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EXECUTIVE SUMMARY

A safety case for a geological repository for high-level and/or long-lived radioactive waste aims at conveying reasoned and complementary arguments to illustrate and instil confidence in the performance of the disposal system.




Potential geological host formations and their surroundings are chosen, in particular, for their long-term stability, their ability to accommodate the waste disposal facility, their ability to prevent or attenuate potential release of radioactivity (e.g. through their retention capacities), and their buffering capacity vis-à-vis external and internal perturbations. In building a safety case, it is therefore important to assess:



	the features, events and processes (FEPs) that could influence the evolution of the geosphere;

	the long-term stability of the favourable conditions displayed by the host formation;

	the buffering capacity of the formation vis-à-vis perturbations.


The key issue is to evaluate the resilience of the main safety functions of the geosphere (including its flow and transport properties) to natural perturbations. The relevance of various naturally occurring processes and events will depend upon the timescale to be considered, but timescales on the order of about one million years are typical.




The NEA Integration Group for the Safety Case (IGSC) initiated the “geosphere stability” project to address the role and importance of geosphere stability, and to develop a better understanding of the scientific evidence and arguments that contribute to confidence in geological stability. Under this initiative, a first workshop in 2003 was devoted specifically to argillaceous settings. The second workshop, which is the subject of these proceedings, focused on crystalline rocks – a term that, in this context, encompassed all forms of hard, fractured rocks. The workshop took place on 13-15 November 2007 in Manchester, United Kingdom.




In this workshop, the stability of a crystalline rock was broadly defined as the presence of thermal-hydrological-mechanical-chemical (THMC) conditions considered favourable for the safety of a radioactive waste repository. Stability, in this sense, does not imply that steady-state conditions exist. The geosphere is constantly evolving, although in many cases rather slowly, and such evolution is perfectly acceptable for safe geological disposal. What is important is that the geosphere’s evolution is fully understood.




The main functions of a crystalline host rock for a radioactive waste repository are to contribute to the isolation of the waste mainly by providing a favourable environment (e.g. chemically) for the repository, by contributing to retardation of radionuclide transport and by providing containment of waste. As a repository programme and understanding of the accompanying processes advance and mature, it is possible to differentiate these functions into more detailed requirements or sub-functions. Such detailed requirements of the crystalline host rock are intimately linked to the repository concept.

The workshop underscored the fact that many crystalline rocks are intrinsically stable environments, which provide good buffering against external events and processes. It is acknowledged that the properties and conditions of crystalline rocks evolve with time, but generally this evolution is limited and the erosion rates of such rocks are often extremely low. Furthermore, the geoscientific understanding of such evolutionary processes is advanced and it is therefore possible to place defensible bounds on many of these effects, without simply resorting to a very conservative approach in assessments.




Regarding external disruptive events and processes for crystalline rock, the workshop concluded that there is, in general, good confidence in the understanding of their magnitudes, causes, characteristics and frequencies. There is less confidence in predicting where and when such a perturbation will occur and in understanding the volume of rock affected by a perturbation. Nevertheless, the extent to which a repository is affected by a perturbation can often be confidently addressed by using bounding and/or pessimistic approaches. These can be supported by the results of natural analogue studies (although relevant site-specific observations are viewed as providing stronger evidence than those from a generic natural analogue study).




Any assessment of the long-term safety of a repository in crystalline rock will have to take into account uncertainties relating to geosphere stability. There are good examples of safety cases for a repository in crystalline rock where comprehensive accounts of geosphere stability issues are provided and where compliance with regulatory criteria is indicated or expected. The results of assessments of geosphere stability also provide feedback for repository siting and engineering with regard to factors such as its location, depth (e.g. providing transport paths with sufficient retardation, maintaining reducing conditions), layout (avoiding deformation zones and preferred tunnel orientations to minimise spalling) and design of the engineered barrier system (such as canister thickness and strength to ensure resilience to mechanical loads). This feedback is an important mechanism for addressing geosphere stability issues in a waste management programme.




