg2.964Ca0.011)O10(OH)8 
⇔ 2.964Mg2+ + 0.011Ca2+ + 0.215Fe3+ + 1.712Fe2+ + 2.483Al3+ - 
17.468H+ + 2.633H4SiO4 + 7.468H2O 

61.35 THERMOCHIMIE 

Illite (Illite-Mg): 
K0.85Mg0.25Al2.35Si3.4O10(OH)2 ⇔ 0.25Mg2+ + 0.85K+ + 2.35Al3+ - 
8.4H++ 3.4H4SiO4 - 1.6H2O 

11.01 THERMOCHIMIE 

Chlorite (Clinochlore): 
Mg5Al2Si3O10(OH)8 ⇔ 5Mg2+ + 2Al3+ - 16H+ + 3H4SiO4 + 6H2O 

61.72 THERMOCHIMIE 

Kaolinite: 
Al2Si2O5(OH)4 ⇔ 2Al3+ +2H4SiO4 +1H2O - 6H+ 

7.435 Nordstrom et al. (1990) 
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Tab. 6-4: Constraints on solution variables and surface hydroxyl sites in the proposed pore-
water model 

  
"Basic model" Model variants and 

amendments 
Comments 

Cl Fixed 
 

Measurement 

SO4 Celestite 
 

 

CO3,t Calcite 
 

 

pH pCO2 fixed Illite OR chlorite Assume pCO2 = 10-2.2 bar 

pe SO4/pyrite Goethite/siderite OR 
magnetite/siderite 

See text 

Na Electroneutrality  Measurement of exch. Cations 

K Na-K exchange  Measurement of exch. Cations 

Ca Na-Ca exchange 
 

Measurement of exch. Cations 

Mg Na-Mg exchange Dolomite Measurement of exch. Cations 

Sr Na-Sr exchange 
 

Use relationship Cl-srx2 (see 
text) 

Fe Siderite 
 

 

Si 
 

Quartz  

Al 
 

Kaolinite OR illite  

>S1OH  Surface protolysis Site capacity scaled to illite 
content 

>S2OH  Surface protolysis Site capacity scaled to illite 
content 

 

6.3 Effect of temperature and pressure 

6.3.1 Temperature trends inferred from literature 
The temperature range of interest here is 40 – 50 °C, i.e. the expected range for the Opalinus Clay 
host rock. In general, changes of porewater compositions relative to 25 °C are not expected to be 
large for such a small temperature difference because of the weak dependence of most logK con-
stants with temperature. It should be noted that the solubility of gases generally shows a stronger 
dependence on temperature than that of minerals. In this context the decrease of the solubility of 
CO2 with temperature leading to an increase of pCO2 at higher temperatures is relevant (Vinsot 
et al. 2015) together with the change in the dissociation constant of water.  

The positive dependence of pCO2 with temperature has been shown for porewaters and ground-
waters from a number of geological formations. For example, Coudrain-Ribstein et al. (1998) 
showed two distinct trends for aquifers in magmatic rocks and sedimentary formations (Fig. 6-4). 
These could be explained by the authors by equilibrium with carbonate and aluminosilicate mine-
ral assemblages. It is worth noting that the scatter in data is rather large, in particular in the lower 
temperature range. 
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Fig. 6-4: Trends of log pCO2 (bar) as a function of temperature in aquifers 
(): sedimentary formations. (  ): magmatic formations associated to sedimentary forma-
tions. (): magmatic rocks (modified from Coudrain-Ribstein et al. 1998, original figure 
provided by courtesy of Anne Coudrain). 

 

More recently, the effect of temperature on the porewater chemistry of the COx formation has 
been investigated by two research teams (CEA, BRGM) as part of Andra's research programme 
(Beaucaire et al. 2012, Gailhanou et al. 2017). In summary, these results reveal similar trends: 

• A clear dependence of pCO2 with temperature was observed in the experimental data as for 
example illustrated in Fig. 6-5 (Beaucaire et al. 2015). 

• Otherwise changes in composition were fairly small. Thus, main components (Na, Ca, Mg, 
K, Cl, SO4, Fe) exhibited only minor changes as illustrated in the Schoeller diagram 
(Fig. 6-6). 

• In spite of considerable analytical effort only minor mineral alterations could be evidenced. 
Beaucaire et al. (2012) reported newly formed kaolinite and, at the highest temperature 
(110 °C), a K-feldspar, although the latter formation was not conclusive. In the study of 
Gailhanou et al. (2017) conducted at 25 and 80 °C, goethite and anhydrite as neoformed 
minerals were found. 

• The behaviour of solutes could be adequately modelled by both teams considering mineral 
and cation exchange equilibria. Notably, modelling suggested that cation exchange equilibria 
were rather insensitive to temperature.  
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• Both model approaches differed with regard to the assumed mineral assemblage and under-
lying thermodynamic data. The model of Beaucaire et al. (2012) assumed an iron-free 
assemblage with calcite, dolomite, celestite, quartz, clinochlore and kaolinite. The model of 
Gailhanou et al. (2017) assumed calcite, dolomite, siderite, celestite, quartz, pyrite, chlorite 
(ripidolite) and illite. 

• Although the two modelling exercises could explain the observed data there remained con-
siderable uncertainty with regard to the adequacy of the assumptions. This particularly 
regards the equilibrium conditions of assumed mineral phases which could only partly be 
identified in the studies. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6-5: Evolution of log pCO2 with temperature in hydrothermal experiments at different 

conditions (initial pCO2, initial temperatures) with COx samples 
Symbols: Measurements, lines: Model. Different symbols represent different experimental 
conditions as detailed in Beaucaire et al. (2012). 
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Fig. 6-6: Schoeller diagram depicting the chemical composition of different porewater 
samples heated to 80 °C (full lines) in comparison with conditions at 25 °C (dashed 
line) 
From Beaucaire et al. (2015). 

 

6.3.2 Temperature effect simulated for Opalinus Clay porewater 
A modelling exercise for evaluating the effect of higher temperature (50 °C) on Opalinus Clay 
porewater is shown here. The pCO2 is constrained by clay mineral assemblages in analogy to the 
modelling of the work presented above. In view of the considerable uncertainties regarding the 
equilibria of clay minerals, three different model assumptions for mineral equilibria are made: 

1. Kaolinite/Chlorite (clinochlore) in addition to calcite, dolomite, celestite and quartz 
(Beaucaire et al. 2012) 

2. Illite/Chlorite (ripidolite) in addition to calcite, dolomite, celestite, quartz, siderite, pyrite 
(Gailhanou et al. 2017) 

3. Kaolinite/Illite in addition to calcite, dolomite, celestite, quartz, siderite, pyrite 

The data of the THERMOCHIMIE database is used, except for kaolinite where we prefer the use 
of the data proposed by Nordstrom et al. (1990) and implemented in the Nagra/PSI database 
(Thoenen et al. 2014) and also used by Beaucaire et al. (2012). Note that the clinochlore data used 
by the latter authors is the same as implemented in THERMOCHIMIE. The cation exchange 
equilibria are based on Pearson et al. (2011) and no temperature dependency is assumed 
(Beaucaire et al. 2012, Gailhanou et al. 2017). The calculations were carried out with PHREEQC 
V3 (Parkhurst & Appelo 2013). 
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The calculations are based on sample SLA 898 for which pertinent data is available and whose 
porewater was modelled by Wersin et al. (2016). The calculations performed for the three model 
assumptions for temperatures at 25 and 50 °C are shown in Tab. 6-5. Comparing the results for 
the two different temperatures one can deduce (1) the increase in pCO2 and decrease in pH and 
(2) the small changes in main constituents. Such results are in line with the studies outlined above. 

The relationship between temperature and log pCO2 predicted from the three different models 
(Fig. 6-7) illustrates the very similar results of model 1 and model 2 and a similar trend, albeit 
shifted to lower pCO2 values for model 3. It is worth noting that the curves are somewhat steeper 
than the measured data of Beaucaire et al. (2012; cf. Fig. 6-5) and Gailhanou et al. (2017). 

 

Tab. 6-5: Equilibrium calculations at 25 and 50 °C based on sample SLA 898 with three dif-
ferent silicate mineral equilibria (see text) 
Concentrations in mmol/L. 

  
Model 1 Model 2 Model 3 

Temperature [°C] 25 50 25 50 25 50 

pH 7.21 6.63 7.18 6.63 8.05 7.32 

Cl 203.7 203.7 203.7 203.7 203.7 203.7 

SO4 18.4 18.2 18.4 18.2 18.4 18.3 

Na 209.4 209.5 209.5 209.4 207.7 207.1 

Ca 9.15 11.20 9.16 11.20 8.93 10.86 

Mg 6.68 5.13 6.69 5.13 6.53 4.97 

K 1.73 1.74 1.73 1.74 1.71 1.72 

Sr 0.34 0.37 0.35 0.37 0.34 0.35 

Fe 
  

0.05 0.06 0.05 0.06 

CO3,t 3.31 5.59 3.54 5.65 0.47 1.01 

log pCO2 [bar] -2.10 -1.21 -2.04 -1.20 -3.77 -2.57 

Model 1: calcite-dolomite-celestite-quartz-kaolinite-clinochlore 
Model 2: calcite-dolomite-celestite-quartz-siderite-pyrite-illite_fmt2-ripidolite 
Model 3: calcite-dolomite-celestite-quartz-siderite-pyrite-kaolinite-illite_fmt2 
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Fig. 6-7: Trends of log pCO2 (bar) with temperature for three models with different silicate 
mineral equilibria 
See text and Tab. 6-5. 

6.3.3 Temperature and pressure effects simulated for Opalinus Clay 
porewater 

The hydrostatic pressure for the Opalinus Clay host rock is, broadly speaking, in the range of 40 – 
90 bar. The pressure effect on porewater composition is commonly neglected because of general 
weak pressure dependence of equilibrium constants (Pearson 2002). The pressure dependence of 
minerals and gases has been re-evaluated by Appelo et al. (2014) and implemented in PHREEQC 
V3. Thus, the molar volumes of aqueous species, minerals and gases are implemented in the data-
base phreeqc.dat. The fugacity of gases is calculated by the Peng-Robinson equation of state. 

The effect of pressure on porewater composition is evaluated for sample SLA 898 in a similar 
manner as for temperature (see section above). Increasing the pressure to 90 bar, results in only 
very minor changes in chemistry irrespective of the model applied. A very slight increase of pCO2 
and Ca is predicted due to the higher solubility of CO2 (Tab. 6-6, grey shaded area). However, 
the solubility effect is largely compensated by mineral buffering reactions. The concomitant 
increase in pressure to 90 bar and temperature to 50 °C (Tab. 6-6, 3rd column) leads to very similar 
changes as obtained for the increase of temperature alone (Tab. 6-6). Thus, in conclusion, the 
effect of pressure (for the range of interest) on porewater chemistry in a closed system is small 
compared to the temperature effect.  
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Tab. 6-6: Equilibrium calculations at 25 and 50 °C and 1 and 90 bar based on sample SLA 898 
with three different silicate mineral equilibria (see text) 
Concentrations in mmol/L. 

Model 1 Model 2 Model 3 

Temp. [°C] 25 25 50 25 25 50 25 25 50 

Pressure [bar] 1 90 90 1 90 90 1 90 90 

pH 7.21 7.21 6.63 7.11 7.12 6.57 8.20 8.21 7.44 

Cl 203.7 203.7 203.7 203.7 203.7 203.7 203.7 203.7 203.7 

SO4 16.0 17.2 15.6 16.0 17.2 15.6 16.1 17.3 15.7 

Na 204.7 206.5 204.3 205.2 207.0 204.8 203.1 204.8 201.8 

Ca 9.15 9.44 10.90 9.17 9.46 10.91 8.89 9.17 10.41 

Mg 6.61 6.69 5.67 6.62 6.70 5.67 6.43 6.50 5.44 

K 1.81 1.82 1.81 1.81 1.83 1.82 1.79 1.81 1.79 

Sr 0.30 0.32 0.30 0.30 0.33 0.31 0.29 0.32 0.29 

Fe 0.05 0.05 0.07 0.05 0.05 0.06 

CO3,t 3.07 3.23 6.08 3.88 4.06 7.14 0.31 0.33 0.81 

log pCO2 [bar] -2.12 -2.10 -1.14 -1.93 -1.91 -1.02 -4.09 -4.08 -2.75

Model 1: calcite-dolomite-celestite-quartz-kaolinite-clinochlore 
Model 2: calcite-dolomite-celestite-quartz-siderite-pyrite-illite_fmt2-ripidolite 
Model 3: calcite-dolomite-celestite-quartz-siderite-pyrite-kaolinite-illite_fmt2 

6.3.4 Discussion 
The assumption of control of pCO2 by aluminosilicate minerals in sedimentary systems is suppor-
ted by a large dataset (Coudrain-Ribstein et al. 1998). On the other hand, the hydrothermal experi-
ments on COx samples of Gailhanou et al. (2017) and, to some extent, also of Beaucaire et al. 
(2012) suggest non-equilibrium with regard to clay mineral phases (except kaolinite). These 
minerals are known to have sluggish kinetics. Non-equilibrium conditions are also suggested by 
the somewhat flatter slope of the temperature – log pCO2 curve compared to the calculated ones. 
Nevertheless, models assuming clay mineral equilibria capture the observed trends fairly well. In 
view of this, model data presented above can be regarded as reasonable proxy for in situ Opalinus 
Clay porewaters at depth, which were in contact for much longer times than during the hydro-
thermal experiments. 

Thus, in general, the validity of the assumption of pCO2 control by silicates at 25 °C and higher 
temperatures is supported by the data from literature. It also highlights that uncertainties in con-
straining pCO2 persist. 



7 Buffering capacity of the rock and effect of perturbations 

7.1 Introduction 
One of the important safety functions of the host rock is to provide a stable geochemical environ-
ment (Nagra 2002b). Various perturbations, which may arise from excavation/construction of the 
repository and emplacement of waste packages, backfill and construction materials may affect 
the geochemistry of the host rock. The impact of perturbations depends on the capacity of the 
rock to buffer these via chemical reactions. The geochemical buffering capacity, as used here, is 
the ability of the host rock to resist changes in chemical properties arising from internal and exter-
nal perturbations. Internal perturbations may arise from repository-induced effects (e.g. ingress 
of air, degradation of cementitious materials), whereas external perturbations are referred to as 
chemical and hydrological changes occurring at the boundaries of the formation. The reactions in 
Opalinus Clay that come into play upon perturbations are essentially the same ones as those occur-
ring in the natural state and constraining the porewater chemistry (see Chapters 5 and 6). It is 
worth noting that the study of perturbations provides a critical test of the adequacy of the geo-
chemical model(s) used to derive natural porewater compositions.  

In practice, the main properties to consider with regard to perturbations and buffering capacity 
are redox (e.g. ingress of O2), pH/pCO2 (e.g. CO2 increase due to microbial activity) and salinity 
(e.g. evaporation effects) (Beaucaire et al. 2004). Temperature effects are deemed less important 
because the thermal perturbations from the repository will not induce a strong temperature 
increase. In fact, maximum temperatures in the Opalinus Clay adjacent to the EBS of a HLW 
repository will be 95 °C (Leupin et al. 2016a). It is worth noting that the Opalinus Clay in northern 
Switzerland and at Mont Terri experienced maximum temperatures of about 85 °C lasting for 
millions of years in the past (Mazurek et al. 2006), thus in the same range as the maximum tem-
peratures induced by the repository. 

Pressure changes generally have a minor effect on chemical reactions, thus temporary over-
pressures generated during the heat pulse will only marginally affect porewater chemistry. The 
pressure re-distribution during repository construction will, however, induce desaturation and 
fracturing of the rock around the tunnels and galleries and the formation of an excavation damaged 
zone (EDZ). This EDZ with an increased porosity may have indirect effects on porewater chem-
istry, for example via preferential pathways for gas transport, oxidation effects, or favourable 
conditions for microbial activity leading for example to sulphate reduction.  
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7.2 Space and time constraints 

7.2.1 Diffusive and advective transport 
The relative importance of advective and diffusive solute transport is often described using the 
dimensionless Peclet number (e.g. Bear & Cheng 2010): 

Pe = rate of advection
rate of diffusion

= Lc∙vp
Dp

= Lc2/Dp
Lc/vp

= tc,diff
tc,adv

 (7-1) 

where Pe is the Peclet number [-], Lc is the characteristic length of transport [m], vp is the average 
pore space water flow velocity [m], Dp is the pore space diffusion coefficient [m2/s], tc,diff is the 
characteristic time for diffusion [s] and tc,adv is the characteristic time for advection [s]. By con-
sidering porosity, the advective to diffusive fluxes can equivalently be expressed as per bulk 
medium: 

Pe = Lc∙vp∙φ
Dp∙φ

= Lc∙q
De

 (7-2) 

where φ is porosity, q is Darcy discharge [m/s] and De is the effective diffusion coefficient [m2/s]. 

The Peclet number compares the rates of transport by advection and diffusion (the advective and 
diffusive solute fluxes), the ratio of which is inversely proportional to the ratio of characteristic 
times for diffusion and advection. Traditionally, for Pe > 1 transport is considered dominated by 
advection, while for Pe < 1, dominated by diffusion. However, Huysmans & Dassargues (2005) 
showed that even at Pe numbers as high as 10, the contribution of advection to solute transport is 
small, and transport can be regarded to be diffusion-dominated. 

Other factors constant, the relative significance of advection and diffusion depends on the spatial 
scale over which transport is considered (the characteristic transport length, Lc). According to 
Eq. 7-2, the relevance of advective transport increases in proportion to the considered transport 
distance. This leads to the general observation that diffusive transport dominates over small 
spatial scales, while advective transport dominates over larger spatial scales. 

Considering a hydraulic conductivity (Kh) of 10-13 [m/s] (Yu et al. 2018) and a bounding value of 
unity for a hydraulic gradient (∇H) (Mazurek et al. 2009), the Darcy discharge (q) is calculated 
to be 10-13 [m/s] from Darcy's law: 

q = −Kh ∙ ∇H  (7-3) 

For a De of 10-11 [m2/s] the Peclet number can then be calculated using Eq. 7-2 as a function of 
the characteristic transport length (Lc). This is shown in Fig. 7-1. The figure indicates that even 
at the formation scale, solute transport in the Opalinus Clay is dominated by diffusion (Pe = 1.85 
at Lc = 100 m). 
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Fig. 7-1: Peclet number (Pe) as a function of the characteristic transport length (Lc) 
See explanation in text. 

 
 
Multiple studies on in situ tracer transport in the Opalinus Clay conclude that formation scale 
solute transport is dominated by diffusion (e.g. Rübel et al. 2002, Gimmi et al. 2007, Mazurek et 
al. 2009, 2011, Koroleva et al. 2011b, Wersin et al. 2013, Leupin et al. 2017, Mazurek & de Haller 
2017, Yu 2017, Yu et al. 2018, Wersin et al. 2018). 

7.2.2 Timescales of mineral reactions and diffusive transport 
The dimensionless Damköhler numbers evaluate the relative importance of the rate of chemical 
reaction and the rate of transport. For diffusion-dominated systems, and considering a general 
chemical reaction A → B, the second Damköhler number (DaII) is defined as (Ranade 2002): 

DaII = rate of reaction
rate of diffusion

= Lc2∙kreact∙CA
n−1

De
= tc,diff

tc,react
 (7-4) 

where kreact is the reaction rate constant, CA is the initial concentration of A [mol/m3], n is the 
reaction order, De is the effective diffusion coefficient [m2/s], Lc is the characteristic diffusion 
length, tc,diff is the characteristic time for diffusion [s], and tc,react is the characteristic time for 
reaction [s]. Note that the units of the reaction rate constant depend on the reaction order. 

