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FOREWORD

An important aspect of assessing the long-term safety of deep geological disposal of radioactive waste is developing a comprehensive understanding of the geological environment in order to define the initial conditions for the disposal system as well as to provide a sound scientific basis for constraining its future evolution. The NEA Working Group on the Characterisation, the Understanding and the Performance of Argillaceous Rocks as Repository Host Formations (the NEA Clay Club) is devoted to improving the scientific basis for clay host rocks in the context of geological disposal. The understanding of the transport pathways and mechanisms by which contaminants could migrate in the geosphere is a key element in any performance assessment and safety case. Relevant experiments in laboratories or underground test facilities can provide important information, but the challenge remains in being able to extrapolate the results to the spatial and temporal scales required for performance assessment, which are typically tens to hundreds of metres and from thousands to beyond a million years into the future. Profiles of natural tracers dissolved in pore water of argillaceous rock formations can be considered as large-scale and long-term natural experiments which enable the transport properties to be characterised. That is, the tracer profiles can be subjected to quantitative analysis and yield information on the dominant transport processes and pathways, as well as on key transport parameters such as the diffusion coefficient. Such situations can be conceived as natural analogues of solute transport experiments, offering the potential to bridge the gap in spatial and temporal scales between laboratory experiments and the needs for modelling and performance assessment.


 The CLAYTRAC project on Natural Tracer Profiles Across Argillaceous Formations was established by the NEA Clay Club with the objective to evaluate the relevance of natural tracer data in constraining an understanding of past geological evolution and in confirming the dominant transport processes. An internally consistent methodology for data processing and evaluation was applied to nine argillaceous sites for which significant data was available regarding the spatial distribution of tracers in pore water. Emphasis was placed on the integrated understanding based on the whole suite of tracers available at any specific site. The results provide powerful evidence of non-sorbing solute transport and water movement in clay-rich rocks. Moreover, the interpretation of natural tracers is, overall, scientifically robust and consistent with established physical concepts. The relative advantages and disadvantages of various tracers have been evaluated in terms of sampling, analysis and interpretation.




The outcomes of the project show that, for the sites and clay-rich formations that were studied, there is strong evidence that solute transport is controlled mainly by diffusion; the results can improve site understanding and performance assessment in the context of deep geological disposal and have the potential to be applied to other sites and contexts.
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PREFACE

How to read this report

In order to meet the objectives of the project, nine case studies were considered within CLAYTRAC. In a first stage, the data evaluation and modelling remained on a site-specific level, whereas generalised insights and conclusions were drawn in a second stage. The substantial number of case studies provided a broad basis for an improved understanding of solute transport in argillaceous rocks, but, on the other hand, the full documentation of all sites inevitably led to a massive document. The authors attempted to structure the report such that it contains both detailed information for readers interested in specific sites or in the full basis for the generalised conclusions, as well as for an executive readership for which only the main features and outcomes in condensed form are of interest. The Table below is intended to help each reader to find the information of relevance to him/her.

Short overview of the contents of the report and of target audiences







	Chapter
	Description
	Target audience


	1
	General introduction: Project definition and strategy
	All


	2
	Detailed site-specific descriptions of all study sites and input data for modelling
	Technically oriented readers interested in the full documentation of each individual site


	3
	Integrative overview of selected features and parameters from all study sites; partial extract of Chapter 2
	All


	4
	Strategy and methodology of solute-transport modelling
	Technically oriented readers


	5
	Detailed documentation of site-specific solute-transport modelling
	Technically oriented readers interested in the full documentation of each individual site


	6
	Site-specific executive summaries of main system features, modelling results and conclusions. Meant to summarise the most relevant aspects of Chapters 2 and 5
	Executive readership


	7
	General discussion and conclusions
	All







1. INTRODUCTION

1.1 Project history and organisation

The CLAYTRAC project has been launched by the NEA Working Group on the Characterisation, the Understanding and the Performance of Argillaceous Rocks as Repository Host Formations (known as “Clay Club”) at the beginning of 2005. This initiative was motivated by the fact that argillaceous formations are considered as potential hosts of geological repositories for radioactive waste in several countries. A number of sites are currently being investigated, and underground research laboratories are in operation. A growing body of data pertinent to natural tracers in such formations is available, in addition to studies documented in the open scientific literature.