Participants agreed that the workshop had been a considerable success in helping to build confidence in the stability of crystalline rocks, which could act as hosts for a geological disposal facility for long-lived wastes. These proceedings synthesise the main outcomes of that workshop and present a compilation of the related supporting papers.
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INTRODUCTION

Disposal of high-level and/or long-lived radioactive waste in engineered facilities, or repositories, located underground in suitable geological formations, is being widely investigated world-wide as a long-term management solution. This is in order to protect humans and the environment, both now and in the future. From a quantitative point of view, a repository is said to be safe if it meets the relevant safety standards, such as internationally recommended or specified by the responsible national regulatory authorities. In recent years the scope of the safety assessment has broadened to include the collation of a broader range of evidence and arguments that complement and support the reliability of the results of quantitative analyses. The broader term “post-closure safety case”, or simply “safety case”,1 is used to refer to these studies. It has also become evident that repository development will involve a number of step-by-step stages, punctuated by interdependent decision making on whether and how to move from one stage to the subsequent one. These decisions require a clear and traceable presentation of robust technical arguments that will help to give confidence in the feasibility and safety of a proposed concept. The depth of understanding and technical information available to support decisions will increase from step to step. The safety case is a key input to support a decision to move to the next stage in repository development. It reflects the state of understanding and the results of the research and development (R&D) undertaken at a certain stage, and supports decisions concerning future R&D efforts.




Potential geological host formations (and the geological environments in which they lie) for deep repositories are chosen in particular for their long-term stability, for their ability to accommodate the waste disposal facility, for their ability to prevent or attenuate potential releases of radioactivity and for their buffering capacity with respect to external and internal perturbations. Natural hazards are also considered in the choice of a site for a potential disposal facility. It is recognised that no natural system is in equilibrium and, thus, the concept of “geosphere stability” does not imply that steady-state conditions prevail over very long periods of time. The concept of geosphere stability does imply, however, that the changes that occur in the geological system do so to an extent and at such a rate that their effects are unlikely to compromise the short- or long-term safety of the disposal system.




Site characterisation and evaluation are important for determining the suitability of a site and the long-term safety of geological repositories of long-lived radioactive waste. Several previous NEA workshops have already taken place on the subject of “geosphere stability”. The first of these was held in Helsinki in September 1991 on “Long-term observation of the geological environment” and dealt, in particular, with the needs and techniques for such long-term observations.2 The workshop concluded that such long-term observation programmes are an integral part of site qualification and confirmation for deep repositories, with the view to building confidence in geological performance models. The second workshop was held in Paris in 1994,3 and was entitled the “Characterisation of long-term geological changes for disposal sites”. This workshop noted that scientific information concerning long-term geological evolution is needed for several purposes, such as the design of disposal systems, safety assessments, confidence building and siting programmes. The results of these workshops provided the basis and context for the present project on geosphere stability.




Since the early 1990s, through various initiatives, national safety assessments have been compared and safety cases have evolved towards providing an important basis for decision making related to geological disposal. That evolution was made possible by an increasing depth of understanding of both technical and non-technical issues, informed in part by extensive additional site characterisation data.




With regards to the long timescales involved in the concept of geological disposal, the relevance to disposal systems of various natural processes and events depends on the time frame to be considered. As highlighted in a previous NEA workshop,4 the main concern is on the features, events and processes over a period of about one million years – the order of magnitude of the time needed for radioactivity to decay to levels comparable to uranium ores is about a few hundred thousand years. Repositories are typically sited in stable geological environments in which the key characteristics that provide safety are unlikely to change significantly in the course of time. However, over long enough timescales, even the most stable geological environments are subject to perturbing events and changes. Arguments for safety can be developed to build confidence in the overall safety case and an acknowledgement of the limits of predictability of the system will be important for credibility.