The second Damköhler number can be used to semi-quantitatively evaluate the relative impor-
tance of mineral reactions and diffusive solute transport. For DaII >> 1 the rate of chemical 
reaction is greater than the rate of diffusive solute transport, and the system is said to be "reaction-
dominated". Conversely, for DaII < < 1 the rate of diffusive transport is greater than the reaction 
rate, and the system is said to be "diffusion-dominated" (Bear & Cheng 2010). 
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Following Lasaga (1998), a general mineral dissolution and precipitation reaction can be formu-
lated as:  

r = ±kS�1− Ωθ�
η (7-5) 

where r is the mineral reaction rate, k is the mineral reaction rate constant, S is the mineral reactive 
surface area, Ω is the saturation ratio, and θ and η are empirical parameters describing the depen-
dence of the reation rate on saturation. The mineral reaction rate constant (k) can be a function of 
physical and chemical conditions, such as the concentration of chemical species (e.g. pH) and 
temperature. 

For a general mineral reaction described by Eq. 7-5, the second Damköhler number cannot be 
defined in a straightforward manner. However, it is possible to define an upper limit on the second 
Damköhler number (DaII

max) by considering far from equilibrium reaction rates (pseudo zero-
order reaction rate approximation): 

DamaxII = Lc2∙kreact
De·C0

 (7-6) 

where kreact is the reaction constant far from equilibrium [molmineral/(m3
bulk·s)], and C0 is the initial 

mineral concentration [molmineral/mbulk
3]. 

It is worth noting that assuming zero-order reaction, the second Damköhler number is independent 
of the mineral concentration (which cancels out between the rate constant and the initial con-
centration). In the calculations presented below, the reaction rate constants (Marty et al. 2015) 
with the units [molmineral/(m2

mineral·s)] are used. Therefore, Eq. 7-6 can be re-written as: 

DamaxII = Lc2∙kreact
De·S0−1

 (7-7) 

where kreact is the reaction constant far from equilibrium [molmineral/(m2
mineral·s)] and S0 is the 

mineral specific molar surface area [mmineral
2/molmineral. 

The dependence of the mineral reaction rate constant (kreact) on pH and temperature is calculated 
according to (Marty et al. 2015): 

kreact = k25nuexp �−Ea
nu

R
�1
T
− 1

298.15
�� + k25H exp �−Ea

H

R
�1
T
− 1

298.15
�� aH

nH + k25OHexp �−Ea
OH

R
�1
T
− 1

298.15
�� aOH

nOH (7-8) 

where knu
25, kH

25 and kOH
25 are the rate constants at 25 °C for the neutral, acidic and alkaline con-

ditions [mol/(m2
mineral·s)], respectively; Enu

a, EH
a and EOH

a are the reaction activation constants [J]; 
T is the reaction temperature [K]; anOH

OH and anH
H are the activities of H+ and OH-, respectively. 

DaII
max is calculated based on Eqs. 7-7 and 7-8 using input data shown in Tabs. 7-1 and 7-2 con-

sidering a temperature of 40 °C (approximate temperature expected at the repository depth) and 
for the effective diffusion coefficient (De) of 10-11 m2/s (Yu et al. 2018). 
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Tab. 7-1: Kinetic rate parameters used in the calculation of mineral reaction rates according to 
Eq. 7-8 

 

Mineral knu
25 Enu

a kH
25 EH

a nH kOH
25 EOH

a nOH 

Montmorillonite* 9.30 × 10-15 63 5.30 × 10-11 54 0.69 2.90 × 10-12 61 0.34 

Illite* 3.30 × 10-17 35 9.80 × 10-12 36 0.52 3.10 × 10-12 48 0.38 

Kaolinite* 1.10 × 10-14 38 7.50 × 10-12 43 0.51 2.50 × 10-11 46 0.58 

Chlorite 
(Ripidolite)* 

6.40 × 10-17 16 8.20 × 10-9 17 0.28 6.90 × 10-9 16 0.34 

Siderite* 2.10 × 10-9 56 5.90 × 10-6 56 0.6 na na na 

Albite* 5.10 × 10-20 57 8.50 × 10-11 58 0.34 1.40 × 10-10 56 0.32 

Calcite** 1.55 × 10-6 23.5 5.01 × 10-1 14.4 1 3.31 × 10-4 35.4 1 

Dolomite* 1.10 × 10-8 31 2.80 × 10-4 46 0.61 na na na 

* From Marty et al. (2015) 
** From Palandri & Kharaka (2004) 
na: Not applicable 
k: Has units [molmineral/(m2mineral∙s)], E has units [kJ]. 

 

Tab. 7-2: Specific surface area and mineral molar mass used in the calculation of DaII
max 

according to Eq. 7-7 
 

Mineral Specific surface area 
[m2mineral/gmineral] 

Molar mass 
[gmineral/molmineral] 

Montmorillonite 8.5* 370.73(†) 

Illite 30* 389.34 

Kaolinite 20** 88.85 

Chlorite 2.7·10-3* 617.10 

Siderite 2.7* 115.86 

Albite 0.1*** 262.22 

Calcite 0.7* 100.09 

Dolomite 0.09* 184.40 

* From Marty et al. (2015) 
** Estimated based on Langmuir (1997) 
*** Estimated based on microcline after Marty et al. (2014) 
(†) Value for Montmorillonite (HcCa) 
Mineral molar masses from the Thermoddem database (http://thermoddem.brgm.fr/) 

 
Fig. 7-2 shows DaII

max calculated at pH 7 as a function of the characteristic diffusion length (Lc). 
The figure demonstrates that the relative importance of reactions and diffusion is strongly depen-
dent on the distance over which it is considered. Furthermore, it shows that reaction rates of the 
considered minerals vary over approximately eighth orders of magnitude. Specifically, the 
reaction rates of silicate minerals are about 106 or more times slower than the calcite reaction rate. 
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At short distances (millimetres to centimetres), the rates of silicate mineral reactions are signifi-
cantly smaller than both diffusion and the reaction rates of carbonate minerals (especially that of 
calcite). This implies that following a geochemical perturbation, such as pH change due to 
bacterial activity, on the centimetre to decimetre spatial scale, the disturbance will be opposed by 
a combination of carbonate minerals reactions and solute transfer by diffusion. Given the diffu-
sion rate in the Opalinus Clay, silicate minerals will contribute to buffering the geochemical per-
turbation over larger spatial scales (metres and tens of metres). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-2: The maximum second Damköhler number (DaII
max) calculated at pH 7 according to 

Eqs. 7-7 and 7-8 as a function of the characteristic diffusion length (Lc) 
Cal – calcite, Sd – siderite, Dol – dolomite, Ill – illite, Kaol – kaolinite, Mm – montmoril-
lonite, Chl – chlorite (ripidolite), Ab – albite. Dashed horizontal line indicates DaII

max = 1, 
where the rate of mineral reaction equals the rate of transport by diffusion. 

 
 
Fig. 7-3 shows the maximum second Damköhler number (DaII

max) calculated for pH values 
between 4 and 10, and considering a fixed characteristic diffusion length (Lc) of 1 cm and 10 cm. 
The figure demonstrates that the effect of pH is observable, but not very prominent over the pH 
scale considered. It further shows that the calculated Damköhler number at pH 7 is at or close to 
its minimum for most minerals (especially, the silicate minerals). A similar pattern is observed 
on other scales of characteristic diffusion lengths. 
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Fig. 7-3: The maximum second Damköhler number (DaII

max) calculated as a function of pH 
with Eqs. 7-7 and 7-8 at a fixed characteristic diffusion length (Lc) of 1 cm (top) and 
10 cm (bottom) 
Cal – calcite, Sd – siderite, Dol – dolomite, Ill – illite, Kaol – kaolinite, Mm – montmoril-
lonite, Chl – chlorite (ripidolite), Ab – albite. Dashed horizontal line indicates DaII

max = 1, 
where the rate of mineral reaction equals the rate of transport by diffusion. 
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7.3 Redox buffering 

7.3.1 General processes and redox capacities 
The porewater of Opalinus Clay is reducing in view of the ferrous and sulphide minerals such as 
pyrite and siderite present. Thus, the redox potential (Eh) is low and controlled by reduced and 
oxidised S or Fe species (Section 5.6). Further redox sensitive species are manganese and carbon 
(Pearson et al. 2003). In case of an oxidative perturbation, such as by ingress of O2, reduced 
species will be oxidised. From a thermodynamic viewpoint, the electron donor whose redox 
couple has the lowest redox potential will react, shifting the redox potential to higher values, then 
the electron donor with the next higher redox couple will react and so on ("redox ladder"; Stumm 
& Morgan 1996). In reality, many redox reactions are constrained by kinetics, thus will take place 
at very slow rates or not happen at all. For example, methane oxidation is slow compared to 
sulphide oxidation in most natural waters, although the former reaction is thermodynamically 
favoured in the presence of O2. 

The total reducing (or reductive) capacity (TRC) in sediments can be described by the sum of 
reduced species present (Heron & Christensen 1994):  

TRC = 4Corg + 8S(-II) + 7S(-I) + 8N(-III) + 2Mn(II) + Fe(II) (7-8) 

TRC can be measured by the addition of a strong oxidant such as permanganate or dichromate. It 
can also be calculated from chemical and mineralogical analysis as presented in Gaucher et al. 
2003b) who derived TRC values of 1.95 – 4.72 eq/kg for Mont Terri samples. Using data from 
the rock parameter database for Opalinus Clay in northern Switzerland (Mazurek 2017) an aver-
age value of 4.02 ± 1.84 (1 σ) is obtained which is in good agreement with Gaucher et al. (2003b). 
In this calculation, the contribution of N(-IV) and S(-II) is neglected. S(-I) is attributed to pyrite 
whose content is derived from the total S content (assuming other sulphur species to be negligi-
ble). Mn(II) is derived from the total Mn content (assuming oxidised species to be negligible). 
The Fe(II) content is derived from the pyrite and siderite contents (usually the Fe(II) in the clay 
fraction is omitted because deemed to be less reactive than pyrite and siderite). The main contribu-
tors to TRC that are obtained by this procedure are Corg and pyrite, the others being significantly 
lower. The Corg in Opalinus Clay has a low reactivity, i.e. its oxidation kinetics is slow compared 
to that of pyrite (Mäder 2002). Thus, the predominant species to buffer an oxidative perturbation 
is pyrite. 

The total oxidising capacity (TOxC), is the sum of oxidised species that can be reduced by a 
strong reductant (Scott & Morgan 1990) 

7. Considering organic C as reductant and neglecting the 
organic C present in the sediment and carbonate (Langmuir 1997): 

TOxC = 8S(VI) + Fe(III) + 2Mn(IV) + 8N(V) (7-9) 

The main reducible components in Opalinus Clay are S(VI) in the porewater, in celestite and 
calcite (Section 2.3) and Fe(III) in the clay mineral fraction (e.g. chlorite, illite and I/S mixed 
layers) and possibly also in micro-crystalline iron oxides. The contents of Fe(III) according to 
chemical analyses in the rock parameters database are 0.3 ± 0.1 mol/kg. The sulphate levels are 
lower. According to aqueous extracts from the Schlattingen-1 borehole, the range is about 0.002 – 
0.003 mol/kg (Wersin et al. 2013). On the basis of a preliminary microscopic (SEM/EDX, micro-
probe) study, Jenni et al. (2019) estimated the total SO4 amounts in the rock to be roughly 0.007 – 

 
7 These authors also define the oxidative capacity OXC which is the sum of molar concentrations of oxidised species 

minus the sum of reduced species. 
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0.008 mol/kg, thus somewhat higher than inferred from aqueous extraction. In general, it can be 
concluded that the oxidising capacity as defined above is much lower than the reducing capacity. 
Considering that most of the Fe(III) is in the silicate fraction which is poorly reactive (Raiswell & 
Canfield 2012), the reactive reducible pool becomes even smaller. In other words, sulphate and 
possibly Fe(III) in iron oxides are the main electron acceptors in natural Opalinus Clay. 

The important redox perturbations to consider with regard to repository safety are oxidation 
effects due the ingress of O2 during the construction and operation phase and anaerobic sulphate 
reduction due to microbial activity. Microbial activity is strongly restricted in the Opalinus Clay 
with its nanoporous structure and low water activity (Stroes-Gascoyne et al. 2007), and thus it 
will likely be limited to the excavation damaged zone (EDZ). The EDZ is also a preferential 
pathway for gases and thus plays an important role in the fate of oxygen and related oxidation 
processes. 

7.3.2 Oxidation by molecular oxygen 

Findings from boreholes in the Swabian Alb and from the Lausen borehole 
Earlier work by Hekel (1994) included a comprehensive hydrogeological and geochemical study 
of Opalinus Clay cropping out in the Swabian Alb (southern Germany). Five different areas were 
selected, and a total of 16 boreholes was drilled, each 40 – 60 m deep. Due to decompaction 
effects, the hydraulic conductivites were strongly increased in the uppermost 30 m, indicating a 
connected fracture system. Water samples from this zone contained tritium and a low salinity. 
Oxidation of pyrite has led to the occasional occurrence of gypsum. Below the weathering zone, 
salinity increases to several grams/L suggesting stagnant conditions and a diffusive regime.  

The borehole, drilled in the community of Lausen, NW Switzerland in October 2015, penetrated 
through the shallow-lying Opalinus Clay formation (from 6 – 71 m below surface), the underlying 
Lias and into the Keuper sediments. One of the main objectives was to characterise the upper beds 
of the Opalinus Clay which had been subjected to weathering, oxidation by air ingress and decom-
paction. The results are presented in detail in Mazurek et al. (2017b). 

The Lausen borehole represents an extreme case with regard to oxidation of the Opalinus Clay by 
air ingress having occurred during large timescales. Uplift, decompaction and weathering of the 
Opalinus Clay induced fracturing and penetration of oxygen into the uppermost part of the forma-
tion for thousands of years (although the exact evolution of the paleo-geology and paelo-hydro-
geology are not known). As a result, oxidation processes occurred both in the clay matrix and in 
fractures, albeit slightly deeper in the latter case. Redox conditions thus are oxidising down to a 
depth of about 16 m, turning reducing below in the clay matrix. In the fractures, circulating oxi-
dising waters have locally created oxidation fronts at greater depths. 

The impact of oxygen penetration is reflected in the changing iron mineralogy. In the unaffected 
reduced clay, Fe(II) minerals (i.e. siderite, ankerite, pyrite and structural Fe(II) in clay minerals) 
dominate. These minerals reacted with O2 forming Fe oxides (mainly goethite), and also led to an 
increase of structural Fe3+ in clay minerals. From a thermodynamic viewpoint, this can be 
explained by the different stability fields of Fe(II) and Fe(III) minerals, as illustrated in a simple 
pE – pH diagram (Fig. 7-4).  
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Thus, a stable pyrite – siderite phase assemblage in the reduced clay is converted to goethite upon 
ingress of O2: 

FeS2 + 15/4O2 + 5/2H2O → FeOOH + 2SO4
2- + 4H+ (7-10) 

FeCO3 + 1/4O2 + 1/2H2O → FeOOH + CO2  (7-11) 

Furthermore, organic matter may be involved in oxidation reactions, as indicated from its decrease 
at shallowest levels: 

CH2O + O2 → CO2 + H2O (7-12) 

where CH2O is used as proxy for organic matter. 

The acidity induced by pyrite oxidation may explain dissolution and loss of calcite observed in 
the upper part of the weathering profile. 

The distribution of the iron minerals at different depths, as determined by XRD/total S analysis 
and Mössbauer spectrometry, is shown in Tab. 7-3. In general, both analytical methods yield con-
sistent results, bearing in mind that analytical errors below levels of 1% are considerable. Siderite 
is depleted in the upper 10 m, whereas pyrite levels exhibit a general drop, but this mineral does 
not seem to be entirely depleted at shallow levels. This is not in line with thermodynamic expecta-

pH

Fig. 7-4: pE – pH diagram of the Fe-S-CO2-H2O system at 25 °C 
Red arrow shows shift in stability field from reducing to oxidising conditions. Dashed green 
lines show O2/H2O and H2/H2O equilibrium lines, with pO2 and pH2 equal to 1 bar, 
respectively. From Mazurek et al. (2017b). 
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tions (see below) and suggests that pyrite is more persistent than siderite for kinetic reasons, e.g. 
by armouring with a surface precipitate (Jerz & Rimstidt 2004). The Fe2+/Fe3+ ratio in the clay 
minerals exhibits a decrease at shallow levels (Mazurek et al. 2017b), indicating that structural 
Fe in clay minerals has been reactive over the timescales of interest. 

Tab. 7-3:  Comparison of XRD/CNS and Mössbauer data pertinent to pyrite and siderite from 
the Lausen borehole 
From Mazurek et al. (2017b). 

Sample/depth 

[m] 

Pyrite Siderite 

CNS Mössbauer XRD Mössbauer 
(carb = sid + ank) 

7.83 0.1 < 0.1 b.d. < 0.1 

8.23 0.2 b.d.

8.58 < 0.02 < 0.1 b.d. < 0.1 

10.73 0.5 0.5 b.d. 0.2 

15.28 0.4 0.3 2.5 2.1 

24.52 2.7 2.1 3.5 2.5 

60.78 0.5 0.4 1.0 2.4 

Units: wt.-%, b.d.: below detection. 

Overall, observations at the Lausen borehole confirm the large reducing capacity of Opalinus 
Clay. The long-term influx of O2 has led to an oxidised zone in the uppermost 10 m of the Opali-
nus Clay (16 m from the surface), but even in this zone there is still reducing capacity left, indi-
cated by the remnants of pyrite and remaining Fe2+ in the clay fraction. Below this oxidation zone, 
the influx of O2 has been effectively buffered by reactions with reducing minerals. 

Simplified batch geochemical calculations assuming equilibrium 
In this section, batch reaction-path geochemical modelling assuming full equilibrium is presented, 
where the Opalinus Clay is progressively titrated with oxygen. The calculations are a simplified 
representation of the geochemical changes induced by gradual penetration of oxygen into the 
Opalinus Clay, as might be the case in sections of the rock exposed to residual oxygen in the 
repository during the operation phase and shortly after closure. The simulations are performed as 
reaction-path type calculations, therefore the spatial and temporal aspects of the modelled pro-
cesses are not represented explicitly. For this reason, it is considered reasonable to simplify the 
problem by considering full geochemical equilibrium for all reactions. 

The modelling is divided into two sets: without considering Al-silicate minerals (Set 1), and con-
sidering the Al-silicate minerals (kaolinite and chlorite – Set 2a, and kaolinite and montmoril-
lonite – Set 2b). 



NAGRA NTB 18-01 156 

Model assumptions and input 
As explained above, all reactions assume full equilibrium. Thermodynamic calculations are per-
formed at 25 °C using the Thermoddem thermodynamic database (version V1.10_06Jun2017) of 
Blanc (2017) and the extended Debye-Hückel aqueous activity model. 

Set 1 calculations consider equilibrium with calcite, siderite, quartz, celestite and pyrite as the 
primary minerals. These calculations are performed assuming a constant pCO2 pressure of 
10-2.2 bar. Additionally, in Set 2a and 2b calculations, the equilibria with kaolinite/chlorite
(Chlorite(Cca-2)) and kaolinite/montmorillonite (Montmorillonite(MgNa)) are considered,
respectively. Equilibria with these Al-silicate minerals further constrain the geochemical system,
fixing the pCO2. Mg control by dolomite equilibrium is assumed. The initial concentrations of
minerals are presented in Tab. 7-4. In all calculations, gypsum and ferrihydrite (Ferrihydrite (6L))
are considered as secondary minerals that can precipitate if oversaturated.