CLAYTRAC was funded by Andra (France), BGR (Germany), IRSN (France), Mecsekerc (Hungary), Nagra (Switzerland), NUMO (Japan), Ondraf/Niras (Belgium) and SCK•CEN (Belgium). Ontario Power Generation (Canada) joined the project at a later stage. The funding organisations and their representatives are summarised in Table 1.1-1.

Table 1.1-1: Funding organisations of CLAYTRAC and their representatives







	Organisation
	Represented by
	Site for which data were supplied


	Andra, France
	Stephane Buschaert
	Callovo-Oxfordian at the Site Meuse/Haute Marne (Bure, France) and Couche Silteuse at Marcoule (Gard), France


	BGR, Germany
	Hans-Joachim Alheid
	


	IRSN, France
	Sébastien Savoye
	Toarcian-Domerian at Tournemire, France


	Mecsekerc, Hungary
	Mihaly Csovari
	


	Nagra, Switzerland
	Andreas Gautschi
	Opalinus Clay at Benken, Mont Terri and Mont Russelin, Switzerland


	Numo, Japan
	Yutaka Sugita
	


	Ondraf/Niras, Belgium
	Laurent Wouters
	Boom Clay at Mol and at Essen, Belgium


	Ontario Power Generation, Canada
	Mark Jensen
	


	SCK•CEN, Belgium
	Mieke De Craen
	Boom Clay at Mol and at Essen, Belgium


	OECD/NEA Scientific Secretariat, France
	Sylvie Voinis, Elizabeth Forinash
	


	OECD/NEA Clay Club
	Philippe Lalieux, Patrick Landais
	



The technical work was carried out by the Core Group, i.e. the authors of this report from the Rock-Water Interaction Group of the Institute of Geological Sciences, University of Bern, Switzerland, and Adrian Bath from Intellisci, UK, under the co-ordination of Martin Mazurek. Site-specific information on the sites considered in CLAYTRAC was provided by the respective representatives, as indicated in the list above.

The project was subdivided into the following stages:



	Data compilation: Spatial distribution of tracers, formation properties

	Data compilation: Initial and boundary conditions Milestone 1: Availability of a reviewed and generally accepted data base

	Choice and adaptation of code

	Model calculations

	Interpretation, synthesis, reporting Milestone 2: Availability of draft report for review

	Revision of draft report Milestone 3: Publication of final report.



1.2 Rationale

The existence of a substantial data set from several sites and the potential of these data to increase the understanding of transport processes in argillaceous rocks has been recognised in the FEPCAT project (Mazurek et al. 2003), a preceding OECD/NEA initiative devoted to the characterisation of argillaceous formations. Hydrogeological and geochemical investigations of clay-rich sedimentary formations in varying states of induration have recently been conducted or are under way. At several sites, data sets on the spatial distribution of natural tracer concentrations and isotopic ratios in pore waters are available (anions, water isotopes, noble gases). Regular, curved profiles were observed for some tracers in some formations but are absent in others. Some tracer distributions have been interpreted as diffusion profiles (e.g. Desaulniers et al. 1981, 1986, Bath et al. 1989, Patriarche et al. 2004a,b, Rübel et al. 2002, Gimmi et al. 2007).




Tracer profiles in argillaceous rock formations can be considered as large-scale and long-term natural experiments by which the transport properties can be constrained. They provide complementary information to that obtained from experiments in laboratories or underground facilities, where typical spatial scales are 1 cm to 1 m and temporal scales only rarely exceed 1 a. Natural tracer profiles can bridge the gap between these scales and those required for performance assessment (where typical scales are tens to hundreds of m and 0.1 – 1 Ma) and provide an independent line of evidence for system understanding as well as for safety considerations in qualitative and quantitative terms. In particular, studies targeted at the interpretation of tracer profiles are useful for the upscaling of laboratory experiments.




The degree to which the evidence based on tracer profiles has been exploited to date is quite heterogeneous among sites and formations. Some of the techniques for measuring tracer contents have only been developed in recent years, and so the quality of the data is mixed. However, data sets obtained in the pioneering years can often be adjusted/corrected to represent current state-of-the-art knowledge.