With respect to the stability of the geosphere, it is necessary to develop arguments for the reliance that can be placed on key safety functions. This applies, in particular, to the maintenance of the long-term containment capability of the geosphere and/or the maintenance of favourable mechanical or chemical conditions in and around the engineered barrier system. In building an overall safety case, it is therefore important to assess:



	the features, events and processes that could affect the evolution of the geosphere;

	the long-term stability of the favourable conditions displayed by the host formation; and

	the buffering capacity of the formation vis-à-vis perturbations.


The key issue is to evaluate the resilience of the main safety functions of the geosphere (often relying upon flow and transport properties) to natural perturbations. Thus phenomenological evidence of the persistence of those functions in past episodes of climatic changes, seismic activity, diagenetic evolution, burial/uplift, etc. should enhance confidence in geosphere stability.




To provide national waste management organisations and the scientific community at large with an overview on the subject of geosphere stability, the NEA Integration Group for the Safety Case (IGSC) proposed a series of workshop dealing with this issue for various host rock types (i.e. crystalline rocks, argillaceous media and evaporites). The first workshop of the series (and thus the third to consider the subject of geosphere stability, taking into account those in the 1990s) dealt with argillaceous formations. It was hosted by GRS (Gesellschaft für Anlagen und Reaktorsicherheit) in Braunschweig, Germany, on 9-11 December 2003; and was organised under the auspices of the IGSC Working Group on the Characterisation, the Understanding and the Performance of Argillaceous Rocks as Repository Host Formations (referred to as the “Clay Club”).5




The present workshop dealing with crystalline rocks thus represents the extension of the project to address another potential host rock type. Like the earlier workshop on clays, this workshop sought the views of the Earth Science community on the scientific and operational bases for the assessment of geosphere stability. Due to the multidisciplinary aspect of the IGSC initiative, the workshop brought together scientists from a variety of organisations, mainly from national waste management organisations, but also from academic institutions, consultants and regulatory authorities.




SCOPE AND OBJECTIVES OF THE WORKSHOP

This workshop is the second in a series dealing with geosphere stability for various host rock types (i.e. crystalline rocks, argillaceous rocks and evaporites). It focused on crystalline rock – a term that, in this context, is meant to include all types of hard, fractured rock – i.e. those not otherwise planned to be covered by the other workshops in the series focused on clay or salt environments. In particular, this workshop was designed to include the various hard rocks being investigated by the USA and Japan as potential host environments for geological disposal, e.g. tuffs. An important objective of the overall “geosphere stability” initiative under the NEA IGSC is to ensure that the views of the broader scientific community are taken into account in developing an understanding of geosphere stability that can be applied to the management of radioactive waste.




Among the favourable properties often quoted to support the choice of crystalline rocks as host formations for disposing of long-lived radioactive waste are their:



	Low permeability.

	Resistance to deformation and erosion.

	Geomechanical properties that afford long-term protection of engineered barrier systems;

	Geochemical conditions that favour low radionuclide solubilities and low degradation of engineered barrier systems.

	Good engineering properties.


The workshop focused on issues related to crystalline rock in the context of host formations for geological disposal and in particular on:



	The multiple lines of evidence to support the stability, buffering properties and robustness of crystalline rock over long timescales.

	The resilience of the favourable properties of crystalline rock to natural perturbations.


A further important objective was to evaluate the extent to which we may be confident about the required level of stability, whether we know what we are looking for, and if we have the necessary tools to carry out the investigations (i.e. related to the level of predictability that is necessary). Repository-induced effects (e.g. thermal loading, radiolysis, and migration of alkaline plumes) were, however, generally excluded from the remit of this workshop – although some of these effects, in particular thermal loading, were referred to in relation to their impact on the stability of the rock mass in the near-field.




As explained in the introduction, the stability of the geosphere and the events and processes of interest were those over the period of up to one million years into the future, but with greater emphasis on considerably shorter times.