Tab. 7-4:  Initial concentrations of primary minerals in Set 1, Set 2a and Set 2b calculations 
Input mineral abundancies [wt.-%] based on compilation of Nagra (2014b) for NE Switzer-
land (dry density 2.45 g/cm3, porosity 0.11) and molar mineral masses taken from 
http://thermoddem.brgm.fr/. Set 1 – calculation excluding Al-silicates, Set 2a – calculation 
including kaolinite/chlorite equilibrium, Set 2b – calculation including kaolinite/mont-
morillonite equilibrium. 

Set Primary mineral Unit 
[wt.-%] 

Molar mass 
[g/mol] 

Concentration 
[mol/kgw] 

1, 2a, 2b Calcite 13.6 100.086 30.26 

1, 2a, 2b Siderite 3.1 115.855 5.96 

1, 2a, 2b Quartz 19.9 60.084 73.77 

1, 2a, 2b Celestite 0.06 183.682 0.07 

1, 2a, 2b Pyrite 1.2 119.979 2.23 

2a, 2b Kaolinite 18.2 258.157 15.70 

2a Chlorite(Cca-2) 7.6 617.1 2.74 

2b Montmorillonite(MgNa) 12.3 367.22 7.46 

2a, 2b Dolomite 0.6 184.4 0.72 

All calculations consider cation exchange reactions involving Na, Ca, Mg and K (although in the 
Set 2 calculations, equilibrium with dolomite overrides the Ca/Mg exchange reaction and controls 
the dissolved concentration of Mg). Fixed initial composition of the exchanger is considered after 
Pearson (2002; cf. Tab. 7-5). 

http://thermoddem.brgm.fr/


157 NAGRA NTB 18-01 

Tab. 7-5:  Initial composition of the cation exchanger 
From Pearson (2002). 

Exchange site Fractional occupancy 
[β] 

Concentration 
[meq/kgw] 

NaX 0.52 2003.6 

KX 0.084 323.7 

MgX2 0.149 574.1 

CaX2 0.237 913.2 

SrX2 0.01 38.5 

All calculations include surface protonation/de-protonation reactions on the surfaces of illite 
(3-site model of Bradbury & Baeyens 2009), montmorillonite (3-site model of Bradbury & 
Baeyens 1997b) and kaolinite (1-site model of Ervanne et al. 2013). The calculated site concen-
trations for the three minerals are presented in Tab. 7-6. 

Tab. 7-6:  Concentration of the illite, montmorillonite (Mnt) and kaolinite surface sites 
Calculated based on Bradbury & Baeyens (2009), Bradbury & Baeyens (1997a), Ervanne 
et al. (2013) and Nagra (2014b).  

Surface site Concentration 
[mol/kgw] 

Illite strong 1.02 × 10-2 

Illite weak 1 2.04 × 10-1 

Illite weak 2 2.04 × 10-1 

Mnt strong 5.48 × 10-3 

Mnt weak 1 1.10 × 10-1 

Mnt weak 2 1.10 × 10-1 

Kaolinite 1.48 × 10-1 

The calculations of exchange and surface site concentrations are based on a dry Opalinus Clay 
density of 2'450 kg/m3 and a porosity of 0.11 (Nagra 2014b). The initial porewater composition 
for the reaction-path calculations are shown in Tab. 7-7. The initial compositions are calculated 
based on the geochemical assumptions presented in Tab. 7-8. 
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Tab. 7-7:  Initial composition of the Opalinus Clay porewater 

Set 1 Set 2a Set 2b 

pH 7.19 7.41 7.29 

pe -2.95 -3.21 -3.07

Eh [V] -0.17 -0.19 -0.18

[mol/kgw] 

Al na 2.98 × 10-9 2.31 × 10-9 

CO3 tot 2.49 × 10-3 1.51 × 10-3 2.02 × 10-3 

Ca 1.13 × 10-2 1.08 × 10-2 1.08 × 10-2 

Cl 2.00 × 10-1 2.00 × 10-1 2.00 × 10-1 

Fe 9.27 × 10-5 8.92 × 10-5 8.93 × 10-5 

K 2.04 × 10-3 2.03 × 10-3 2.03 × 10-3 

Mg 7.32 × 10-3 7.68 × 10-3 7.71 × 10-3 

Na 1.86 × 10-1 1.85 × 10-1 1.86 × 10-1 

S 1.21 × 10-2 1.21 × 10-2 1.21 × 10-2 

Si 3.09 × 10-4 3.10 × 10-4 3.10 × 10-4 

Sr 5.22 × 10-4 5.18 × 10-4 5.20 × 10-4 

na: not applicable 
Set 1: calculation excluding Al-silicates 
Set 2a: calculation including kaolinite/chlorite equilibrium 
Set 2b: calculation including kaolinite/montmorillonite equilibrium 
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Tab. 7-8: Assumptions for the calculation of the initial Opalinus Clay porewater composition 

Component Set 1 Set 2a Set 2b 

H Charge balance Charge balance Charge balance 

C(4) pCO2 = 10-2.2 bar Chlorite equilibrium Montm. Equilibrium 

Na NaX/CaX2 NaX/CaX2 NaX/CaX2 

K KX/NaX KX/NaX KX/NaX 

Ca Calcite equilibrium Calcite equilibrium Calcite equilibrium 

Mg Mgx2/nax Dolomite equilibrium Dolomite equilibrium 

Si Quartz equilibrium Quartz equilibrium Quartz equilibrium 

Al n.a. Kaolinite equilibrium Kaolinite equilibrium 

Sr SrX2/NaX SrX2/NaX SrX2/NaX 

Fe Siderite equilibrium Siderite equilibrium Siderite equilibrium 

S(VI) Celestite equilibrium Celestite equilibrium Celestite equilibrium 

S(-II) Pyrite equilibrium Pyrite equilibrium Pyrite equilibrium 

Cl Fixed Fixed Fixed 

Redox From HS-/SO4
2- From HS-/SO4

2- From HS-/SO4
2- 

n.a.: not applicable
Mntm.: montmorillonite
Set 1: calculation excluding Al-silicates
Set 2a: calculation including kaolinite/chlorite equilibrium
Set 2b: calculation including kaolinite/montmorillonite equilibrium
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Results for calculations excluding Al-silicates (Set 1) 
Fig. 7-5 summarises the results obtained for calculations excluding Al-silicates (Set 1). As oxygen 
is added to the Opalinus Clay, pyrite dissolves buffering redox at its initial value. The dominant 
redox buffering reaction is the oxidation of sulphide to sulphate. The released iron precipitates as 
siderite, while sulphate precipitates as gypsum. Simultaneously, calcite dissolves providing cal-
cium for gypsum precipitation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-5: Equilibrium batch geochemical calculation excluding Al-silicate minerals (Set 1) 
considering progressive addition of O2(g) to Opalinus Clay under constant in situ 
pCO2 of 10-2 bar, and assuming equilibrium reactions 
kgw: kilogram water. 

 
 
After an addition of approximately 8 moles of oxygen, pyrite is completely dissolved and gypsum 
precipitation ceases. At this point sulphide/sulphate redox buffering stops and a stepwise increase 
(from pE of about -2.8 to -0.8) in redox potential is observed. Following that, siderite dissolves, 
whose reaction buffers redox through the oxidation of ferrous to ferric iron (pE about -0.8). The 
generated ferric iron precipitates as ferrihydrite. 

After complete siderite dissolution, redox potential increases sharply towards equilibrium with 
oxygen. Throughout the calculation, pH remains constant due to the assumed open system with 
respect to CO2. At the end-point of the calculation, all iron contained in pyrite and siderite is 
quantitatively converted into ferrihydrite. 
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Results for calculations including kaolinite and chlorite equilibria (Set 2a) 
Fig. 7-6 summarises the results obtained for calculations including equilibrium with kaolinite and 
chlorite (Set 2a). The predicted geochemical patterns are broadly similar to those described earlier 
for the case excluding Al-silicate minerals. The main difference is that due to the additionally 
assumed equilibria with kaolinite, chlorite and dolomite, pCO2 is no longer an independent model 
constraint. The reaction which buffers pCO2 is the dissolution of chlorite in combination together 
with the dissolution of calcite and precipitation of dolomite. As long as chlorite is present, pCO2 
remains constant, and the pH remains largely buffered. After all chlorite is consumed, pCO2 is no 
longer buffered and increases sharply. Under fully closed system conditions, pCO2 is predicted to 
increase to approximately 63 bar with a corresponding pH value of about 5.25. It is noted that 
such a high pCO2 value, comparable with the hydrostatic pressure at the repository depth, could 
indicate the formation of a free CO2(g) phase. This is considered unlikely to occur in reality, as 
the CO2 generated would be subject to transport (partially open system with respect to CO2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 7-6: Equilibrium batch geochemical calculation including kaolinite and chlorite (Set 2a) 
considering progressive addition of O2(g) to Opalinus Clay 
kgw: kilogram water. 

 
 
After all pyrite is dissolved, redox is buffered by Fe(II)/Fe(III) equilibrium as in the case exclu-
ding Al-silicates. However, the redox potential (pE = -1.4) is lower than in the case excluding Al-
silicates (-0.85). This is due to a considerable amount of Fe(II) released during chlorite disso-
lution. 

The total amount of ferrihydrite formed constitutes the sum of the moles of iron contained initially 
in pyrite, siderite and chlorite. 
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Results for calculations including kaolinite and montmorillonite equilibria (Set 2b) 
Fig. 7-7 summarises the results obtained for calculations including equilibrium with kaolinite and 
montmorillonite (Set 2b). The predicted patterns of geochemical evolution are similar to those 
predicted for the case considering chlorite equilibrium (Set 2a). The main difference is that 
following complete pyrite dissolution, montmorillonite is predicted to be consumed rapidly. As a 
result, pCO2 increase is predicted earlier and reaches a somewhat higher value of about 250 bar 
with a pH value of about 5.1. For reasons explained earlier, such a high pCO2 value should be 
considered an overestimate and unrealistic. 

The total amount of ferrihydrite formed constitutes the sum of the moles of iron contained initially 
in pyrite and siderite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-7: Equilibrium batch geochemical calculation including kaolinite and montmorillonite 
(Set 2b) considering progressive addition of O2(g) to Opalinus Clay 
kgw: kilogram water. 

 

Discussion and conclusions 
Despite gross simplifications of the model (especially, the assumed full equilibrium), the pre-
sented simplified calculations are useful as a qualitative illustration of the processes expected to 
take place following oxygen ingress into the Opalinus Clay. The overall patterns are similar in all 
cases considered. During initial evolution stages, oxidative pyrite dissolution is predicted to buffer 
redox through the oxidation of sulphide to sulphate. This reaction would likely be associated to 
the precipitation of gypsum or a similar sulphate mineral, such as jarosite. Pyrite oxidation due to 
oxygen ingress and gypsum (and to a smaller extent jarosite) formation has been observed in some 
core samples taken from the tunnel wall at the Underground Rock Laboratory at Mont Terri 
(Pearson et al. 2003). Acidification associated with pyrite oxidation promotes calcite dissolution. 
Assuming open system conditions with respect to CO2 (e.g. fast transport towards a large CO2 
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reservoir such as the tunnel during the repository's operational phase), calcite dissolution would 
effectively buffer pH. Also assuming fast dissolution kinetics for Al-silicate minerals, such as 
chlorite or montmorillonite, pH buffering is expected to be complete. Under closed system condi-
tions with respect to CO2 and/or slow reaction kinetics of Al-silicates, the generated CO2 would 
accumulate resulting in a decrease of pH. 

During pyrite oxidation, the released iron is expected to precipitate as siderite. Following com-
plete pyrite consumption, redox potential of Opalinus Clay porewater is predicted to increase, but 
to remain buffered by ferrous to ferric iron oxidation. After all ferrous carbonate has been con-
sumed, no further redox buffering takes place. In this situation, the redox potential would increase 
dramatically towards strongly oxidising conditions. 

Although the overall geochemical evolution patterns presented in this section are probably quali-
tatively correct, a more quantitative treatment of the problem could yield additional useful infor-
mation. Specifically, the kinetics of relevant reactions, especially of pyrite and Al-silicates should 
be taken into account. For this to make sense, the calculations should be performed using the 
reactive transport methodology. This way, oxygen ingress would be represented explicitly in time 
and space by solving the mass transfer equation, rather than implicitly as a function of the dimen-
sionless reaction progress. Similar holds for CO2. In the present calculations the transport behav-
iour of CO2 was simplistically bounded by either considering constant pCO2 (open system), by 
assuming it to be buffered by fast reactions involving Al-silicates and, after its complete con-
sumption, by considering a closed system with respect to CO2. 

Even considering a more sophisticated reactive transport approach, however, there remain impor-
tant conceptual uncertainties. For example, the possibility of partial pyrite dissolution due to 
passivation with oxidation products, the nature of iron control in the Opalinus Clay (e.g. solubility 
control by a solid solution rather than pure siderite), the kinetics of mineral reactions under in situ 
conditions (especially of Al-silicates), and effects related to ion transport within compacted clay 
should be considered. The work of Marty et al. (2018) represents an interesting example of how 
experimental data and reactive transport modelling can be combined to yield quantitative pre-
dictions regarding clayrock oxidation under atmospheric conditions. 

In the following sections, oxidation phenomena observed in different settings are summarised. 
These provide useful complementary information on the geochemical response of the Opalinus 
Clay towards the ingress of O2. 

Findings from an open pit at Siblingen 
Oxidation phenomena in Opalinus Clay from an open pit near Siblingen, NE Switzerland were 
studied by Mazurek (1990) and also reported in Mazurek et al. (1996). Generally speaking, similar 
observations as for the Lausen borehole were made, although the analytical procedure regarding 
iron minerals was less detailed. The weathered zone, where the entire rock was brownish to rusty, 
is observed in the uppermost zone (0 – 5 m depth). At 5 – 15 m depth, the rock matrix is not 
oxidised but penetrated by several fractures with oxidation rims. Below 15 m no alteration pheno-
mena are observed. 

Comparing the mineral distribution in the unweathered and weathered rock, the increase in goe-
thite and decrease of siderite and pyrite is evident. Also, minor Mn(IV) oxide (birnessite) in oxi-
dised rims of fractures was formed. Thus, two oxidation fronts around fractures are observed: a 
thin narrow Mn(II) oxidation front followed by a more extensive Fe(II) oxidation front. Gypsum 
is observed occasionally within the Mn oxidation front. Mass balance estimates from the chemical 
composition indicate a loss of Ca, Mg and CO2 in the weathered zone, probably reflecting carbo-
nate mineral dissolution induced by pyrite oxidation and acidity production (Mäder 2002). 
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Findings from two railway tunnels 
The 140-year-old Hauenstein railway tunnel in NW Switzerland cuts through heavily deformed 
Opalinus Clay, whose EDZ and oxidation phenomena were studied by Mäder & Mazurek (1998) 
and are also reported in Mäder (2002). The EDZ is characterised by an extensive network of 
fractures parallel to the tunnel walls. The fractures contain brownish oxidation rims extending 
3 – 15 mm into the unaltered rock matrix. Prominent pyrite oxidation can be observed macros-
copically and by SEM. Thus, numerous oxidation spots, sometimes containing remnants of pyrite 
in the centre are noted. Another feature is the occurrence of fibrous gypsum precipitates (Fig. 7-8 
left).  

From elemental profiles perpendicular to an EDZ fracture, a marked decrease of the sulphur con-
tent starting at 3 cm from the fracture surface can be deduced (Fig. 7-8 right). A mass balance 
estimate shows that the amount of "missing" sulphur in the depleted zone by far outweighs the 
sulphur amount in the gypsum precipitates. To which extent the formation of gypsum is induced 
by evaporation could not be determined. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-8: Macro photograph of fracture surface displaying aggregates of fibrous gypsum (2 – 
3 mm in height) (left) and profile of sulphur extending from fracture surface to 
visibly unaltered rock (right) 
Modified from Mäder (2002).  

 

The 130-year-old Col de la Croix railway tunnel is located in the folded Jura, about 2 km SW 
of the Mont Terri Rock Laboratory. Oxidation phenomena on the tunnel wall were studied macro-
scopically and from a drillcore of about 3 m length drilled perpendicular to the wall surface 
(Traber 2004). The EDZ extends to about 3 m (Nussbaum et al. 2011), but oxidation phenomena 
are predominantly in the outer 1.5 m where joints and fractures are partially filled with gypsum. 
In this zone, brownish to yellow coatings, consisting probably of X-ray amorphous Fe(III) oxy-
hydroxides, are also observed. From aqueous leachate data it could be inferred that chloride levels 
drop and sulphate and sulphate levels rise in this outer zone (Fig. 7-9). The lowering of chloride 
is explained by dilution with the drainage water. The increase in sulphate is attributed to pyrite 
oxidation and is also in line with the observation of gypsum. Interestingly, the sulphate profile is 
different from that observed in the Hauenstein tunnel (see above). This difference is possibly 
related to the more extensive pyrite oxidation due to the larger fracturing and air ingress in the 
Col de la Croix tunnel. The increase of nitrate is tentatively explained by nitrification of ammonia 
present as exchange complex or possibly by the presence of nitrate from blasting. 
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Fig. 7-9: Profiles of the chloride, sulphate and nitrate contents of the bulk rock and of the 
porewater in drillcore BCC3 from the Col de la Croix tunnel 
From Traber (2004). 
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Findings from the Mont Terri Rock Laboratory 
There are comparatively few studies on oxidation phenomena and related effects on porewater 
chemistry at Mont Terri. This also regards chemical studies of the EDZ in general which is con-
trary to the detailed mechanical and hydraulic studies in this zone. 

Gypsum has been systematically observed within the heavily fractured zone of the EDZ, i.e. 
within 0 – 90 cm from the tunnel wall (Bossart & Adler 1999, Mäder 2002). In general, visible 
oxidation zones (e.g. "rust" zones) are absent. So far, no systematic study on the porewater chem-
istry close to the tunnel walls, which are likely affected by ingress of air, such as pyrite oxidation, 
has been conducted.  

Findings from the COx formation in the Meuse/Haute Marne URL  
Vinsot et al. (2014a) carried out a systematic study on 115 drillcores having been exposed to air 
between a few days up to 6.5 years. Visible oxidation features were observed after 6 months in 
extensional fracture surfaces in the EDZ, whereas in shear fracture surfaces these became evident 
after two years of exposure. The oxidation features extended to less than 1.8 m. Features included 
(i) oxidised bioturbations and occasionally fossils, (ii) oxidised rusty patina on fracture walls and 
(iii) white gypsum spots. Microscopic analysis of oxidised bioturbations indicated the presence 
of white halos of gypsum around pyrite crystals in contact with brown iron hydroxide rims. 

The impact of air ingress on porewater chemistry in the EDZ was investigated in the long-term 
POx experiment (Vinsot et al. 2015). O2 was injected at a constant partial pressure of 0.2 bars in 
a packed-off borehole. Monitoring of gas showed a consumption of O2 and an increase of CO2 in 
the borehole. The regular analyses of the seepage water showed a general rise in salinity, whereby 
the increase was largest for Na and SO4. The pH strongly decreased initially down to a value of 
5.8 but recovered after less than a year to values of 7 – 7.5. 

The results are explained by pyrite oxidation which consumes O2 and produces acidity and 
sulphate. This in turns induces dissolution of calcite, production of CO2 and cation exchange 
reactions. The pyrite oxidation reaction is confirmed by the evolution of  δ34S-SO4. 