1.3 Objectives

The project does not include the collection of new data but is focussed on the re-evaluation of already existing measurements and on evidence documented in the literature regarding the palaeohydrogeological framework. The added value of the work compared to studies dealing with individual sites in isolation lies in the comparison and integration of data, results and conclusions from a variety of sites and formations. The application of a consistent methodology of data collection, processing and modelling is expected to meet the following objectives:



	To provide an overview of available data sets.

	To develop and apply a consistent way of data processing and evaluation that is the basis for comparability (e.g. consideration of tracer-specific porosities and diffusion coefficients).

	To evaluate the strengths and weaknesses of different tracers for quantitative understanding of transport processes in argillaceous rocks.

	To comment on commonalties and differences among the sites under consideration.

	To identify gaps in existing data sets and make recommendations for future data acquisition campaigns.


The observed spatial distributions of tracers are compared to model calculations based on a variety of parameter sets and conceptual assumptions. Modelling efforts have the following objectives:



	To test the hypothesis that tracer profiles are consistent with diffusion as the dominant transport process.

	To place upper bounds on advection velocity across the argillaceous formation.

	To constrain the spectrum of initial and boundary conditions (based on the shapes of the tracer profiles).

	To compare and integrate the interpretations based on different tracers at any given site (site-specific consistency check).

	To compare and integrate the interpretations among sites (general consistency check). For example, the same conceptual model that explains the existence of a curved tracer profile at one site should also explain the absence of such a profile at another site.

	To fit model calculations to measured tracer distributions and thereby constrain the large-scale diffusion coefficients and/or diffusion times. If independent evidence exists on the latter, diffusion coefficients can be obtained by fitting model calculations to observed data. These large-scale values can then be compared with laboratory measurements on small samples and thus contribute to the issue of upscaling to scales relevant for performance assessment.

	To judge the relevance of observed geological discontinuities, such as faults, for flow and transport over long periods of time in the past.


Hydraulic and other transport properties of argillaceous formations can be addressed by different lines of evidence, such as hydrogeological investigations (e.g. hydraulic packer tests and long-term monitoring) or geological arguments (e.g. the presence/absence of vein mineralisations and wall-rock alterations that would indicate fluid flow in the past). The quantitative evaluation of tracer distributions may add another independent line of evidence.


1.4 Scope

The CLAYTRAC project considers sites that were investigated in the framework of deep disposal projects and of underground research laboratories. Additional information from the open literature was also considered, even though only few suitable case studies are currently available.

Limitations in scope include:



	The project uses existing tracer data sets, while the collection of new data was not foreseen.

	Modelling is performed using an existing code after necessary adaptations. Code development from scratch was not foreseen.

	Transport processes considered include advection and diffusion, while off-diagonal Onsager processes 1 are not addressed. One of several reasons for this limitation is the lack of site-specific data needed to quantify such processes.

	Modelling considers conservative tracers only (water isotopes, anions, noble gases). Reactive tracers are excluded. Iˉ is a halogen and is included where data are available, even though there are indications of weak interaction with the rock.


Figure 1.5-1: Locations of sites considered in the CLAYTRAC project


[image: e9789264060470_i0004.jpg]


Further limitations arise from the incomplete availability of input data:



	For some sites, the reconstruction of the palaeo-hydrogeological evolution is limited by the incompleteness of relevant data and observations. In such cases, model calculations (if feasible at all) are based on working hypotheses and design calculations.

	Not all tracer profiles carry the potential of providing clear conclusions. For example, flat or highly complex profiles are of limited use for quantitative evaluation.

	In summary, not all objectives can be addressed at each site. There is a symmetry between the availability of information and the potential of providing a full set of conclusions.



1.5 Sites and formations considered

Table 1.5-1 lists the sites that were considered for the study, and the locations are shown in Figure 1.5-1. For some of these sites, information is available from more than one borehole. Table 1.5-1 also shows an overview of available data sets pertinent to the spatial distribution of tracers in pore waters of argillaceous rocks. The data density is heterogeneous. Data sets relating to Clˉ and stable water isotopes are the most complete ones.

Table 1.5-1: Tracer data sets currently available at different sites


[image: e9789264060470_i0005.jpg]



1.6 Methodology of data acquisition

1.6.1 Conceptual background and principles of interpreting tracer profiles

From a hydrogeological perspective, the idealised field setting (Figure 1.6-1) consists of a low-permeability sequence (aquitard containing one or more generally clay-rich formations, sometimes also limestones) sandwiched between units with higher permeability (aquifers, typically limestones or sandstones). Mass transport in the aquifers is dominated by advection, and the physico-chemical characteristics of the aquifers define the boundary conditions for mass transport in the aquitard.