The synthesis aims to summarise the oral and poster presentations given at the workshop, as well as the outcomes of the workshop discussions. It does not aim at providing a detailed overview of the state-of-the-art in all the geoscientific disciplines that were considered during the workshop. Rather it focuses on providing, to the extent possible, some insights that could be helpful in developing supporting arguments for building confidence in the stability of the geosphere for deep repositories – notably through answering the key questions that were set by the workshop Scientific Programme Committee.




The synthesis is completed by a compilation of technical papers supporting the oral and poster presentations (Annex A). The list of participants is given in Annex B.




Nearly 60 participants from the academic community, research and development institutions, national waste management organisations and regulatory authorities in 11 NEA member countries attended the workshop.




SYNTHESIS OF THE WORKSHOP

The workshop was divided into four plenary sessions and a poster session. The first plenary session discussed the general framework to be followed when considering deep disposal in crystalline rocks. The subsequent sessions focused on more specific processes of importance to the stability of crystalline rocks, their response and resilience to natural perturbations and arguments to support confidence in their stability.


Session I – General framework: crystalline rocks as host formations

This session established the general framework for consideration of crystalline rocks as host formations for geological disposal. Presentations provided the perspective from both an implementer and a regulator on the expectations for the functions to be served by the geological formation and their treatment in the safety case.




The questions that were addressed were



	What are the main functions/roles of the geosphere for disposal at different time scales (especially for crystalline and other hard, fractured rocks)?

	What assumptions relating to such geosphere settings are commonly made in safety cases (uncertainties, time scales, etc.)?

	What are the regulatory expectations concerning the confidence in geosphere stability?



Allan Hedin (SKB, Sweden) presented the safety functions of crystalline rock formations in deep geological disposal and their handling in a safety case, using the example of SR-Can (SKB, 2006) – the safety assessment produced during SKB’s site investigation stage at two sites in Sweden. SR-Can is based on initial site data from Forsmark and Laxemar and was under review by SKI and SSI at the time of the workshop. An updated assessment, SR-Site, will support the licence application at one site in 2009. The risk criterion is applicable for 105 years after closure and the time scale for assessment is 106 years.




For the KBS-3 disposal concept, the three main safety functions of the host rock are to provide a favourable environment for the containment of the spent fuel in canisters, to provide retardation of radionuclides released from a potentially imperfect container and to provide isolation of the waste from the surface environment. The repository should, therefore, isolate the waste from the surface environment, with the granitic host rock contributing to all these functions. For containment, in particular, the role of the geosphere is to provide chemically, thermally and hydrogeologically favourable conditions, and favourable transport and mechanically stable conditions.




Although the dose and risk compliance criteria are the ultimate measures of safety, intermediate measures are also required in order to evaluate the system in a more detailed and disaggregated manner. To do so, a number of safety function indicators (SFI) have been defined by SKB and, from these, criteria developed to represent what can be considered as ”good” performance of the system. These are measurable or quantifiable properties of the system, primarily related to the near-field, that should preferably be fulfilled throughout the one million year assessment period. Thus, these safety function indicator criteria (SFIC) are quantitative limits on the indicators, such that if a safety function indicator fulfils its respective criterion, the corresponding safety function is maintained. The breaching of a SIFC does not mean that the repository is unsafe, but rather that more elaborate analyses and data are needed in order to evaluate safety. It is not necessary, therefore, for all SFIC to be fulfilled to argue that a repository is safe.




A summary was provided of what were considered to be the favourable conditions referred to above (i.e. the requirements on the host rock). These requirements are, in turn, derived from the safety functions of the canister and the buffer. Examples of these requirements are: reducing chemical conditions, high transport resistance, shear movements of less than 0.1 m at deposition holes, and temperatures maintained above the buffer freezing temperature. It was emphasised that these requirements are strongly linked to the repository concept and that, if the requirements are fulfilled over time, this would ensure a stable geosphere for a KBS-3 repository – in particular in relation to the repository’s capacity for containment.