7.3.3 Microbial sulphate reduction 
Sulphate is the main electron acceptor in Opalinus Clay under anaerobic conditions as indicated 
from numerous studies (e.g. Pearson et al. 2003, Wersin et al. 2011a, Bagnoud et al. 2016). Sul-
phate reduction is a multi-electron transfer process and requires microbial mediation. The nano-
porous structure and reduced water activity, however, strongly restrict microbial activity in the 
natural Opalinus Clay rock. Moreover, sulphate reduction requires an electron donor which 
commonly is organic carbon and/or hydrogen in sediments (Langmuir 1997, Appelo & Postma 
2005). Organic carbon in Opalinus Clay is rather recalcitrant towards microbial degradation 
(Courdouan et al. 2007, Stroes-Gascoyne et al. 2007) and natural hydrogen levels are low (Vinsot 
et al. 2017). Thus, sulphate reduction in the natural Opalinus Clay formation – if occurring at all 
– is a very slow process.  

The situation is different when perturbations occur, such as from excavation and other man-
induced changes. Thus, the creation of an EDZ and fracturing leads to larger pores facilitating 
microbial activity. Repository-induced effects in this context also involve additional electron 
donors, such the production of H2 gas stemming from steel corrosion and the addition of organic 
substances (for example in cementitious construction materials). The impact of microbial sulphate 
reduction via perturbations has been investigated at the Mont Terri Rock Laboratory and else-
where in recent years. Examples thereof are given below. 
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Findings from the Porewater Chemistry (PC) experiment 
The PC experiment, carried out over a period of five years, has already been introduced in 
Section 4.2.4. Due to leakage of glycerol from an in-line pH electrode into a packed-off borehole 
section, microbial sulphate reduction was triggered and had a considerable effect on the circu-
lating water in the borehole. Thus, sulphate concentrations decreased slowly, reaching rather con-
stant levels of ∼ 5 mM, whilst sulphide concentrations exhibited a more irregular behaviour with 
peak concentrations of 1 mM after about 600 days followed by a decrease (Fig. 7-11 left). Con-
comitantly, alkalinity concentrations displayed a steady increase till day 600 and remained fairly 
constant from then on (Fig. 7-10 right). In parallel, dissolved organic carbon (DOC) levels rose, 
but strongly decreased again. Most of the organic carbon was in the form of acetate. In-line Eh 
measurements depicted low values with strong variations (Fig. 7-11 left) which, to a large extent, 
are explained by disturbances during sampling. The pH showed an initial decrease, reaching fairly 
constant values of 6.7 – 6.9 afterwards (Fig. 7-11 right). 

Reaction pathways: Trends in chemistry in the borehole water are explained by a complex inter-
play of microbially-induced redox, mineral and cation exchange reactions and diffusive transport 
in the surrounding rock (Wersin et al. 2011a, Tournassat et al. 2011). They highlight the transient 
conditions in the borehole which were affected by various experimental disturbances. Notwith-
standing these, the chemical and microbiological data revealed clear evidence of sulphate 
reduction coupled to microbial degradation of organic carbon. The produced sulphide reacted 
with Fe(II) to form X-ray amorphous FeS and pyrite (Stroes-Gascoyne et al. 2011, Koroleva et 
al. 2011a). From the evaluation of the carbon data, different stages of degradation could be dis-
cerned: During the main two stages first acetate was produced from the degradation of glycerol 
(until about day 600) leading to a strong increase in DOC according to:  

C3H8O3 + 0.25 SO4
2- → 1.5 CH3COO- + 0.25 H2S + H+ + H2O (7-13)  

Some of the organic acids were further oxidised to CO2 and fermented to methane, but these 
reaction pathways proceeded at much lower rates than reaction 7-13. The production of acidity 
led to carbonate mineral dissolution and increase in alkalinity and CO2. Sulphide showed a 
marked increase, peaking at 600 days. 

During the next stage acetate was reduced by mineralisation, fermentation and out-diffusion, 
which led to a strong decrease in DOC and a moderate increase in methane (not shown):  

CH3COO- + SO4
2- + 3H+ → 2 CO2 + H2S + 2H2O (7-14) 

CH3COO- + H+ → CH4 + CO2 (7-15) 

Sulphide concentrations decreased due to iron sulphide precipitation: 

H2S + Fe2+ → FeS + 2H+ (7-16) 

The waters were close to equilibrium with regard to mackinawite suggesting its formation in the 
borehole. This phase presumably further reacted to form pyrite (Stroes-Gascoyne et al. 2011) 
whose precipitation rate, however, seemed to be slow, given the high degree of supersaturation 
of this phase. A possible reaction pathway of the conversion from FeS to FeS2 is the H2S (or 
Berzelius) reaction (Drobner et al. 1990): 

FeS + H2S → FeS2 + H2 (7-17) 

The iron was provided by the rock by dissolution of carbonate minerals (mainly siderite) and 
probably to a minor extent by clay minerals (chlorite) (Tournassat et al. 2011).  
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Fig. 7-10: Evolution of sulphate and sulphide (left) and dissolved carbon species (sum of 
organic acids, acetate and acetone) and alkalinity (right) in the PC experiment  
From Wersin et al. (2011a). 

 
 
 
 
 
 
 
 
 
 
 

Fig. 7-11: Evolution of in-line Eh (left) and pH (right) measurements in the PC experiment 
From Wersin et al. (2011a). 

 
Buffering processes: The anaerobic microbial perturbation triggered a series of geochemical pro-
cesses which modified the borehole water and adjacent porewater, but also underlined the large 
geochemical buffering capacity of the rock as discussed in Wersin et al. (2011b). Specifically, the 
study of the rock surrounding the borehole exhibited no mineralogical, chemical, physical and 
isotopic changes in the Opalinus Clay bulk rock except for the immediate interfacial region and 
a very slight increase in water content next to the test interval (Koroleva et al. 2011a). The large 
buffering capacity is supported by the reactive transport modelling exercise (Tournassat et al. 
2011). This indicated the importance of cation exchange (including also surface protolysis 
reactions), carbonate dissolution/precipitation and iron sulphide precipitation which accompanied 
microbial biodegradation processes. A powerful constraint to attenuating the perturbation is diffu-
sive mass transfer.  

The main change manifested in the porewater is the increased CO2 and alkalinity. Major cations, 
such as Na+, Ca2+ and Mg2+, exhibited a very little change due to the large cation exchange capa-
city of the rock. According to modelling results about 3 g of calcite precipitated over the whole 
test interval of 4.5 m length resulting from the degradation process. This corresponds merely to 
0.3% of the initial calcite mass of rock at the interface. Furthermore, calculations indicated that 
the zone of decreased pH in the porewater is limited to 20 cm into the rock. The reactive transport 
model was also applied for predicting the restoration times after depletion of the degradable 
carbon source (Wersin et al. 2011b). The model predicts that ten years after the end of bacterial 
perturbation, the system is not completely restored. In particular, redox conditions are still signi-
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ficantly affected at distances > 1 m from the borehole (Fig. 7-12). This is due to the diffusion of 
remaining S(-II) species (H2S and HS-) from the production location (the borehole) into the rock. 
However, there is large uncertainty relative to this aspect because the kinetics of pyrite precipita-
tion in the formation were not considered in these simulations. Precipitation of pyrite would 
drastically lower the S(-II) concentrations to levels comparable with the concentration in the 
undisturbed porewater. Sulphate concentration, pH and alkalinity values have been almost 
restored after 15 years due to out-diffusion of CO2(aq), HCO3

- and in-diffusion of Ca, leading to 
a calcite precipitation front at the borehole / formation interface.  

Overall, the results from overcoring and reactive transport modelling are convincing evidence and 
confirmation of the large pH and redox buffer capacity of the Opalinus Clay formation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-12: Results of predictions from the reactive transport model after 5, 10 and 15 years  
This model was used to predict the biogeochemical evolution in the borehole and the adjacent 
rock of the PC experiment with glycerol as carbon source (Tournassat et al. 2011). 5 years: 
Simulation results at the end of experiment with degrading glycerol. 10, 15 years: Prediction 
results under assumption that bacterial activity has ceased. From Wersin et al. (2011b). 
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Findings from the Hydrogen Transfer (HT) experiment 
The HT experiment has been introduced in Section 4.2.4. It aims at understanding the diffusion 
of H2 in Opalinus Clay (Vinsot et al. 2014b). Multiple of injections of H2, Ne and He in a packed-
off borehole were carried out and their concentrations monitored, together with dissolved solutes 
from water samples. The results showed that H2 was consumed in the borehole that could not be 
explained by diffusion alone contrary to Ne and He. In fact, from the decrease in sulphate and 
iron, the detected microbial population and modelling, it could be inferred that hydrogen injection 
triggered microbial sulphate reduction, sulphide generation and possibly also Fe(III) reduction.  

Changes in solute chemistry remained small to moderate. Thus, Cl, Na, Ca and Mg exhibited 
fairly constant concentrations without any trend. Sulphate, Sr and pH displayed a slight decrease 
with time, sulphide was detected in the last two samples. From equilibrium calculations a slight 
increase in pCO2 from 10-2.4 to 10-1.7 bar could be inferred. Microscopic analyses indicated the 
presence of acetoplastic, sulphate reducing and thiosulphate reducing bacteria. The process of 
hydrogen oxidation by microbial sulphate reduction was inferred as main process according to:  

4H2 + SO4
2- + Fe2+ → FeS + 4H2O (7-18) 

The calculated amounts of consumed H2 and SO4 agree with the stoichiometry of reaction 7-5. 

The impact of H2 on microbial activity and sulphate reduction has been confirmed in other tests 
at Mont Terri (Bagnoud et al. 2016). 

7.3.4 Effects of iron corrosion 
The Opalinus Clay host rock will be in contact with various steel materials, such as reinforcements 
in shotcrete or anchors in concrete-free sections (Leupin et al. 2016a, 2016b). These steels will 
be subjected to corrosion under predominantly anaerobic conditions (Diomidis 2014). Under 
these conditions, water will act as oxidant according to: 

Fe + 2H2O → Fe2+ + 2OH- + H2 (7-19) 

Thus, hydrogen, hydroxyl ions and Fe2+ are generated, which all may, at least locally, affect the 
geochemical conditions in the adjacent Opalinus Clay.  

Hydrogen generation could induce or accelerate microbial sulphate reduction (see section above). 
The extent of sulphate reduction and resulting sulphide generation depends obviously on the 
amount of steel but also on conditions favouring or not the viability of microorganisms (e.g. space, 
nutrients). So far, there are very few data available on the impact of hydrogen at the rock/EBS 
boundary under repository-relevant conditions. The production of hydrogen from steel HLW 
canister corrosion is rather large and H2 may migrate through the bentonite backfill via diffusion 
or dilatency-induced flow into the host rock (Nagra 2004). Modelling calculations suggest that 
under very unfavourable assumptions, a gas-induced fracture in the Opalinus Clay host rock might 
form. 

Fe2+ may directly react with hydroxyl ions to form Fe(OH)2 and subsequently to magnetite 
according to the Schikkor reaction (King 2008). In that case, the alkalinity produced by the corro-
sion reaction is neutralised. Alternatively, Fe2+ may directly interact with the clay minerals (illite 
or smectite) without neutralising the produced OH-. The high pH may further increase weathering 
of clay minerals, thus favour their alteration and neoformation of Fe-rich phyllosilicate phases 
(Wersin & Birgersson 2014).  
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The effect of corrosion on the stability of clay minerals in Opalinus Clay has, to the best of our 
knowledge, not yet been investigated. This issue, however, has been part of Andra's research 
programme, in which a number of experimental and modelling studies on Fe-COx interaction 
were carried out. In general, it could be shown that the Fe(0)-COx system is quite reactive leading 
to distinct reaction zones at the interface of these two materials. Thus, in disperse batch systems, 
anaerobic corrosion usually resulted in a thin magnetite layer in contact with an iron-rich phyllo-
silicate layer. The latter consisted of serpentine minerals, such as berthierine or cronstedtite 
(Pignatelli et al. 2013, Rivard et al. 2015), and/or greenalite (Le Pape et al. 2015). Between this 
Fe silicate layer and the undisturbed COx, neoformed Fe carbonates were often observed (De 
Combarieu et al. 2007, 2011, Le Pape et al. 2015). The reactivity of quartz appears to be much 
larger than that of clay minerals in the COx (Rivard et al. 2015). The same type of assemblages 
was formed in experimental systems comprising a steel surface in contact with a COx block 
(Schlegel et al. 2008, 2010, De Combarieu et al. 2011). 

7.4 pH/pCO2 buffering 

7.4.1 General processes and pH buffering capacity 
The pH buffering capacity describes the resistance of a water – rock system to withstand changes 
in pH induced by addition of an acid or base (Langmuir 1997). Perturbations of pH in the reposi-
tory system may be induced by: 

• Redox processes, such oxidation by air ingress, microbial sulphate reduction, iron corrosion 
etc., as discussed in Section 7.3 

• Release of alkaline leachates from cementitious materials and interaction with the host rock. 
These processes have been extensively reviewed elsewhere (e.g. Savage & Cloet 2018) and 
will be summarised below. 

The most important solution buffering species in most groundwaters and also in Opalinus Clay 
porewater are carbonate species through the reactions: 

CO2(g) + H2O ↔ H2CO3 ↔ H+ + HCO3
- ↔ 2H+ + CO3

2- (7-20) 

Through these reactions the CO2 partial pressure is intrinsically linked to pH. Thus, an increase 
in pCO2 is generally accompanied by a decrease in pH. 

Further buffering is provided by dissolution and precipitation of carbonate minerals in Opalinus 
Clay: 

CaCO3 + H+ ↔ Ca2+ + HCO3
- (7-21) 

The above reaction is shown for calcite, the predominant carbonate mineral. This buffer is far 
more powerful than dissolved carbonate species since it occurs in much larger amounts.  

The buffering by clay mineral reactions is a priori even more important, but reactions are slow as 
discussed in Chapter 6; nevertheless, they increase under acidic or alkaline conditions. An 
example of a pH buffering reaction is the dissolution of chlorite (e.g. clinochlore) and the precipi-
tation of kaolinite and quartz: 

Mg5Al2Si3O10(OH)8 + 10H+ ↔ Al2Si2O5(OH)4 + SiO2 + 5Mg2+ + 7H2O (7-22) 
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Finally, clay mineral surfaces contribute to pH buffering via proton exchange reactions. There 
exist different formalisms to describe surface reactions involving protons in clay systems. A com-
monly used model developed for montmorillonite and illite surfaces is the 3-site non-electrostatic 
surface complexation model of Bradbury & Baeyens (1997b, 2009, 2011). Therein, pH-dependent 
protolysis of the amphoteric surface hydroxide groups is generally described as: 

>SOH + H+ ↔ >SOH2
+ (7-23) 

>SOH ↔ >SO- + H+ (7-24) 

where >SOH is a surface hydroxyl group. There are other models accounting for proton surface 
reactions. For example, Beaucaire et al. (2012) applied a multisite cation exchange scheme for 
proton exchange to the COx formation. It is worth noting that such models are generally based on 
surface titration curves used for pure minerals (i.e. montmorillonite and illite). The extrapolation 
to multimineral rocks, such as Opalinus Clay, is not straightforward and prone to considerable 
uncertainty. 

Below, some examples highlighting the pH buffering processes acting in Opalinus Clay are given. 

7.4.2 Example modelling of CO2 acidification 
In order to study the impact of a disturbance of the porewater by CO2, Wersin & Pekala (2017) 
performed scoping calculations for a potential in situ experiment in the Opalinus Clay at the Mont 
Terri Rock Laboratory. The proposed experiment envisaged inducing a high-CO2/low-pH pulse 
in water circulated through a borehole drilled in the Opalinus Clay. An elevated pCO2 (1 bar) in 
the borehole's water circulation system imposed at the start of the experiment would drive geo-
chemical interactions between the experimental water circulation system (pH of 4.7) and the 
Opalinus Clay porewater (pH of 7.5). The proposed set-up is schematically shown in Fig. 7-13. 
Changes in water composition in the experimental system would be monitored in time, and the 
results used to quantify the processes taking place. The main goal of the proposed experiment was 
to improve the understanding of the pH buffering capacity of the Opalinus Clay under in situ 
conditions. 
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Fig. 7-13: Schematic of the proposed in situ CO2 acidification experiment at Mont Terri 
From Wersin & Pekala (2017). 

 
Wersin & Pekala (2017) presented scoping batch geochemical and reactive transport calculations 
to study the sensitivity of the experiment and to distinguish different buffering reactions. The 
results of these calculations can be used as a quantitative demonstration of the pH buffering capa-
city of the Opalinus Clay subject to CO2 acidification. 

The batch modelling was performed considering 1 litre of the CO2-enriched water in contact with 
a 2 cm thick rim of the Opalinus Clay around the borehole (14.1 kg Opalinus Clay, based on a 
dry density of 2.4 Mg/m3 and porosity of 0.17). Closed and open systems with respect to pCO2 
were studied. The pH buffering reactions in the model included surface protonation/de-protona-
tion, carbonate dissolution/precipitation reactions (both represented as equilibrium reactions) and 
silicate minerals dissolution/precipitation (as kinetic reactions). The processes were studied in a 
stepwise manner in order to evaluate their individual contributions to pH buffering in the experi-
mental circulation system. 

The results of the batch geochemical calculations exemplify the high pH buffering capacity of the 
Opalinus Clay, and its ability to resist acidification associated with CO2 increase. In the absence 
of silicate mineral reactions, the acidic load was buffered by a combination of surface protonation, 
calcite and siderite dissolution/precipitation, acting together with cation exchange reactions. 
When no surface protonation/de-protonation reactions were considered, the main pH buffering 
process was found to be calcite dissolution and, to a lesser extent, the dissolution of siderite and 
celestite. These reactions could buffer the CO2 disturbance to a pH value of 6.1 (compared to the 
pH of 4.7 in the experimental solution). Inclusion of surface protonation/de-protonation reactions 
contributed further to the buffering capacity of the rock. However, it should be noted that con-
siderable uncertainties regarding this process (e.g. the concentration of surface sites and the 
applicability of the model to Opalinus Clay due to lack of data) exist. 

Significantly greater pH buffering capacity was predicted in calculations including the reactions 
of silicate minerals. Assuming equilibrium conditions, the pH was practically unaffected by the 
CO2 perturbation. Similarly, strong pH buffering was predicted at 1 year in cases for which kinetic 
silicate mineral reactions were considered. However, mineral reactions involving silicates are 
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known to be slow (much slower than surface and carbonate mineral reactions), therefore the 
assumption of equilibrium is likely unrealistic. The kinetic implementation of silicate mineral 
reactions should be more realistic. However, it must be highlighted that there is an uncertainty in 
the kinetic rates of the silicate reactions. The rates are primarily based on laboratory data, and 
their extrapolation to the field is not straightforward. 

As a step towards increasing the realism of the calculations, Wersin & Pekala (2017) performed 
reactive transport calculations. In comparison to batch geochemical calculations, reactive trans-
port calculations consider explicitly solute transport processes. The calculations considered a 
cylindrical (1D, radial) geometry of the experimental borehole and the Opalinus Clay. The axial 
length of the model was 1 m, yielding an experimental borehole interval volume of 4.5 litres. The 
total volume of the experimental solution, including an excess water reservoir, was provisionally 
assumed at 10 litres. The external boundary of the Opalinus Clay domain (constant Opalinus Clay 
porewater composition) was defined at 10 m away from the borehole. The same initial chemical 
conditions in experimental solution and the same initial conditions and geochemical model in the 
Opalinus Clay as for the batch calculations were assumed. Calculations were performed stepwise, 
adding additional pH buffering processes: pure diffusion, carbonate (calcite + siderite) equilibria, 
illite surface protonation/de-protonation, kaolinite and montmorillonite protonation/de-protona-
tion and kinetic chlorite (ripidolite) dissolution. Given the relatively fast dissolution rate of 
chlorite, the case including kinetic chlorite dissolution was meant as a bounding calculation 
evaluating the effect of the alumina-silicate mineral dissolution. 