Figure 1.6-1: Simplified concept of mass transport in an aquifer-aquitard sequence


[image: e9789264060470_i0006.jpg]


For the sake of an illustrative example, consider the following situation: Shallow marine conditions prevailed in a sedimentary basin (part of which is schematically shown in Figure 1.6-1) over a very long period of time. During this period, hydraulic and chemical gradients in the sedimentary sequence were very small, resulting in negligible mass transport. Once the basin was inverted, emerged from the sea and was subjected to some erosion, topographically driven hydraulic gradients initiated ground-water flow in the aquifers. Due to the infiltration of meteoric water, the chemical composition of the ground waters changed drastically since emergence. Thus, large hydraulic and chemical gradients were imposed on the aquitard located between the two aquifers. The rate of mass transport in the vertical dimension in response to these gradients depends on the formation properties of the aquitard and is expected to be much smaller than lateral mass transport within the aquifers. It follows that the adjustment of the chemical composition of the pore water in the aquitard to that in the aquifers is a slow process characterised by a long transient stage. A snapshot of such a transient situation can be recorded by analysing the spatial distribution of natural tracers contained in the pore water of the aquitard. If good constraints are available on the time of emergence when the boundary conditions changed, the tracer profile can be subjected to quantitative analysis and potentially yields information on the dominating transport process and on transport parameters, such as the diffusion coefficient. Such a situation can be conceived as a natural analogue of mass-transport experiments conducted in the laboratory or in underground facilities, but yielding information on much larger spatial and temporal scales.


1.6.2 Data requirements for a quantitative evaluation of tracer profiles

The investigation and quantitative interpretation of tracer profiles requires three basic types of input data (“pillars”):

Pillar 1: Spatial distribution of tracers (profiles across the low-permeability sequence);



	Pillar 2: Relevant formation properties;

	Pillar 3: Palaeo-hydrogeological understanding to constrain initial and boundary conditions.


Processes considered

In this report, advection and diffusion are assumed to be the only relevant transport processes. All off-diagonal Onsager processes (see Horseman et al. 1996, p. 186) are not explicitly considered. Processes driven by thermal and electric gradients (such as thermo- and electro-osmosis, thermo-diffusion, electrophoresis) are neglected because these gradients and resulting fluxes are thought to be very small across an aquitard (Soler 2001). On the other hand, chemical gradients may be substantial, and so effects of chemical osmosis cannot be fully excluded. For the Callovo-Oxfordian at Bure (France), overpressures in the shale (equivalent to some tens of metres in head) are currently explained as an osmotic effect (Gueutin et al. 2007). However, there are only few measurements of osmotic efficiency. In Opalinus Clay, the value obtained is max. 12 %, indicating that this formation is an imperfect membrane (Nagra 2002), and recent data from the Callovo-Oxfordian at Bure yield similar results (Croisé 2007, Rousseau-Gueutin et al. 2007). No measurements of membrane properties are currently available for the other formations considered here. In the absence of formation-specific experimental data indicating high osmotic efficiency, there is no basis for including chemical osmosis in a quantitative study of tracer profiles. Flow velocities and their effects on tracer distributions (as discussed in Chapter 5) are mainly driven by hydraulic gradients but may include a minor osmotic contribution. In this sense, osmotic effects are implicitly included. A more detailed discussion is provided in Section 4.2.3.


Tracers considered

In order to limit the number of processes that affect transport and retardation, only tracers were considered that do not sorb on mineral surfaces, do not undergo chemical reactions with the minerals and fractionate into the liquid phase. Such conservative tracers include the following groups:



	halogens (Clˉ, Brˉ, Iˉ; δ37Cl);

	water isotopes (δ18O, δ2H);

	noble gases (He, 3He/4He, 40Ar/36Ar, etc.).