Figs. 7-14 and 7-15 show the calculated evolution of pH in the experimental water circulation 
system following the CO2 perturbation, considering the effective diffusivity of the Opalinus Clay 
equals to 10-11 m2/s (perpendicular to bedding) and 5 × 10-11 m2/s (parallel to bedding), 
respectively. Overall, the reactive transport calculations emphasised the importance of the carbo-
nate reactions (especially calcite), which were predicted to dominate the pH-rebound during the 
initial about 2 years (from the initial pH value of 4.7 to a value of about 6 at 0.5 to 2 years, 
depending on the De of Opalinus Clay). Protonation/de-protonation of clay minerals could con-
tribute to further pH buffering by a relatively modest amount (about half a pH unit at 10 years). 
Including the kinetic reaction of chlorite would considerably affect pH in the experimental 
circulation system, especially after the initial several years. The pH in this case was predicted to 
reach the value of undisturbed Opalinus Clay (about 7.5) within about 3 to 10 years (depending 
on the De of Opalinus Clay). As mentioned earlier, the effect of the surface protonation/de-pro-
tonation and silicate reactions is uncertain because of the lack of reliable model input data. In 
contrast, reactions involving carbonates are well supported by observations. The effectiveness of 
the carbonate pH-buffer was demonstrated by comparing it with the case considering no chemical 
pH buffering, only dilution due to diffusive transport. In this case, the pH in the experimental 
system was predicted to remain at around 5 to 5.5 during the initial 10 years. 
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Fig. 7-14: pH in the experimental circulation system following a CO2 perturbation considering 
the effective diffusion coefficient in the Opalinus Clay of 10-11 m2/s  
Buffering due to: "Diffusion" – diffusion only; "Cb" – carbonate reactions; "Cb+Ill_prot" – 
carbonate reactions and surface protonation of illite; "Cb+Ill_Mnt_prot" – carbonate 
reactions and surface protonation of illite, kaolinite and montmorillonite; 
"Cb+Ill_Mnt_prot+Rip" – carbonate reactions, surface protonation of illite, kaolinite and 
montmorillonite, and kinetic dissolution of chlorite (ripidolite). From Wersin & Pekala 
(2017). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-15: pH in the experimental circulation system following a CO2 perturbation considering 
the effective diffusion coefficient in the Opalinus Clay of 5 × 10-11 m2/s  
Buffering due to: "Diffusion" – diffusion only; "Cb" – carbonate reactions; "Cb+Ill_prot" – 
carbonate reactions and surface protonation of illite; "Cb+Ill_Mnt_prot" – carbonate 
reactions and surface protonation of illite, kaolinite and montmorillonite; 
"Cb+Ill_Mnt_prot+Rip" – carbonate reactions, surface protonation of illite, kaolinite and 
montmorillonite and kinetic dissolution of chlorite (ripidolite). From Wersin & Pekala 
(2017). 
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7.4.3 Example modelling of perturbation due to CO2 outgassing 
Porewater pCO2 measurements of Opalinus Clay samples (e.g. Section 4.2.10) are performed as 
described in Section 3.3.9. Briefly, the pCO2 measurement consists in placing a sample of the 
rock in a gas-tight cell and flushing/evacuating the gas from the cell. Following that, CO2 from 
the sample porewater gradually degasses into the experimental cell, while its total pressure and 
CO2 gas fraction (allowing the calculation of the pCO2) are monitored until they reach a constant 
value (plateau). If perturbation of the porewater prior and during the experiment is negligible, this 
plateau pCO2 value may be interpreted to represent the pCO2 of the sample porewater. 

To date, the effect of CO2 degassing from the rock sample on the porewater chemistry has not 
been systematicaly studied, typically based on the expectation that such an effect would be negli-
gible due to strong buffering by calcite (e.g. Lassin et al. 2003). Below, scoping calculations are 
presented that aim to quantify the perturbation of the porewater chemical composition expected 
due to CO2 degassing during experimental determination of the porewater pCO2. The modelling 
approach and main model assumptions are presented in Appendix A. 

Calculations are performed for a series of ratios of the cell headspace volume and the sample 
volume. As background to the discussion below, Lassin et al. (2003) report that for the two mea-
sured samples this ratio was 3.93 (sample A-6) and 0.76 (sample BGS-2). Moreover, for the 
Schlattingen-1 samples (Section 4.4.2), the ratio of the cell headspace volume over the sample 
volume was in the range of 1.22 to 3.18 (Tab. 7-9). 

Tab. 7-9:  Sample, cell and cell headspace volumes during the pCO2 measurement of the 
Schlattingen-1 samples 

 

Sample Sample volume 
 

[cm3] 

Cell volume 
 

[cm3] 

Cell headspace 
volume 
[cm3] 

Cell headspace 
volume/sample 

volume 

SLA-742.11-CO2 1'062.60 2'356.19 1'293.60 1.22 
SLA-764.26-CO2 715.15 2'356.19 1'641.05 2.29 
SLA-780.84-CO2 853.30 2'356.19 1'502.90 1.76 
SLA-800.21-CO2 733.45 2'356.19 1'622.74 2.21 
SLA-810.63-CO2 583.38 2'356.19 1'772.81 3.04 
SLA-858.14-CO2 564.27 2'356.19 1'791.92 3.18 
SLA-898.08-CO2 747.21 2'356.19 1'608.99 2.15 
SLA-947.28-CO2 752.36 2'356.19 1'603.83 2.13 

 
Main results of the calculations are presented in Figs. 7-16 and 7-17, which show the calculated 
porewater pCO2 and pH as a function of the ratio of the cell headspace volume over the sample 
volume, respectively. As explained in Appendix A, four calculation cases are considered: 
• Case 1: Buffering due to calcite (equilibrium) reactions only 
• Case 2: Buffering due to a combination of calcite (equilibrium) reactions and surface pro-

tonation onto illite 
• Case 3: Buffering due to a combination of calcite (equilibrium) reactions and surface pro-

tonation onto illite and montmorillonite 
• Case 4: Buffering due to a combination of calcite (equilibrium) reactions and surface pro-

tonation onto illite, montmorillonite and kaolinite 
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Fig. 7-16: Sample porewater pCO2 calculated as a function of the cell headspace volume over 
Opalinus Clay sample volume 
The blue rectangle indicates the total range of values of the cell headspace volume to sample 
volume for the Schlattingen-1 samples and for the samples reported by Lassin et al. (2003). 
The red rectangle indicates the approximate maximum analytical error for the pCO2 measure-
ment as reported by Lassin et al. (2003). Refer to text for description of the cases. 

 
The following observations can be made based on the presented results: 

• The removal of CO2 from the porewater leads to a decrease in the porewater pCO2 and a 
corresponding increase in pH. 

• The perturbation of the porewater is proportional to the amount of CO2 removed from it 
during the experiment, which is a direct function of the ratio of the cell headspace volume to 
the sample volume (the greater the cell headspace relative to the sample volume, the more 
CO2 is transferred to the cell and the greater is the disruption). 

• This process is resisted by buffering reactions involved in the carbonate system. 

• The buffering reactions "resist" the perturbation rather than "fix" the pCO2 and pH to some 
specific values (a "sliding" buffer). 

• Under the assumptions made (Appendix A), e.g. regarding the concentration of protonation 
sites, buffering provided by the calcite reactions alone are of limited capacity compared to 
the buffering due to surface protonation reactions. 

• Of the three mineral surfaces onto which surface protonation reactions were considered (illite, 
montmorillonite and kaolinite), the reactions on illite are of the greatest buffering potential. 
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• For the ratios of cell headspace volume to the sample volume considered (0.76 to 3.93) and 
considering protonation of the clay minerals, the predicted range of pCO2 perturbation is 
about 0.95 to 0.2 log-units and 0.025 to 0.1 units for the pH. 

• For ratios of the cell headspace volume to the sample volume around 1 and below, the per-
turbation of the pCO2 is expected to be within the maximum analytical error of the pCO2 
measurement. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-17: Sample porewater pH calculated as a function of the cell headspace volume over 
Opalinus Clay sample volume 
The horizontal dashed blue line indicates the initial, unperturbed pH value. Refer to text for 
description of the cases. 

 
Based on the above, it is expected that for some of the analysed samples (e.g. SLA-742.11-CO2 
and BGS-2 of Lassin et al. 2003) the perturbation induced during the experiment should be negli-
gible and within the analytical error of the method. For other samples, the perturbation could 
cause a decrease in pCO2 greater than the reported maximum analytical error. It is emphasised, 
however, that the (unknown) overall experimental error is likely larger than the presented analy-
tical error. 

An important conclusion from the present calculations is that commonly assumed "strong" 
buffering of the carbonate system by calcite reactions may be an overestimate, especially if the 
cell headspace volume is large relative to the sample volume. The information presented above 
could be used to optimise experimental designs (e.g. cellhead volumes) currently used. 

It is further acknowledged that the presented results are based on a relatively simple model that 
suffers from some uncertainties. In view of lack of a dedicated model for the Opalinus Clay, the 
main uncertainty is related to the applicability and parameterisation of the surface protonation 
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model used, especially on the dominant illite surfaces. In addition, as discussed in detail by Lassin 
et al. (2003), the pCO2 experiments are subject to their own uncertainties (e.g. analytical and 
experimental errors, sample preparation and storage, temperature variations, attainment of equili-
brium) and artefacts induced during the experiment (e.g. water loss due to vaporisation, humidity 
and capillary effects, potential for bacterial activity, gas leaks etc.). 

7.4.4 Alkaline perturbations 
Various cement-based materials may be used within a repository built in the Opalinus Clay. For 
example, due to uncertainties as to the siting depth of the repository and the associated overburden 
pressure, a concrete liner (shotcrete liners or pre-fabricated liner segments) may be employed to 
provide additional support for the emplacement tunnels. In case of the low- and intermediate-
level radioactive waste (L/ILW), hydrated cements constitute a significant portion of the waste 
itself. In addition, cement-based materials may be used for waste conditioning (e.g. fixation of 
radionuclides within a cement matrix), and large amounts of cement grout may be used to backfill 
the L/ILW emplacement tunnels (Kosakowski et al. 2014). 

Since cement and clays have contrasting chemical properties, chemical interactions will occur at 
their interface due to transport of dissolved species between the two materials. Given the chemical 
gradient between the two porewaters, the transport of K, Na, Ca and OH- is expected to occur 
from the cement into the Opalinus Clay, while the transport of Mg, Si, Al and carbonate species 
will occur in the opposite direction. 

Based on a recent review of cement – clay modelling presented by Savage & Cloet (2018), the 
following general chemical processes and interactions are expected: 

• Diffusion of OH- from the cement into the Opalinus Clay will lead to dissolution of silicate
and Al-silicate minerals (mainly clay minerals such as illite, kaolinite and montmorillonite).
The dissolution of these minerals in the Opalinus Clay will contribute significantly to the
neutralisation of the high-pH plume extending from the cement.

• The dissolution of primary silicate and Al-silicate minerals will trigger precipitation of
secondary phases, such as C-S-H, zeolites and other sheet silicates. Some of these reactions
will tend to increase pH, while others will tend to decrease it.

• The decrease of OH- and Ca in the cement porewater at the interface will favour the disso-
lution of portlandite and C-S-H phases. In combination with diffusion of carbonate species
from the Opalinus Clay towards the cement, this will result in the precipitation of carbonates
(mainly calcite and aragonite) at the cement / Opalinus Clay interface.

• The above-described mineral reactions will tend to increase porosity in the cement and
decrease it in the Opalinus Clay. The reduced porosity on the clay side will reduce the rate of
solute transport across the interface.

• The diffusion of K, Na and Ca from the cement into the Opalinus Clay will lead to fast cation
exchange with Mg in the Opalinus Clay and the modification of the exchanger composition.

• In the Opalinus Clay, the OH- transported from the cement will participate in fast reversible
protonation and de-protonation reactions taking place on the amphoteric sites of clay mine-
rals.

In this section, the effects related with presence of cementitious materials on the chemistry of 
adjacent sections of the Opalinus Clay are discussed based on available experimental and model-
ling data. 
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Experimental results on Opalinus Clay/cement interactions and modelling 

CW experiment 
The CW (Cement Water) Experiment was performed at the Mont Terri Rock Laboratory with the 
aim to detect and characterise the effects of a synthetic cement porewater (proxy for early 
leachates from ordinary Portland cement) in contact with Opalinus Clay under repository-relevant 
conditions (anaerobic, water saturated, at 35 °C) during timescales exceeding existing laboratory 
experiments at that time. 

The experiment consisted in circulating a Na-Ca-OH solution (pH = 13.2) heated to 30 °C within 
a borehole drilled in situ in the Opalinus Clay. The geochemical evolution of the down-hole fluid 
was monitored by sampling campaigns carried out at irregular intervals. The removed fluid was 
periodically replenished. Occasionally, sampling and the associated fluid replenishment caused 
complete exchange of the experimental high-pH fluid. During the experiment, pH and the concen-
trations of major cations (Na, Mg, Ca, K) and anions (sulphate, chloride) were measured. Further 
details on the experiment can be found in Mäder et al. (2009). 

The in-hole monitoring data were interpreted using a reactive transport model adapted from Adler 
(2001) who calibrated it to match observations from a 1-year laboratory experiment. Assuming 
diffusive transport, the reactive transport model of Adler (2001) was used to predict the expected 
alteration of the clayrock including of calculated changes in porosity. The model predicted that 
diffusion of the hyperalkaline solution into the surrounding Opalinus Clay formation would cause 
dissolution of dolomite, kaolinite and quartz. Calcite, hydrotalcite, illite and sepiolite were pre-
dicted to precipitate. There was no precipitation of C-S-H and zeolite phases included in the 
model. Magnesium in abundant secondary Mg-phases was derived from dolomite dissolution and 
cation exchange reactions. Identical alteration mineralogy had been identified in a laboratory 
experiment investigating the same fluid – rock system (Adler 2001). The experiment of Adler 
(Adler 2001, Adler et al. 2001) showed that precipitation of Mg-hydroxide phases such as hydro-
talcite and sepiolite in the rock matrix effectively attenuates the pH of the infiltrating hyper-
alkaline solution. Predicted porosity changes during the first 3 – 4 years were < 1% absolute. 

Other reactive transport modelling studies (Mäder & Traber 2005, Traber & Mäder 2006) support 
the assumption that the volumetrically dominant alteration assemblage consists of clay/calcite/ 
Mg-Si-hydroxides. The predicted reduction in porosity very near the interface is minor but con-
trasts with experimental observations of Adler et al. (2001) where evidence of self-sealing after 
little more than 1 year was observed, albeit in an advection-dominated regime. Mäder et al. (2009) 
noted that porosity/permeability relationships in clayrocks remain poorly understood and pose 
limits on the accuracy of predictive modelling. 

Overcoring of the CW experiment was performed with a diameter sufficiently large to preserve 
the expected alteration (few mm to cm) within clayrock surrounding the test interval. Unfortu-
nately, the effort failed after technical difficulties with the core-catching device that resulted in 
complete dismemberment and grinding of the clayrock within the core barrel. This rendered sub-
sequent analysis of solid samples very difficult. 
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CI experiment 
The Mont Terri clay – cement interaction experiment (CI) consists of boreholes in the Opalinus 
Clay backfilled with different concrete, mortar and paste types, as well as bentonite. The inter-
faces between the cementitious materials and the clays have been sampled, resulting in an exten-
sive collection of material from 2 to 10 years of interaction time. The samples have been exten-
sively characterised with numerous microscopic, spectroscopic and wet chemistry methods con-
ducted by the multi-national participants (Jenni et al. 2014, Dauzères et al. 2016, Fisch et al. 2017, 
Lerouge et al. 2017, Mäder et al. 2017). The major findings can be explained by the general 
processes stated above, but include some additional findings: 

• The cement – clay interaction depends on the cement type (ordinary Portland cement, low 
alkali/pH cement, low pH slag cement). Therefore, the cement type defines the interactions 
taking place in the Opalinus Clay. 

• No systematic evolution with time of the interaction zones from 2 to 10 years. Therefore, the 
main interactions are expected to occur within the first two years after emplacement. 

• In addition to the processes mentioned above, migration of Mg and its enrichments reveal 
further interactions: Mg mainly from the Opalinus Clay exchanger, but also released by dolo-
mite dissolution in the Opalinus Clay and clinker hydration in the cement, migrates to high 
pH regions where Mg-hydroxides can precipitate. Therefore, the Mg enrichment observed in 
Opalinus Clay at approximately 7 mm from ordinary Portland cement is expected to indicate 
the high pH front in Opalinus Clay. In contrast, Mg enrichments in low pH cement / Opalinus 
Clay interfaces occur at the very interface or even on the cement side, where the M-S-H pre-
cipitation can decrease porosity. 

• Sulphate migrates from Opalinus Clay into cements, where no stable phase can be formed at 
the very interface due to low Ca activity or pH. Therefore, SO4 enrichments generally form 
distant from the interface within the cementitious materials. 

• Dissolution of Opalinus Clay clay minerals is strongly expected, but the small expected 
volume decrease is below the sensitivity of any method applied so far. 

The interpretation of the interaction processes described above is supported by dual porosity 
reactive transport modelling (Jenni et al. 2017). It was also shown that reactive transport model-
ling including clogging phenomena at the clay / cement interface must take into account anion 
exclusion, which affects half of the Opalinus Clay porosity. 

In the repository context, the porosity evolution at the interface is of major importance, because 
it defines the evolution of the interaction processes. Spatially resolved porosity measurements on 
the CI interfaces revealed many uncertainties, originating from sampling, preparation and the 
measurement approach. Therefore, the recently started follow-up CI-D experiment aims at defi-
ning solute transport across aged cement / Opalinus Clay interfaces. 

Simplified mass balance considerations 
Mäder & Adler (2005) presented simplified calculations for the ILW repository to evaluate the 
bounds of expected Opalinus Clay alteration subject to high-pH plume originating from Portland 
cement degradation. The presented mass-balance approach provides conservative estimates that 
can be used in conjunction with more sophisticated reactive transport models (described in the 
next subsection). Although such simplistic calculations cannot address questions regarding Opa-
linus Clay porewater composition, they are useful in the sense that they provide useful estimates 
regarding Opalinus Clay alteration. 
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The approach proposed by Mäder & Adler (2005) consists in estimating the mass of the Opalinus 
Clay required to buffer the pH-effect of a unit mass of the cement. Based on simplifying assump-
tions about the geometry and distribution of the high-pH plume, the spatial extent of rock altera-
tion can be evaluated. 

The reactive component of Portland cement was represented by portlandite and Ca-Si-hydrates 
(CSH) in excess of Ca/Si = 1. Alkali-hydroxide components were neglected, as well as CAH (alu-
minate component) and CFH (ferrite component). The reactive component of Opalinus Clay was 
restricted to kaolinite, quartz, dolomite and chlorite. This is in agreement with experimental evi-
dence, and additional mineral components present are subordinate in terms of their participation 
in degradation reactions, except for illite and illite/smectite mixed layer clays. Secondary mineral 
precipitates forming as a result of cement – clayrock interaction were calcite, brucite, laumontite 
and CSH (CaH2SiO4). 

Cement degradation was simplistically represented considering the following reactions: 

Portlandite → Ca(OH)2(aq) 

C1.8SH1.8 → CSH + 0.8Ca(OH)2 

The following pH buffering reactions were considered for the Opalinus Clay: 

Ca(OH)2 + kaolinite + 2quartz = laumontite 

Ca(OH)2 + quartz → CSH 

The early alkaline phase was neglected due to its overall limited duration and smaller mass of 
hydroxide involved compared to the long-lasting portlandite-buffered phase. The model reactions 
for degradation and buffering were applied to the molar mineral content of Opalinus Clay assum-
ing cement composition after Neall (1994). Furthermore, from the amounts of cement/concrete 
per metre of disposal tunnel the affected volume was estimated assuming an ideal radial distribu-
tion and neglecting the known anisotropy of transport properties in the Opalinus Clay.  