1.6.3 The Data Tracking Documents

On the basis of the general discussion of data requirements in the preceding section, the relevant information needed for the purposes was organised in table format, including 23 items:


 Pillar 1: Spatial distribution of tracers



	Anion contents (Clˉ, δ37Cl, Brˉ, Iˉ) in pore water;

	Water isotope data (δ18O, δ2H) in pore water;

	Noble gas contents (He, 3He/4He, Ar, 40Ar/36Ar) in pore water;

	Anion contents (Clˉ, δ37Cl, Brˉ, Iˉ) in the upper and lower aquifers (boundary condition);

	Water isotope data (δ18O, δ2H) in the upper and lower aquifers (boundary condition);

	Noble gas contents (He, 3He/4He, Ar, 40Ar/36Ar) in the upper and lower aquifers (boundary condition).


Pillar 2: Relevant formation properties



	7. Definition of the bulk geometry;

	8. Definition of lithological sub-units of the low-permeability formation(s) between the aquifers;

	9. Structural discontinuities (fracture zones, faults);

	10. Pore or effective diffusion coefficient for anions (Clˉ, Brˉ, Iˉ);

	11. Pore or effective diffusion coefficient for water (often measured by HTO diffusion experiments);

	12. Pore or effective diffusion coefficient for He;

	13. Salinity of pore water;

	14. Hydraulic conductivity;

	15. “Total” porosity (derived e.g. from density or water-content measurements, or from diffusion experiments);

	16. Fraction of “total” porosity accessible to anions;

	17. U and Th contents of the rocks (needed to quantify in-situ production of He by α decay);

	18. In-situ temperature;

	19. Hydraulic pressure in upper and lower aquifers.


Pillar 3: Palaeo-hydrogeological understanding



	20. Palaeo-hydrogeologic evolution of the low-permeability formation;

	21. Evolution of boundaries over time;

	22. Erosion/exhumation history;

	23. Tectonic evolution.


For each of these items, the following attributes were considered



	Item number;

	Item definition;

	File name where underlying data are stored;

	References;

	Changes performed to the original data set;

	Comments and conclusions.


One such “Data Tracking Document” per site, or, if appropriate, per borehole at a site, was prepared and sent back for review to the organisation responsible for the characterisation of the site. It was considered final as soon as an agreement on its adequacy was achieved. An example of a completed Data Tracking Document is given in Appendix A1.


1.6.4 Data freeze and data clearance

In addition to being the basis for the evaluation and modelling work within the project, the Data Tracking Documents also served the purpose of data freeze and data clearance. More recent information than that documented in the Data Tracking Documents was not considered in the project, so these documents represent the status of knowledge. Publicly accessible information (open scientific literature, published reports) was not subjected to the data clearance procedure. The agreement of the organisation responsible for the characterisation of a site to the Data Tracking Document was formalised in a data clearance letter signed by the responsible representative, confirming that:



	The Data Tracking Document adequately summarises existing knowledge on the site;

	The Core Group is authorised to use the data and information given in the document as well as that in the referenced electronic files and reports/publications for the purposes of the CLAYTRAC project;

	The Data Tracking Document represents a data freeze.




1.7 Overview of previous work

Some data, models and interpretations relating to natural tracers at the sites considered in this report have been previously published in the open scientific literature. Key references include Falck et al. (1990) on chloride and stable water isotopes in London Clay at Bradwell, Rübel et al. (2002) on stable water isotopes and He in Opalinus Clay at Mont Terri, Patriarche et al. (2004a,b) on chloride and δ2H in the Toarcian-Domerian at Tournemire, and Gimmi et al. (2007) on stable water isotopes in Opalinus Clay at Benken.




Early work on other sites was focused on Quaternary surficial clay deposits (e.g. Desaulniers et al. 1981, Desaulniers & Cherry 1989). Apart from this, only one other aquitard site has been subjected to a quite comprehensive level of investigation using multiple tracers: an archetypal, surficial clay-rich aquitard located in Saskatchewan, Canada, termed the King site (e.g. Boldt-Leppin & Hendry 2003, Cey et al. 2001, Harrington et al. 2007, Hendry et al. 2000, 2005a,b, Hendry & Wassenaar 1999, 2004, 2005, Wassenaar & Hendry 2000, Hendry & Woodbury 2007, Shaw & Hendry 1998, Vengosh & Hendry 2001). A decade of multi-isotope and hydrogeological research on the 160 m thick aquitard system at the King site (Quaternary clay till overlying late Cretaceous marine clay) has resulted in detailed, high-resolution profiles of dissolved ions and of stable and radiogenic isotopes (3H, δ2H and δ18O, 14CDOC and 14CDIC, 36Cl, δ37Cl and 4He). Interpretations of data from these independent isotopic tracers reveal that late Pleistocene age pore water remains preserved in the aquitard between 35 and 55 m below ground. Transport modelling of isotopic profiles indicates that this water was emplaced with the till upon deposition between 10 and 20 ka, and that the late Holocene glacial-interglacial climatic transition occurred in this area between 7 and 12 ka. Interpretation of the isotope profiles further shows transport of solutes in this aquitard is by molecular diffusion. These findings clearly demonstrate that solute transport in homogeneous clay-rich aquitards is highly predictable over 20 ka and greater time scales.