The calculations of Mäder & Adler (2005) showed that a unit cubic metre of the Opalinus Clay is 
able to buffer four cubic metres of the cement. Given the L/ILW tunnel diameter, Mäder & Adler 
(2005) estimated 0.5 m, 3.7 m and 17 m extent for 100%, 10% and 1% of used Opalinus Clay 
buffering capacity, respectively.  

The model is conservative in the sense that it neglects substantial amounts of primary illite and 
illite/smectite mixed-layer clay minerals (about 30%) in Opalinus Clay. These are less reactive 
than kaolinite but after consumption of kaolinite would also be available for continued buffering 
reactions. On the other hand, the model neglected potential Ca(OH)2 production from degradation 
of CAH and CFH phases as these were assumed to be stable over a longer time period. The authors 
estimated that partial degradation of these phases might add another 0.5 – 1 mol/kg hydrated 
cement paste, or 15 – 30% of the production capacity assumed in above calculations. These varia-
tions were considered well within the order-of-magnitude estimate. 

The simplified mass balance calculations by Mäder & Adler (2005) suggest that the Opalinus 
Clay is characterised by a large capacity to buffer a high-pH perturbation. The results indicated 
that the penetration of a high-pH plume originating from the degradation of Portland cement into 
the Opalinus Clay would not be significant, and unlikely to affect the performance of the reposi-
tory. 
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Reactive transport predictive modelling 
Mäder & Traber (2005) presented a general reactive transport model, which they used to study 
rock – water interactions between concrete and clayrock and to evaluate the effects of a hyper-
alkaline plume emanating from the degrading cement. The model was applied to the SF/HLW 
repository in the Opalinus Clay. 

They found the extent of strong rock alteration to be small (50 – 100 cm) over 106 years. Clogging 
of pore space was found likely to occur already after hundreds of years if predicted porosity 
reductions within concrete and clayrock are taken into account. Early concrete degradation 
resulted in loss of KOH, dissolution of portlandite and replacement of CSH with a high Ca/Si 
ratio with CSH of successively lower ratios. Alteration of Opalinus Clay was dominated by a 
calcite/illitic clay/Mg-Si-hydroxide assemblage with some zeolites but only minor CSH-type 
phases. 

The main predicted alteration zone in the Opalinus Clay at 50'000 years was about 10 cm. This 
zone was characterised by loss of kaolinite and quartz, and formation of illite and calcite. The 
alteration zone is bounded by a narrow yet pronounced zone of sepiolite formation. A larger zone 
(1.9 m) of dolomite dissolution and calcite precipitation was predicted. 

The model predicted zones of strongly reduced porosity in both the concrete and the Opalinus 
Clay. Zones of enhanced porosity were found immediately near the concrete / Opalinus Clay 
interface. Strong buffering of pH was predicted by the model in the Opalinus Clay with a zone of 
pH values above 8 limited to below about 50 cm at 50'000 years. 

Traber & Mäder (2006) performed detailed reactive transport modelling of diffusive interactions 
between the Opalinus Clay and concrete for the L/ILW repository. They considered various calcu-
lation scenarios to test the effect of zeolite precipitation as secondary phases, heterogenous porosi-
ty, parallel- versus perpendicular to bedding diffusivity, mature concrete porewater (starting pH 
in equilibrium with portlandite) and the feedback of porosity update. 

The reactive transport model of Traber & Mäder (2006) was set up to include a domain of mortar 
made from ordinary Portland cement (OPC) and an adjacent domain of clayrock (Opalinus Clay). 
The source composition of the high-pH fluid was allowed to change over time taking into account 
the effects of cement alteration. The transport was assumed limited to diffusion. The model in-
cluded all relevant geochemical processes, such as (kinetically controlled) mineral dissolution 
and precipitation, aqueous speciation and ion-exchange on clay minerals. Porosity was kept either 
constant over time or updated according to volume gain or loss during mineral reactions, thus 
modifying the diffusive transport. Calculations were performed for a simplified 1D Cartesian 
geometry. The model was implemented in the reactive transport code Crunch utilising the EQ3/6 
database. 

The results of the modelling by Traber & Mäder (2006) indicated that: 

• The extent of strong alteration predicted in the adjacent domains of clayrock and concrete 
would likely be very limited regardless of the scenario chosen at timescales up to 1 million 
years. For example, a maximum depth of Opalinus Clay alteration of 30 cm was predicted 
after 50'000 – 1'000'000 years considering transport parallel to the bedding. 

• The Opalinus Clay is characterised by a very large capacity to buffer the high-pH plume 
emanating from the Portlandite cement-based concrete. The mass proportions of concrete to 
clayrock in deep repositories are such that only a narrow zone of reacted clayrock is required 
to buffer the effects of porewater from concrete. 
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• Complete porosity clogging (self-sealing) is likely to occur already after tens to hundreds of
years, leading to a significant decrease in reactivity of the system. However, there is a large
modelling uncertainty related with this phenomenon. The exact physical nature or complete-
ness of such a sealing process could not be predicted with certainty with the applied approach.

• Comparison between calculation scenarios considering young and mature concrete suggest
that the early "aggressive" phase of hyperalkaline porewaters is of limited importance in com-
parison to the overall hydroxide source (portlandite, C-S-H) and buffering capacity of clay-
rock.

• The temporal pH evolution in the concrete domain strongly depends on the time required to
seal the system and shut the concrete off from the buffering capacity provided in the clayrock.
High-pH conditions (> 13) were predicted to persist over thousands of years if sealing were
to occur early. Internal alteration processes (aggregate dissolution) would continue and lower
the pH but at a slower rate compared to the situation when diffusive transport between clay-
rock and concrete could occur.

Kosakowski & Berner (2013) carried out reactive transport calculations with the aim to assess the 
geochemical evolution of Opalinus Clay / cement interfaces in a cementitious repository L/ILW. 
The modelling focused on the CEM I 52.5N HTS sulphate resisting Portland cement as an ana-
logue for various cements expected to be present in the repository. The calculations considered a 
complex geochemical model including reactions with multiple minerals and solid solutions, 
cation exchange and surface protonation/de-protonation reactions on clay mineral amphoteric 
sites and aqueous complexation reactions. The calculations assumed equilibrium chemistry for 
all mineral reactions within a simplified 1D model geometry. The calculations concentrated on 
two sets considering solute transport to be dominated by diffusion or advection, respectively. 
Diffusion was assumed to occur within a single (free) porosity, while other effects such as inter-
layer or surface diffusion was not considered. The impact of porosity changes on diffusive trans-
port was implemented utilising Archie's law. In addition, de-coupled calculations were performed, 
where porosity and transport parameters were held constant. The model was implemented within 
the multicomponent reactive transport code OpenGeoSys-GEM. 

The diffusive calculations were terminated after the porosity was reduced to less than 0.002, when 
mass transport across the clogged interface was considered insignificant. The time to clogging of 
the pore space was found to be dependent on the spatial resolution of the grid. Using a 1 cm spatial 
grid discretisation, Kosakowski & Berner (2013) predicted "complete" clogging after about 
2'500 years. After "complete" clogging, the model predicted an about 1 cm wide zone of complete 
montmorillonite dissolution. Further predicted mineral changes included the precipitation of 
secondary phillipsite, illite, calcite and hydro-magnetite. Overall, a strong tendency to clog the 
pore space in the Opalinus Clay was predicted: with an initial porosity of 0.06, the porosity was 
predicted to be 0.01 after 244 years, 0.005 after 890 years, and 0.002 ("complete" clogging) after 
2'428 years. The model of Kosakowski & Berner (2013) predicted very effective buffering of the 
high-pH plume extending from the concrete: the initial Opalinus Clay pH was found to remain 
unaltered beyond a very narrow zone of approximately 1 cm in direct contact with the concrete. 

In the advective scenarios for the Opalinus Clay, Kosakowski & Berner (2013) predicted a similar 
type of mineral transformations leading to a porosity decrease. The pH of the Opalinus Clay was 
calculated to be above 10 within a distance of 0.03 m, about 8.4 within a distance of below 3 m, 
and above 7.3 within a distance of below 6 m from the concrete / Opalinus Clay interface. 

Berner et al. (2013) performed reactive transport calculations to evaluate the impact of a low-pH 
cement liner (ESDRED) on the near field of the repository for SF and HLW in Opalinus Clay. 
The model considered a complex reaction network including equilibria with multiple minerals 
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and solid solutions, cation exchange and surface protonation/de-protonation reactions on clay 
mineral amphoteric sites as well as aqueous complexation reactions. Kinetic reactions were con-
sidered for the dissolution and precipitation of clay minerals and quartz in a single calculation 
case in order to evaluate the impact of the equilibrium assumption. Diffusion was assumed to 
occur within the free porosity, while other effects such as interlayer or surface diffusion was not 
considered. The impact of porosity changes due to mineral dissolution and precipitation onto the 
effective diffusion coefficient was represented using Archie's relationship. The model was imple-
mented within the multicomponent reactive transport code OpenGeoSys-GEM and applied to 
estimate the type, spatial and temporal extent of mineral alterations of the bentonite and the Opa-
linus Clay. 

The results of the study showed that in the Opalinus Clay mineral changes were restricted to a 
narrow zone of several centimetres at 30'000 years of simulation. It was further found that the 
total amount of dissolved clay minerals was very small at the end of the simulations. 

Near the concrete / Opalinus Clay interface, kaolinite and illite were predicted to transform into 
montmorillonite. Quartz, calcite and pyrite were found to dissolve depending on the spatial and 
temporal position, while neoformation of calcite and illite was also found possible. Volumetric 
changes resulting from these mineral transformations indicated a strong tendency to clog porosity 
at the interface between the low-pH concrete and the Opalinus Clay. Because of clogging, mass 
flux across the interface was predicted to decrease significantly, leading to a halt in mineral evo-
lution. 

The model predicted a very limited impact of the cement on the pH of the Opalinus Clay, both in 
terms of magnitude and spatial extent. In the worst case (calculation variant assuming kinetic 
dissolution of clay minerals and quartz), the initial pH of the Opalinus Clay at 30'000 years was 
predicted to be elevated by about 0.2 pH units over a distance of about 2 cm. After about 30'000 
years, the pH profiles did not change significantly due to clogging of the concrete / clay interfaces. 
Overall, the authors concluded that at 100'000 years the concrete and the adjacent bentonite and 
Opalinus Clay would be around pH 8. 

Berner et al. (2013) found that in comparison with assuming full mineral equilibrium, considering 
kinetically controlled dissolution and precipitation rates for clay minerals and quartz had a minor 
effect on the modelling results. They found that the introduction of mineral kinetics did not change 
the principal mineral evolution, although it altered its temporal extent to some extent. 

The results of the study highlighted the importance of porosity clogging at the concrete / Opalinus 
Clay interface due to precipitation of volumetrically large minerals. After complete clogging of 
the interfaces, the individual compartments were found to be essentially separated and began to 
re-equilibrate internally, while mass transfer between them effectively ceased. Unfortunately, the 
time required for complete clogging was found to be difficult to precisely establish as the extent 
of clogging was dependent on the spatial grid discretisation (finer discretisation lead to faster 
clogging). The authors stressed, however, that significant uncertainties regarding the effect of 
pore-space clogging onto the mass transfer across the interface exist. It is also possible that the 
clogged regions could subsequently re-open due to mechanical processes (e.g. tunnel convergence 
leading to cracking and fracturing). 
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Savage & Cloet (2018) performed a comprehensive review of recent state-of-the-art reactive 
transport modelling on the cement – clay interactions. The results were interpreted in view of 
design criteria for the cementitious liner in the SF and HLW repository. For a clayrock, they 
estimated the thickness of a zone characterised by complete montmorillonite removal from the 
rock due to interactions with the cement liner to be below 5 mm. For a zone characterised by a 
50% loss of montmorillonite, the estimated extent of the zone was found to be less than 2.5 cm. 
Savage & Cloet (2018) further concluded that, beyond the zone of complete or partial mont-
morillonite removal, other perturbations of the initial Opalinus Clay mineral composition 
(including the exchanger composition) due to interactions with the liner are expected over a 
distance up to about 20 cm. 

7.5 Response to salinity changes 
Salinity changes in the Opalinus Clay due to changing geological and climatic processes are gen-
erally expected to be small during the time of interest (Nagra 2002a). Thus, transport will be 
dominated by slow diffusive processes, as is also indicated from natural tracer profiles (Gimmi 
& Waber 2004, Gimmi et al. 2007, Mazurek et al. 2009, Wersin et al. 2018). The porewater 
salinity close to the repository will be influenced by disturbances, such as redox processes (e.g. 
oxidation of pyrite) or interaction with cementitious leachates (see previous sections) or evapo-
ration effects. The impact of such disturbances on ionic strength is small to moderate. 

The effects of salinity have been mainly studied in the context of diffusion experiments, and 
mainly for bentonite and pure clay phases, whereas studies for compacted clayrocks are rarer. 
Generally, it was found that the effective diffusion coefficient of anion tracers increased whereas 
that of cation tracers decreased with increasing salinity (e.g. Aertsens et al. 2009, Gimmi & 
Kosakowski 2011, Savoye et al. 2015, Tachi et al. 2009, Wigger & Van Loon 2017). This is 
explained by changes in the properties of the electrical double layer that forms near negatively 
charged clay surfaces. Notably, the anion distribution ratio or anion accessibility (i.e. the anion 
content in porewater in this region relative to that in 'free' porewater) increases and the relative 
cation content decreases upon an increase in the salinity of the 'free' porewater according to the 
double layer theory (Poisson-Boltzmann) or the simpler Donnan theory (e.g. Appelo & Wersin 
2007, Tournassat & Steefel 2015; see also Section 2.7). In addition, a smaller double layer thick-
ness (or a smaller Donnan volume) at higher salinities will intensify this effect (see Figure 7 in 
Gimmi & Alt-Epping 2018). It is worth to mention that according to these theories, anion and 
cation transport are not only a function of the ionic strength but generally depend on the porewater 
composition. For instance, switching from a Na dominated equilibrium solution to a Ca dominated 
solution decreases the anion exclusion effect as well as the cation excess in the double layer pore-
water near the charged surfaces, whereas switching from a Cl dominated solution to a SO4 domi-
nated solution increases anion exclusion and cation excess. Anion accessibilities simulated with 
a Donnan model (Gimmi & Alt-Epping 2018) for different binary electrolytes as a function of the 
anion charge concentration in 'free' porewater are illustrated in Fig. 7-18.  

An independent estimation of required parameters to apply the double layer theory or the Donnan 
theory is still difficult at present (see e.g. Appelo et al. 2010). Also, the inclusion of double layer 
water in a porewater and transport model may require the adaptation of some sorption parameters, 
notably the sorption capacities or ion selectivities, in order to match existing batch sorption data, 
because these parameters were all derived with a conventional sorption model. Finally, the 
Poisson-Boltzmann theory operates at the pore scale, and therefore its application in continuum-
scale models is not straightforward. Thus, most currently used porewater chemistry models do 
not account for double layer porewater but consider a simplified system only with ion exchange 
reactions and equilibrium with some mineral phases.  
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Fig. 7-18: Effect of type of electrolyte and anion bulk solution concentration Ceqv
B (in equi-

valents) on the anion distribution ratio ζa (i.e. anion content in the Donnan water 
divided by anion content in free porewater) 
Example single electrolytes (CaCl2, NaCl or Na2SO4) are used. Modified from Gimmi & Alt-
Epping (2018). 

 

The DR-A experiment in the Mont Terri Rock Laboratory (Gimmi 2017, 2018) was initiated to 
test the predictive capability of transport models of different complexity. The experiment was 
started with a typical in-diffusion phase, where HTO and Cs were added as tracers in a solution 
that was circulated in a borehole interval and was expected to match the porewater within the 
surrounding rock. After half a year, the circulated solution was exchanged by a high salinity solu-
tion (ionic strength of about 1.14 M, about 3 times higher than the initial or background ionic 
strength of 0.39 M at this site). The new solution contained high Na, K and Cl concentrations; all 
other ions (except SO4) and HTO were added at the concentrations just before the solution 
exchange. Following this increase in salinity, back-diffusion of cations (Cs, Ca, Mg, Sr) into the 
circulated solution could be observed. The Cs concentration in the circulated solution reached a 
peak relatively quickly and then decreased again. Na remained nearly constant throughout the 
1.5 years of observation, and K decreased. At the same time, a slightly faster decrease of the 
anions Br and I in the circulated solution was observed, and it appeared that HTO was also de-
creasing slightly faster than before the solution exchange. At the end of the experiment, tracer and 
ion profiles in the rock were also determined from overcore samples. 

The back-diffusion of Cs and the bivalent cations can be explained by ion exchange reactions 
following the high Na and K perturbation. However, models not accounting for any form of 
double layer water can neither simulate consistently the initially smaller out-diffusion of anions 
compared to a water tracer resulting from anion exclusion, nor the slightly faster decrease of I and 
Br from the circulated water after the contact with the high salinity solution, and also not the 
relatively fast diffusion of the cations and especially of Cs. Furthermore, they cannot represent 
the finally measured ion profiles in the rock satisfactorily. In contrast, models accounting in one 
way or another for double layer water can represent the observed features. However, also with 
these models some of the independently estimated parameters had to be adjusted in order to get 
an approximate match with the data. In summary, using a model with an explicit consideration of 
double layer water has a better capability and flexibility to describe effects of changing salinity, 
but it also requires additional parameters that are not easy to determine and thus introduce con-
siderable uncertainty.  
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In any case, it appears that changes in ionic strength need to be fairly large to observe a significant 
change in diffusion parameters, beyond the variations encountered in the different in situ experi-
ments at Mont Terri (Leupin et al. 2017). The porewater chemistry model detailed in Chapter 6 
appears to be robust enough to adequately simulate porewaters over the salinity range of interest. 
It is worth mentioning, however, that data from Mont Terri suggest an increase in Ca/Mg ratio in 
porewater with decreasing ionic strength (Section 5.3), which is unexplained so far, also when 
using a model including double layer or Donnan porewater. 

7.6 Effect of potential disturbances during recovery of samples: Cooling of 
drillcores, evaporation and contamination by drilling fluid 

In this section, the effect of unloading and temperature changes of drillcores extracted from depth, 
sampled, packaged and stored at ambient conditions is discussed. In Section 6.3 it was shown that 
the effect of pressure on porewater composition in a closed system and at constant volume is 
expected to be small. In the case of drillcores, pressure release may result in degassing. The effect 
of degassing in combination with the cooling to ambient temperature on porewater chemistry is 
explored in Sections 7.6.1 and 7.6.2. 

For all these calculations, the data from sample SLA 898 from Schlattingen-1 is taken as example. 
This sample is located at a depth of 898 m below surface where a temperature of about 48 °C is 
recorded, thus representing an upper bound regarding p – T conditions. 

Two other potentially perturbing effects are investigated in the other two subsections. The time-
scales of drillcore evaporation under atmospheric conditions are estimated in a calculation in 
Section 7.6.3, whereas the potential contamination with drilling fluid is considered in 
Section 7.6.4. 

7.6.1 Estimate of gas amounts and comparison with measurements from 
drillcores 

The main natural gases in Opalinus Clay are N2 followed by CO2 and methane. Higher alkanes 
occur at lower levels (Wersin et al. 2013, Vinsot et al. 2017, Rufer & Waber 2015). The main 
effect potentially altering porewater chemistry from degassing is expected to be related to changes 
in CO2 partial pressures, N2 being essentially non-reactive.  

Here, we will estimate the amount and the volume of gas that could potentially be released by the 
pressure drop when the core is brought up to the surface. The main gas in Opalinus Clay is N2. Its 
concentration is not known, but a maximum amount can be derived assuming solubility control 
(if no separate gas phase is present) at a given temperature and pressure. At ambient conditions, 
a much lower N2 concentration assuming N2 solubility will result. The difference between the N2 
solubilities corresponds to the maximum N2 amount that could be released after pressure and 
temperature drop. This difference is calculated for sample SLA 898 using the Peng-Robinson 
formulation implemented in PHREEQC V3 (Tab. 7-10). The amount of N2 gas soluble at depth 
is quite important, namely 0.023 mol/L porewater or 0.595 LSTP N2/L porewater, 98% of which is 
in excess of ambient condition solubility.  
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The concentration calculated based on solubility can be compared with the N2 concentration mea-
sured in the porewater for drillcore sample SLA 908 (Rufer & Waber 2015), which is 0.54 LSTP 
N2/L porewater, thus remarkably similar. This suggests that the drillcore did not experience signi-
ficant loss of N2 during core extraction and sampling (assuming that the porewater was originally 
N2 saturated). In fact, comparing the N2 concentration of the other four samples measured by 
Rufer & Waber (2015) with the corresponding calculated N2 solubilities indicates that the 
measured concentrations correspond to 47 – 108% of their calculated respective solubilities (not 
shown). This indicates that at least roughly 50% of the gas from the porewater (again assuming 
originally N2 saturation) was captured and recorded by the measurements. The high values 
> 100% of the total pressure probably reflect the overall analytical uncertainties. 

Turning the argument around, these numbers could also indicate that up to 50% (but probably 
less) of the N2 gas may have escaped, if the porewater was indeed N2 saturated. This would 
correspond to volumes up to about 0.3 L/Lpw, that is, up to about one third of the original pore-
water volume, i.e. of the porosity for saturated samples. Here it is important to note that for most 
samples, a water saturation close to one was calculated from a comparison of water-loss porosities 
and porosities estimated from densities. Thus, a desaturation by as much as one third is not sup-
ported by this independent dataset. Accordingly, if gas was indeed released during sampling, it 
very likely escaped from the sample without displacing the water phase, for instance through 
diffusion, path dilation, microcracks close to the core rims (Marschall et al. 2005), all contributing 
to surface-near outgassing. 

Tab. 7-10: Calculated maximum N2 concentrations and volumes at 898 m depth and comparison 
with N2 measurement from a drillcore at Schlattingen-1 
From Rufer & Waber (2015). 

 

Parameter Value 

Depth of sample 898 m 

Pressure/temperature 91 bar*/48 °C** 

Max. N2 concentration (solubility) at depth 0.023 mol/L*** 

Corresponding N2 volume at STP 0.595 Lstp/Lpw 

Measured N2 in drillcore SLA 908 (Rufer & Waber 2015) 0.54 Lstp/Lpw 

* Hydrostatic pressure derived from sample depth 
** Estimated from measurements in borehole 
*** Calculated with PHREEQC 
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7.6.2 Effect of potential degassing on porewater composition 
Here, the effect of potential degassing on porewater chemistry is assessed by geochemical model-
ling for sample SLA 898. It is first assumed in this exercise that the gas volume possibly created 
by degassing of the main gas N2 remains in contact with the drillcore and equilibrates with the 
core. That is, a closed system composed of the core that has cooled down and this additional 
virtual gas volume is considered. In this way, CO2 may enter the gas phase until a new equilibrium 
is reached. This representation is considered in some sort as bounding case with regard to the CO2 
transfer from the porewater. Another obvious bounding case is assuming that the decrease in total 
pressure and temperature happens without creating a gas phase, which in terms of porewater 
chemistry is equivalent to the "standard" modelled composition as detailed in Section 6.3.  

In the porewater model fast-reacting minerals (calcite, celestite) and cation exchange are included 
but not slowly reacting silicates. Note that the inclusion of such mineral phases would increase 
the buffering capacity and result in a smaller chemical effect from degassing. 

For simplicity, dolomite, siderite and pyrite are not included either. The calculations are 
performed with PHREEQC V3 using the phreeqc.dat database (but celestite data from 
THERMOCHIMIE) which contains molar volumes of all species contrary to the other databases. 
They are carried out in steps simulating two reaction paths: 

• Start with the in situ porewater chemistry at 48 °C and 91 bar according to the modelling 
results from model 1 (Section 6.3.3) with a pCO2 of 10-1.14 bar. 

• Path 1: Simulation of drillcore porewater at 1 bar and 25 °C in contact with the free gas 
volume of 0.59 L/ Lpw. This step simulates the concomitant effect of pressure lowering and 
cooling of the core with the creation of a gas phase in close contact with the core. 

• Path 2: Simulation of drillcore porewater at 1 bar and 25 °C in a closed system without any 
separate gas phase. This step simulates the concomitant effect of pressure lowering and 
cooling of the core without the creation of a free gas phase. 

The resulting compositions are shown in Tab. 7-11. Comparison between the results in the 
"closed" system and the calculated porewater at the surface (in contact with a gas phase) reveals 
fairly minor changes. Thus, only a small amount of calcite and somewhat larger amount of 
celestite are predicted to precipitate. The log pCO2 is decreased from -1.14 to -1.65. Assuming a 
closed system without a gas phase leads to a smaller change in pCO2 and results in a small amount 
of calcite dissolution. Overall, however, the changes induced by depressurising and cooling the 
drillcores are predicted to be rather minor in terms of porewater chemistry. 
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Tab. 7-11: Calculated reaction paths for porewater in drillcore based on sample SLA 898 data 
(see text) 

Positive ∆values: Precipitation. Negative ∆values: Dissolution. 

Units Porewater 
in situ 

Porewater 
at surface 

[with gas phase] 

Porewater 
at surface 

[no gas phase] 

Undisturbed 
porewater 

Temperature [°C] 48 25 25 25 

Pressure [bar] 91 1 1 1 

Free gas volume [L/Lporewater] none 0.59 none none 

N2 in gas (final) [mol] 2.32 × 10-2 

CO2 in gas (final) [mol] 5.91 × 10-4 

pH 6.64 6.95 6.88 7.23 

Cl [mmol/kgw] 203.7 203.7 203.7 203.7 

SO4 [mmol/kgw] 17.2 16.6 16.6 16.7 

Na [mmol/kgw] 206.2 206.6 207.2 205.3 

Ca [mmol/kgw] 10.44 10.22 10.30 10.01 

Mg [mmol/kgw] 6.71 6.05 6.09 5.94 

K [mmol/kgw] 1.83 1.83 1.83 1.81 

Sr [mmol/kgw] 0.34 0.32 0.32 0.31 

CO3,t [mmol/kgw] 6.20 5.33 6.44 2.68 

log pCO2 [log bar] -1.14 -1.65 -1.51 -2.2

log pN2 [log bar] 1.73 -0.02 1.58 1.57

∆ calcite [mmol/kgw] 0.10 -0.23

∆ celestite [mmol/kgw] 0.26 0.55

Effect of gas exchange with atmosphere 
The gases generated in the drillcore will exchange with the atmosphere by diffusion and/or advec-
tion if cracks have formed. Here, the interest is not to look at this gas exchange process but to 
consider a bounding case where the partial pressure of CO2 corresponds to that of the atmosphere. 
Moreover, the effect of oxidation by oxygen ingress is evaluated. Thus, as a final case, air is 
assumed to have exchanged with the gas in the core, and the O2 in this air volume reacts with 
pyrite in the core sample. 

The initial porewater (Step 0, Tab. 7-12) is assumed to be in equilibrium with a virtual gas phase 
at 25 °C and 1 bar as calculated previously. The gas volume is exchanged by a N2/CO2 mixture 
with 1 bar N2 and 3.2 × 10-4 bar CO2 (Step 1). Then, in a final step (Step 2), the gas mixture in 
this volume is exchanged to air (pN2 0.8 bar, pO2 0.2 bar and pCO2 3.2 × 10-4 bar). Pyrite and 
goethite are also included in this simulation and it is assumed that pyrite reacts with O2 to form 
goethite. 
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The results are shown in Tab. 7-12. Exchanging the gas volume with atmospheric CO2 and N2 
(but not O2) results in only small changes, such as a slight decrease in pCO2 and precipitation of 
minor amounts of calcite (Tab. 7-12, 4th column). However, when air is added then consumption 
of O2 by pyrite oxidation occurs in the model, resulting in quite significant calcite dissolution and 
pCO2 increase (Tab. 7-12, 5th column). 

Tab. 7-12: Calculated reaction path for porewater in drillcore based on sample SLA 898 
Step 0: Porewater at surface with gas phase (see path 1); Step 1: Exchange of gas by gas 
composition with atmospheric CO2, Step 2: Exchange of gas by air. Concentrations in 
mmol/L. 

  
Units Step 0 

PW at surface 
with gas phase 

Step 1 
PW at surface 
exchange with 

atmospheric pCO2 

Step 2 
PW at surface 

exchange with air 

Temperature [°C] 25 25 25 

Pressure [bar] 1 1 1 

Free gas volume [L/Lporewater] 0.59 0.59 0.59 

N2 in gas (final)  [mol] 2.32 × 10-2 2.35 × 10-2 2.27 × 10-2 

CO2 in gas (final) [mol] 5.91 × 10-4 4.27 × 10-4 1.13 × 10-3 

O2 in gas (final) [mol]   0 (consumed) 

pH  6.95 7.00 6.78 

Cl [mmol/kgw] 203.7 203.7 203.7 

SO4 [mmol/kgw] 16.6 16.7 18.3 

Na [mmol/kgw] 206.6 206.3 210.0 

Ca [mmol/kgw] 10.2 10.2 10.8 

Mg [mmol/kgw] 6.05 6.02 6.36 

K [mmol/kgw] 1.83 1.82 1.86 

Sr [mmol/kgw] 0.32 0.32 0.30 

CO3,t [mmol/kgw] 5.33 4.65 8.05 

log pCO2 [log bar] -1.65 -1.75 -1.33 

log pN2 [log bar] -0.02 -0.02 -0.02 

∆ calcite [mmol/kgw] 0.10 0.26 -3.83 

∆ celestite [mmol/kgw] 0.26 -0.01 1.73 

∆ pyrite [mmol/kgw]   -1.68 

∆ goethite [mmol/kgw]   1.25 
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Summary remarks 
The model results indicate that changes in porewater composition due to degassing and formation 
of a separate closed gas phase are fairly small, besides the somewhat higher pCO2 and lower pH 
compared to the results assuming a closed gas-free system. It is worth noting that calculations 
presented above included a minimum set of "fast-reacting" minerals. Including siderite and dolo-
mite equilibrium has very little effect on porewaters except for the shifted converted masses of 
minerals (mainly carbonates; data not shown). 

A considerable effect is predicted when the gas volume is exchanged with air, which leads to 
pyrite oxidation. This underlines the importance of protecting the cores from the atmosphere as 
soon as possible.  

7.6.3 Evaporation considerations 
If a saturated core is brought to the surface and exposed to unsaturated ambient air, porewater 
will start to evaporate. The difference in water potential between the ambient air and the porewater 
is the driving force for this mass flow of water. Air is most often unsaturated, i.e. has a relative 
humidity lower than 1, whereas the water potential of the porewater under saturated conditions is 
typically close to 0 MPa (equivalent to rh ≈ 1), unless the porewater is very saline. 

Evaporation takes place at the surface of the core and reduces the water content and the water 
potential in the surface layer. Accordingly, a hydraulic gradient between the centre of the pore 
and the rim is created that leads to transport of water towards the surface, where it also evaporates, 
and thus to a progressive drying of the sample. Partial drying of the sample during handling may 
affect the derived ion concentrations and thus introduce errors in the estimation of the porewater 
chemistry. 

In order to assess potential artefacts, 1D linear water transport simulations were performed with 
the code HYDRUS. Single liquid phase water transport was considered only, thus neglecting any 
gas phase transport of water vapour. Possible mechanical changes such as a shrinkage of the 
sample were not considered either in the simulations. It was assumed that evaporation at the sur-
face takes place into a very large volume of surrounding air, such that the properties of the air 
volume are not affected by the evaporation process (i.e. a constant boundary condition applies). 
The driving force for the process is the water deficiency of the air, represented by a low relative 
humidity (i.e. a low water potential). 

The simulations were done for samples of 50 mm and 25 mm radius, assuming that they were 
initially saturated (volumetric water content equal to porosity). The water potential of the sur-
rounding air was set to -100 MPa, which corresponds to a relative humidity of about 0.5 at 20 °C. 
The porosity of the samples was set to 0.1 m3 m–3. The water retention function and the hydraulic 
function of the rocks were parameterised according to the Mualem-Van Genuchten relations. The 
following parameters were used: Saturated hydraulic conductivity Ks = 10–13 m s-1 or 10–12 m s–1, 
air entry value 1/α = 10 MPa (α = 0.1 MPa–1), pore-size index n = 1.6, m = 1 – 1/n, tortuosity γ = 
0.5, no residual water (i.e. θr = 0). 

Simulated water content profiles at different times are presented in Fig. 7-20. Within 0.1 d (2.4 h), 
a clear reduction of the water content occurs within about the outermost centimetre of the sample 
when assuming a saturated hydraulic conductivity of Ks = 10–13 m s–1 (Fig. 7-19). After 1 day, the 
water content is reduced in a rim of at least two centimeters in this case. In fact, a reduced water 
content throughout the whole sample occurs already at this time in the smaller sample, but the 
reduction in the centre is still small (from 0.1 m3 m–3 to 0.097 m3 m-3). The sample size has of 
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course a pronounced effect on possible desaturation. The larger the sample, the less is the core of 
the sample affected by the evaporation of porewater. The desaturation effects directly scale with 
the value of the saturated hydraulic conductivity. A 10 times increased Ks of 10-12 m s-1 (Fig. 7-19) 
leads to a 10 times quicker drying of the sample. In this case, the outermost centimetre would be 
affected already after 0.01 d (0.24 h or about 15 min), and more than 2 cm of the sample lost a 
considerable amount of porewater after 0.1 d (2.4 h). 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-19: Effect of evaporation on water content profiles of a core sample 
(a) Results for a saturated hydraulic conductivity of Ks = 10–13 m s–1 and a core radius of 
50 mm (red) and of 25 mm (blue). (b) Results for a core radius of 50 mm for Ks = 10–13 m s-1 
(red, same as in a) and Ks = 10–12 m s–1 (orange). 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-20: Calculated relative amount of porewater lost by evaporation as a function of time for 
a core in contact with an unsaturated atmosphere of low water potential 
(a) Development over first 24 h. (b) Development over 60 d. Red solid curves: Core radius 
of 50 mm, saturated hydraulic conductivity Ks = 10–13 m s–1; orange dotted curves: Radius of 
50 mm, Ks = 10–12 m s–1; blue dashed curves: Radius of 25 mm, Ks = 10–13 m s–1. 

 
The relative amount of porewater lost as a function of time is shown in Fig. 7-20. As stated above, 
the small samples are much more prone to water loss by drying than the larger samples. While 
for a sample of 25 mm radius and a saturated hydraulic conductivity of Ks = 10–13 m s–1 the water 
loss exceeds 5 % after about 7 h of contact with the air, for a larger sample of 50 mm radius and 
the same Ks this loss is only reached after a contact time of about 29 h. A ten times larger Ks leads 
to ten times shorter times for a loss of 5 %, that is of 0.7 h (~ 40 min) for the small sample or 
about 2.8 h for the larger sample.  



 195 NAGRA NTB 18-01  

Summary remarks 
Some water loss due to drying cannot be completely avoided during the necessary handling of the 
cores, because the ambient air is typically unsaturated with respect to water. As a consequence, 
the time of exposure of a sample to air should be minimised, and the rim of a sample should be 
discarded when a sample is prepared for porewater characterisation. Using a saturated hydraulic 
conductivity Ks of 10-13 m s-1 and other hydraulic parameters considered reasonable for Opalinus 
Clay, a loss of less than 5% of the porewater is calculated for handling times in air shorter than 
about 1 d for a sample with a radius of 50 mm. If the rim of the sample is removed, the possible 
artefact is even lower. For instance, cutting the outermost 1 cm away, the average desaturation of 
the remaining sample after 1 d is less than 2% for a sample of 50 mm diameter. When accounting 
for possible heterogeneity of sample properties, and notably a larger hydraulic conductivity, the 
handling times should nevertheless be as short as possible to guarantee a small error of derived 
ion concentrations. Also, one should keep in mind that a contact time of 1 d is already comparably 
long with regard to chemical perturbations; see also following section. 

In the present simulations, only the reduction of the water content was considered, but no solute 
transport. As only porewater evaporates during drying, solutes will accumulate within the 
remaining porewater. Furthermore, oxygen may diffuse into the rock, either dissolved or via gas 
phase at larger desaturations. This may provoke reactions with existing solids, possibly also the 
precipitation of new solids. During the later aqueous extraction, some of these reactions may be 
reversed again (and also pre-existing solids may dissolve). To what degree this happens, depends 
on the chemistry of the porewater and the mineralogy of the rock, as discussed in previous 
sections. Without considering such possible reactions with the solid, we can state that unaccoun-
ted drying effects lead to an increase of derived solute concentrations in proportion to the 
reduction in water content, as for instance reported in Gimmi et al. (2014). Keeping drying of a 
sample during handling below 2%, for instance, will lead to an overestimation of the original 
solute concentrations by less than 2%.  

7.6.4 Considerations for contamination with drilling fluid 
Contamination with drilling fluid depends on the duration of the contact of the sample with the 
drilling fluid (downhole and later at the surface) as well as on the volume of drilling fluid with 
which actually solutes are exchanged. A simulation was performed to estimate the possible extent 
of the zone diffusively contaminated with drilling fluid. Cylindrical samples with a radius of 
50 mm or 25 mm were considered, with an initially homogeneous distribution of solutes in the 
porewater. Radial diffusion between the core and an infinite volume of surrounding drilling fluid 
was considered. Thus, it was assumed that concentrations in the drilling fluid remained 
unchanged. An analytical solution was used to solve the equations. The present simulations con-
sider only the distribution of a non-reactive tracer between the core and the drilling fluid. An 
arbitrary initial concentration of 1 within the pore solution was assumed, and a constant con-
centration of zero within the drilling fluid. The concentrations within the core can be considered 
as relative concentrations, because for tracer transport it is possible to directly scale these simu-
lations to any other set of initial and boundary conditions. A pore diffusion coefficient Dp of 
10-10 m2 s–1 was assumed. 

After 16 h of contact, the outermost 10 mm of a core are clearly contaminated by diffusive 
exchange with the drilling fluid (resulting in a depletion of tracer in this example, Fig. 7-21). 
Shorter contact times reduce the contamination; for instance, after 8 h of contact, only about the 
outermost 5 mm are contaminated. Drilling of a core section usually takes a few hours, after which 
the core is cleaned / wiped dry externally. According to the simulations, at least 5 mm of the rim 
of the core, or even better 10 mm, should be discarded before further processing. This requirement 
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varies depending on the effective contact time of the core. However, the typical procedure is that 
the entire cores are stored on-site in an aluminum bag. During the storage in the aluminum bag 
the concentration gradients will level off, but no further mass loss is expected. The relative mass 
lost at the time of bagging can thus be calculated by integrating the concentration profiles. 

Fig. 7-22 illustrates such relative loss of tracer mass by contact with the drilling fluid. If the 
contact time is more than 24 h, the relative mass loss exceeds 13% for a sample with a radius of 
50 mm and even 25% for a sample with a radius of only 25 mm. If the contact time were only 
2 h, this contamination (loss) would amount to about 5% for the 50 mm sample and about 10% 
for the 25 mm sample whereas for 8 h it would be about 7.5% and 15%, respectively.  