Note that the suite of tracers applied at the King site and other clays in Canada is more comprehensive than that available from the sites considered here. This is because the opportunities for pore-water sampling are better at a shallow site when compared to deep boreholes, and are also facilitated by the high porosity of the weakly consolidated clay deposits. Moreover, the time scales recorded in the pore water of these surficial deposits are much shorter than those in deeply buried shales, and this opens the field for relatively short-lived radioactive tracers, such as 3H, 14C and 36Cl.


1.8 Definitions of terms and symbols

Table 1.8-1 provides an overview of symbols frequently used in the report. We use the following definitions for diffusion coefficients, in accordance with Horseman et al. (1996):

Dei = Dpi ni =D0i G ni

where







	Dei
	=
	effective diffusion coefficient of species i


	Dpi
	=
	pore diffusion coefficient of species i


	D0i
	=
	diffusion coefficient of species i in free water


	ni
	=
	porosity accessible to species i


	G
	=
	δ/τ2 = geometry factor


	δ
	=
	constrictivity


	τ2
	=
	tortuosity.



Table 1.8-1: Definitions of symbols
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Since deposition, the clay-rich low-permeability sequences have been typically affected by geochemical conditions that varied over time. The establishment of new boundary conditions in the embedding aquifers (Figure 1.6-1) led to changes of the pore-water composition. The tracer profiles that we measure today reflect only the youngest part of this evolution, typically the last few Ma, whereas older signals have been obliterated. The strategy most often pursued here is to assume a homogeneous initial condition, i.e. a spatially constant tracer concentration or isotope ratio, at time tinit, which corresponds to the most recent major change in the chemical and isotopic compositions of the embedding aquifer. This means that the initial condition includes all effects predating the most recent change, even though these effects cannot be described in more detail. Model calculations presented here start at the time tinit represented by the initial condition. The term evolution time refers to the time elapsed since tinit until a specific tracer distribution in the low-permeability sequence builds up in consequence of interactions with the aquifers. Thus, evolution time is counted forward and does not refer to time units before present. In many cases, tinit corresponds to a hydrogeological event, such as the exposure of an aquifer bed on the surface by erosion, initiating fresh-water circulation. In other cases, no specific hydrogeological event can be identified because the geochemical evolution of the aquifers is gradual or signals from external effects unrelated to hydrogeology, such as climate change with its effects of the stable isotopic composition of recharge water, come into play.




Model runs are called base-case calculations if the simulations explain the measured data reasonably well with input parameters and scenarios that are within the independently derived ranges. All base cases consider diffusion as the only transport process. In contrast, scoping or alternative models refer to cases that purposely deviate from known palaeo-hydrogeological scenarios and ranges of input parameters, or to cases that are not sufficiently well constrained by independent information and therefore remain on a hypothetical level.





3. OVERVIEW OF AVAILABLE INPUT DATA


3.1 Tracer concentrations in pore water – an overview


3.1.1 Chloride

As shown in Table 3.1-1, maximum Clˉ contents vary strongly among the sites considered between values close to that of sea water (Couche Silteuse at Marcoule – MAR203 and MAR402, Opalinus Clay at Mont Russelin) to contents of less than 1 % of that of sea water (Boom Clay at Mol). Many of the formations lost most of their original salinity. Maximum Clˉ contents are often found in the central parts of the low-permeability sequences, with negative concentration gradients towards both the underlying and the overlying aquifers (Table 3.1-1). Particularly high gradients for Clˉ are found in the Couche Silteuse at Marcoule, in the Opalinus Clay at Mont Terri and Mont Russelin and in London Clay at Bradwell and most probably indicate geologically...
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