As stated, these simulations were performed for a non-reactive tracer. Reactions would typically 
slow down the diffusive exchange, leading to a smaller rim of perturbation. However, the total 
mass flux may be similar or even larger for a reactive tracer, meaning that the overall relative 
mass exchange for a reactive tracer may be similar than the relative mass loss for a non-reactive 
tracer. 

It is clear that short contact times with the drilling fluid as well as short storage times of the cores 
before further processing would be best with regard to contamination. Ideally, the information 
regarding the contact times with the drilling fluid as well as regarding the storage time should be 
part of the metadata recorded during core retrieval and sampling. Removing the rim of the core is 
generally part of the standard procedure when processing cores for porewater analyses. This may 
especially be beneficial (i.e. reduce contamination) for cores that were stored for comparably 
short times only before further processing. 

Fig. 7-21: Simulated tracer concentrations (pore diffusion coefficient Dp = 10–10 m2 s–1) in the 
porewater of a core with 50 mm or 25 mm radius in contact with a borehole fluid 
that has a zero concentration 

The figure shows how the (relative) concentrations within the cores get reduced for increa-
sing contact times with the drilling fluid having a lower solute concentration (infinite reser-
voir of constant composition). 
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Fig. 7-22: Simulated relative loss of tracer mass from a core of 50 mm or 25 mm radius (pore 
diffusion coefficient Dp = 10–10 m2 s–1) that has an initial tracer concentration of 1 
and is in contact with a drilling fluid with a tracer concentration of zero 
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8 Conclusions 

Summary statements 
Knowledge on porewater chemistry in Opalinus Clay has steadily increased over the last 25 years 
thanks to advances in experimental and modelling studies. The development of a combined exper-
imental-modelling approach has enabled to constrain the porewater chemistry. Similar approa-
ches have been successfully applied to other argillaceous formations foreseen as host rocks for 
nuclear waste repositories, such as the Callovo-Oxfordian Formation in France or the Boom Clay 
in Belgium. 

A variety of methods are available to directly sample porewater or to derive information on the 
solute concentrations from drillcores. These include analysis from waters in boreholes, aqueous 
extraction, high-pressure squeezing, and advective displacement from core samples. Geochemical 
equilibrium modelling is used for data integration and calculation of internally consistent refe-
rence water compositions. 

The multi-national Mont Terri Project has played a pioneering role in advancing the understand-
ing of the porewater in Opalinus Clay and other clayrocks. In particular, this project has helped 
to improve the methodology for obtaining reliable porewater data from drillcores of deep bore-
holes in northern Switzerland. 

The Opalinus Clay has a large buffering capacity and thus the ability to resist chemical changes 
from perturbations. Besides its chemical-mineralogical properties, this ability arises from its 
favourable transport properties. Thus, perturbations induced by redox or pH changes are 
effectively buffered. 

A number of pertinent uncertainties and outstanding issues persist as outlined below. 

Methodology 
As virtually every sampling and analytical method is prone to artefacts, a multi-method approach 
has been shown to be required to obtain consistent solute and gas compositions of the porewater.  

Extraction of waters seeping into packed-off boreholes induced by a large pressure gradient is a 
common direct sampling method and has enabled good quality of water and gas analyses at Mont 
Terri. Likewise, useful data has been obtained from circulating borehole waters which were diffu-
sively equilibrated with in situ porewaters. Nevertheless, drilling and sampling may cause various 
disturbances, such as CO2 de- or ingassing or oxidation if air drilling is used. Another viable and 
efficient method is high-pressure squeezing of well-preserved drillcores which yields fairly reli-
able major anion and cation data for the early sub-samples taken at squeezing pressures of 100 – 
200 MPa. Further development of this method, however, is necessary to reduce disturbances 
related to carbonate and redox reactions. Advective displacement is a useful complementary, 
albeit more laborious method for obtaining in situ porewater compositions from drillcores. 

Aqueous extraction (leaching) of core material is a simple method that delivers total inventories 
of free components not affected by mineral – water reactions (e.g. Cl, Br). This enables the deter-
mination of in situ anion concentrations if water content, density and the anion-accessible porosity 
are known. 
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Various methods yield consistent data on cation exchange capacity and exchangeable cation 
population. This has been confirmed in a recent benchmark exercise in which the Ni-en, Co-hex, 
Cu-trien and the Cs extraction methods were compared. The Co-hex method, however, is prone 
to redox reactions which adversely impact the data based on consumption of the index cation. 

Measurements on drillcores degassed over several months enable the estimation of pCO2 which 
may be viewed as proxy for the in situ CO2 partial pressure in spite of pertinent methodological 
uncertainites. The obtained values are in agreement with in situ measurements but uncertainties 
with regard to extrapolation of the proxy pCO2 data to the "true" pCO2 remain. The same method 
has been applied to obtain data on methane and higher alkanes.  

Using appropriate sampling and extraction measures, noble gas (He, Ar, Ne) concentrations in 
Opalinus Clay porewaters representative of in situ conditions can be measured. 

The isotope diffusive exchange method enables the determination of δ18O and δ2H in the pore-
water and also an independent determination of the water content of the sample. 

Database 
The mineralogical composition of the Opalinus Clay is remarkably homogeneous, both vertically 
and laterally. The clay mineralogy is dominated by illite, illite/smectite mixed layers and kaoli-
nite, whereas chlorite contents are subordinate. Calcite is the most prominent carbonate mineral 
occurring at fairly constant levels at different locations (average 10 – 20 wt.-%). Other carbonate 
minerals which are systematically present in Opalinus Clay are dolomite, siderite and ankerite. 
Quartz contents are fairly high (average 20 – 30 wt.-%). Pyrite, the main S-bearing mineral, is 
omnipresent (except where Opalinus Clay has been altered by oxidation) and underlines the 
reducing character of this formation. The systematic occurrence of small amounts of celestite and 
Ba-Sr sulphate (< 0.1 wt.-%) in the clay matrix and in veins has been shown by microscopic ana-
lysis. Sulphate is also present in the carbonate fraction. Disseminated poorly reactive organic 
carbon (kerogen) is omnipresent. The occurrence of ferric (hydr)oxides cannot be unambiguously 
confirmed or disproven at present. 

The largest database for Opalinus Clay porewater has been acquired at the Mont Terri Rock Labo-
ratory. The early comprehensive synthesis of Pearson et al. (2003) has provided a valuable foun-
dation. It has been complemented by a set of newer data, most of which have been integrated in 
this report. It could be shown that a largely consistent database of porewater chemistry has been 
collected from seepage waters from packed-off boreholes and waters squeezed from drillcores in 
spite of perturbing effects occurring during the excavation/sampling procedure. Complementary 
data has been obtained from diffusively equilibrated waters in boreholes and by the advective 
displacement technique. 

On the basis of knowledge gained at Mont Terri, a valuable dataset on porewater chemistry could 
be acquired from the deep boreholes at Benken and Schlattingen-1 in NE Switzerland. The data 
in these boreholes are largely consistent with those of Mont Terri; i.e. same water type, same 
underlying process model. This is remarkable, given the different geological and hydrogeological 
settings of these sites. It is explained by the similar mineralogy of Opalinus Clay at the different 
sites, the large chemical buffering capacity and the slow, diffusion-dominated transport of solutes. 
It is worth noting that the paleo-hydrogeological evolution of the porewaters at Mont Terri is 
different from that in NE Switzerland as evidenced by the different tracer (Cl, Br) and isotope 
(2H, 18O) signals. 
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Complementary porewater chemistry data has been obtained from the Mont Russelin tunnel close 
to Mont Terri and other deep boreholes in northern Switzerland. 

Processes and Modelling 
The nanoporous structure of the Opalinus Clay and the permanent negative charge of the surface 
of clay particles induce repulsion of anions and increased concentration of cations at the surface. 
This complex electrochemical process can be approximated by the concept of anion-accessible 
porosity. The typical anion-accessible porosity fraction in Opalinus Clay is in the range of 0.5 – 
0.55 of the total porosity. The concentrations of anions not affected by mineral reactions (Cl, Br) 
are constrained by diffusive exchange with the bounding aquifers. The Br/Cl ratio thus reflects 
the paleo-hydrogeology of the site. It is lower at Benken / Schlattingen-1 than at Mont Terri. 

Cations, such as Na, Ca, Mg, K, Sr are concentrated at the negatively charged clay surface and 
can be adequately described by cation exchange processes. Porewaters are in equilibrium with 
calcite, a mineral with rapid reaction kinetics. Whether porewaters are also in equilibrium with 
(ordered) dolomite is less clear. It appears that Mg concentrations can be adequately described by 
cation exchange without invoking dolomite equilibrium. 

Measurements of sulphate, and strontium concentrations in seepage waters and squeezed waters 
clearly indicate that porewaters are close to equilibrium with celestite. Considering also the rather 
scarcely measured Ba concentrations, porewaters appear also to be in equilibrium with barite. 
Solid solution modelling indicates that assumption of equilibrium control of pure celestite and 
barite is more consistent with measurements than control by a single Sr-Ba-SO4 solid solution. 
Sulphate depth profiles and corresponding SO4/Cl ratios suggest that sulphate is constrained by 
diffusive exchange with bounding aquifers, in addition to equilibrium control by celestite. This is 
supported by a recent reactive transport modelling exercise for major solutes in the Schlattingen-1 
borehole. 

Sulphate released in aqueous extracts exhibits concentrations in excess of the expected porewater 
concentration, which points to an additional source of sulphate. This source so far has not been 
unequivocally identified. Dissolution of celestite during leaching may partly explain this "excess 
sulphate" in aqueous extracts but other sources, such as SO4 from the carbonate fraction appear 
to contribute as well. 

Equilibrium of the porewater with clay minerals for long contact times seems likely but this is 
difficult to prove in view of the lack of reliable porewater data and uncertainties related to ther-
modynamic relationships of clay minerals. Moreover, these minerals are known to have sluggish 
reaction kinetics. 

The major solutes in Opalinus Clay porewater can be adequately described by simple equilibrium 
modelling and constraining the components according to the Gibbs' phase rule. In this context, 
pCO2 may be assumed to be fixed (i.e. input parameter) or constrained by equilibrium with clay 
minerals. Both approaches are prone to some uncertainty. A further not well constrained para-
meter is the Sr exchanger population. This parameter can be roughly estimated from site-specific 
empirical relationships based on measured chloride data.  

Equilibrium modelling with the appropriate thermodynamic database can also be applied to tem-
perature and pressure conditions expected for repository sites. Calculations predict only slight 
changes in solute chemistry compared to standard temperature and pressure conditions. 
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Buffering capacity 
The Opalinus Clay has a large buffering capacity which counteracts repository-induced or exter-
nal perturbations. This is due to its mineralogical-chemical and transport properties. Slow diffu-
sion-dominated solute transport is manifested by small Peclet numbers calculated for most trans-
port scenarios. Accordingly, perturbations are expected to propagate only slowly, leaving enough 
time for various buffering reactions. Damköhler numbers, which evaluate the relative importance 
of the rate of chemical reaction and the rate of transport, are variable and strongly mineral depen-
dent. Fast-reacting minerals, such as calcite will buffer perturbations already over short length 
scales (centimetres) whereas silicate minerals will buffer perturbations only at larger length scales 
(metres to decametres). 

In general, effects of perturbations on cation distributions are small because of the large cation 
exchange capacity of the Opalinus Clay. pH buffering at near-neutral conditions is provided by 
rapid calcite dissolution/precipitation and surface protolysis reactions. Silicate weathering reac-
tions occur at much slower rates but may be effective over timescales of years and longer. Under 
alkaline conditions, silicate reaction rates are enhanced and the contribution of these minerals to 
buffering becomes more important. 

Opalinus Clay has a large reducing capacity owing to its ferrous and sulphide minerals, such as 
pyrite, siderite and chlorite and its organic matter. Upon ingress of air or intrusion of oxygenated 
water, pyrite oxidation is the main buffering reaction. Acidification induced by this oxidation 
reaction is compensated primarily by calcite dissolution. As indicated from a number of observa-
tions in tunnels and drillcores, Fe oxyhydroxide and gypsum precipitates form under partially 
saturated conditions. Upon more extensive contact with oxygenated conditions, as experienced in 
the Lausen borehole, other reducing minerals, such as siderite, chlorite and even organic carbon 
become oxidised. 

Under reducing conditions, sulphate reduction may occur if conditions are favourable for micro-
bial activity. This is not the case in the natural undisturbed Opalinus Clay, but could be possible 
in the EDZ under certain circumstances. The sulphate reduction process triggers a series of reac-
tions as indicated from experimental studies at Mont Terri. Addition of an organic carbon source 
induced some decrease in pH and increase in pCO2 but confirmed the large pH and redox buffer 
capacity of the Opalinus Clay formation. Scoping geochemical calculations also corroborate that 
Opalinus Clay has a significant capacity to buffer decrease in porewater pH, which for example 
is associated with microbial activity. Addition of H2 as electron donor was shown to also induce 
microbial sulphate reduction, but the impact on pH/pCO2 and on major compounds was small. 

The effect of higher salinity on porewater chemistry has not yet been studied in detail. Experi-
mentally observed changes in diffusion properties have been interpreted being the result of 
changing the properties of the diffuse double layer (DDL) (e.g. increased anion-accessibility, 
relatively decreased cation 'excess' in the porewater, contracting DDL). The changes in ionic 
strength, however, need to be fairly large to observe a significant change in diffusion parameters, 
beyond the variations encountered in the different in situ experiments at Mont Terri. 

Calculations were conducted to assess the effect of uplift and cooling of drillcores. This effect 
was found to be small. The exposure of drillcores to air for longer times resulting in pyrite oxida-
tion was found to have a more significant effect on porewater chemistry. Furthermore, the effects 
of drying and contamination by drilling fluids were estimated by scoping calculations. It was 
found that by removing the rims of drillcores these issues can be minimised. 
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Pertinent uncertainties 
There are a number of conceptual and data uncertainties as well as outstanding issues related to 
porewater chemistry in Opalinus Clay. In the following the main issues are summarised: 

• pH/pCO2: There is uncertainty in these (linked) parameters due to the possibility of CO2 de- 
or ingassing during excavation and/or sampling. At present, it is not clear whether these para-
meters are entirely constrained by the internal mineral assemblage (including silicate mine-
rals) and thus more or less independent of external influences, such as diffusive exchange 
with surrounding aquifers. Based on the entire dataset the pCO2 values are estimated to be 
roughly in the range of 10-2 to 10-3 bar.  

• Redox conditions and dissolved Fe(II): The (natural) Opalinus Clay porewaters are clearly 
reducing but due to the difficulty of reliably measuring redox potentials it is unclear which 
redox couple(s) control(s) this parameter. The SO4/pyrite couple has been invoked in the past, 
but redox conditions might be controlled by the iron system instead. Siderite is commonly 
assumed to control Fe(II) concentrations but in view of the large uncertainty in measured data 
this assumption still needs confirmation. 

• Dissolved organic carbon: In spite of some useful existing data, the uncertainty regarding the 
geochemical role of dissolved organic carbon (e.g. in redox processes) and its interaction with 
the solid organic carbon is significant. This has impeded the consideration of organic carbon 
in chemical equilibrium models so far. 

• Exchangeable cation population: The methods for determining cation exchange parameters 
are well established. Nonetheless, some uncertainties regarding the exchanger composition 
persist. These are mainly related to the correction procedure to account for dissolved salts and 
mineral dissolution in the extract solutions. The determination of the in situ Sr population is 
particularly challenging in this context. 

• Control of Mg: Considering (ordered) dolomite as controlling phase, the modelled results do 
not entirely match the measured data but Mg concentrations in the porewater can be reason-
ably well described with cation exchange models. 

• Trace metals: Although not discussed in this report, it should be noted that concentrations of 
dissolved trace metals (e.g. Ni, Zn, Co) and their solubility controls are not well constrained 
by available data. 

• Sulphate inventory: The sulphate released during aqueous leaching is much larger than what 
is analysed in samples from squeezing, core infiltration or in seepage waters. The source(s) 
of this "excess sulphate" are currently being studied. 

• Porewater chemistry in EDZ: The circulation of air in the EDZ around the tunnel induces 
pyrite oxidation and other reactions resulting in significant changes in porewater chemistry 
as indicated from observations at the Bure site. These changes have so far not been analysed 
in detail at Mont Terri. 

• Water isotope signals in borehole waters at Mont Terri: The data scatter and shift to slightly 
lighter δ18O values in borehole samples compared to core data (squeezing, diffusive 
exchange) is currently not understood. Several hypotheses have been invoked but none seems 
to provide a convincing explanation. 

• Long-term effects of perturbations: Although several studies on cement – Opalinus Clay 
interaction have been carried out, the long-term effects of this interaction are not understood 
in detail. Likewise, the effect of steel corrosion, in particular regarding the stability of clay 
minerals and redox in Opalinus Clay has not yet been investigated. 
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Appendix A: Supporting information for Section 7.4.3 

Approach 
The approach consists in performing calculations using the geochemical simulator PHREEQC 
(Parkhurst & Appelo 2013). In the calculations, a known volume of Opalinus Clay sample (hence, 
from porosity, a known volume of the Opalinus Clay porewater) is allowed to react with a fixed 
gas volume of a defined initial composition (mimicking the experimental cell volume). The reac-
tion implemented using the GAS_PHASE keyword of PHREEQC, between the Opalinus Clay 
porewater and the gas volume leads to CO2 transfer from the porewater into the gas volume. The 
resulting perturbation of the Opalinus Clay sample porewater (pCO2, pH and total dissolved 
carbonate), and the reactions thus induced are monitored. Calculations are performed for a series 
of the cell headspace volume (the cell volume less the sample volume) to the Opalinus Clay 
sample volume ratios. In addition, buffering effects are investigated stepwise by considering the 
following mechanism: 

• Case 1:  Buffering due to calcite (equilibrium) reactions only 

• Case 2: Buffering due to a combination of calcite (equilibrium) reactions and surface pro-
tonation onto illite 

• Case 3: Buffering due to a combination of calcite (equilibrium) reactions and surface pro-
tonation onto illite and montmorillonite 

• Case 4: Buffering due to a combination of calcite (equilibrium) reactions and surface pro-
tonation onto illite, montmorillonite and kaolinite 

Assumptions 
The base model for the present calculations is the model reported by Mäder (2009), specifically 
initially: 

• pCO2 is imposed at 10-2.2 bar 

• pH = 7.2 

• total dissolved C(IV) = 2.48 × 10-3 mol/L 

• the concentration of CO2(aq) = 2.04 × 10-4 mol/L 

Calculations performed at 25 °C using the phreeqc.dat thermodynamic database. 

Porosity and dry density of the Opalinus Clay are 0.125 and 2'400 kg/m3, respectively. 

The calculations consider 1 L of porewater, which at the total porosity of 0.125 corresponds to 
the total Opalinus Clay sample volume of 8 L. For the volume of the experimental cell, a series 
of values is considered, ranging from 32 L to 0.125 L. This yields the ratio of cell headspace 
volume over the Opalinus Clay sample volume in the range from 4 to 0.016. 

Gas-solution reactions are performed using the Peng-Robinson equation of state. 
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In addition, in cases that consider surface protonation of clay minerals, the following models and 
parameterisation are used: 

• Illite: the model of Bradbury & Baeyens (2009) with concentration of strong sites and weak 
sites (1 and 2) of 0.012 and 0.230 mol/L (assuming illite content of 30 wt.-% based on Nagra 
2014b) 

• Montmorillonite: the model of Bradbury & Baeyens (1997b) with concentration of strong 
sites and weak sites (1 and 2) of 0.002 and 0.038 mol/L (assuming a montmorillonite content 
of 5 wt.-% based on Nagra 2014b) 

• Kaolinite: Ervanne et al. (2013) with the site concentration of 0.126 mol/L (assuming a kaoli-
nite content of 18 wt.-% based on Nagra 2014b) 
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