It is necessary to assess the thermo-hydromechanical and chemical (THMC) evolution over the one-million-year assessment period. Over the long-term, perturbations in Scandinavia will be caused mainly by climate change. To examine the implications, a main scenario and an alternative climate scenario were considered (more detailed aspects of the effect of future climate change on the stability of the geosphere in the Swedish context were presented in Sessions II, III and IV).




Discussion on this presentation concentrated on SFIC: for example, how it was decided which SFIC are more important when developing a safety case. It was explained that all SFIC need to be evaluated (but that not all have to be fulfilled), and that each needs to be assessed to examine whether the repository still conforms to the dose and risk criteria. Some SFIC are more important in this regard, e.g. those related to canister integrity. Also, pessimistic assumptions have been made by SKB in the evaluation of certain SFI. For example, when evaluating the presence of favourable transport conditions in the geosphere, it was pessimistically assumed that all deposition holes suffer from thermally-induced spalling.




Susan Duerdan (Environment Agency (EA) of England and Wales) presented a regulator’s perspective of the confidence that can be placed on geosphere stability and its handling in a safety case, based on the regulations in the United Kingdom (Unite Kingdom). The considerations of the regulator were placed in terms of what was expected to be presented in a safety case, how it would be considered and the associated rationale. It was emphasised that the level of detail in any submission from the waste disposal organisation should be appropriate to the stage of repository development. A full range of Principles and Requirements will need to be considered but, with reference to geosphere stability, it was noted that that UK regulations, in this regard, are not prescriptive. These considerations are related to: disposal layout and construction, site investigations, performance and monitoring, modelling studies and the treatment of uncertainty. Multiple and complementary lines of reasoning and evidence will be necessary to build a robust safety case, information gathered over many tens of years will need to be assimilated, managed and presented, and disposal will not be considered complete until all the requirements established and demonstrated as part of the safety case are met.




With respect to the layout and construction of a facility, factors such as the safety of excavation and operation, repository design, effects of excavation, potential problems and corrective action and the stability of the excavations would need to be considered.

Discussion of this presentation concerned the following issues



	The extent to which there would be regulatory guidance on identifying and prioritising important issues, as only certain features of the geosphere are important. In this regard, the Environment Agency plan to have continuous dialogue with the proponent, so that there can be agreement as to where the emphasis should lie and the level of understanding and detail required of, for example, a knowledge of parameter distributions.

	Criteria for repository siting and performance: the Environment Agency is not responsible for setting siting criteria, although it has been consulted on proposals.6







Session II: Examples of key processes affecting the geosphere for crystalline rock

The session focused on the processes affecting crystalline rock, their potential consequences on host formations and their predictability, with presentations from several national programmes serving as case studies. The questions that were addressed were:



	What are the predominant processes for natural evolution that are relevant for geological disposal?

	What is the predictability of these processes over different time frames: up to 10 000 years, up to 100 000 years, and beyond?

	What are the potential consequences of these processes on the barrier function of the geosphere, including sustaining the integrity of the engineered barrier system?



Neil Chapman (MCM Consulting, Switzerland) presented the International Tectonics Meeting (ITM) methodology of the Nuclear Waste Management Organisation of Japan (NUMO), which considers the likelihood of tectonic activity affecting the stability of a potential repository in Japan. The methodology is designed to provide NUMO with quantitative techniques for evaluating and comparing the geological settings of volunteer host municipalities with respect to volcanism and rock deformation. It is aimed at assessing the likelihood of a site being significantly affected by volcanic events and rock deformation processes within 104 years and the potential scale and nature of any such impacts. It proceeds by assembling nationally available data and alternative models of the nature, causes and locations of such processes and events, uses both deterministic and probabilistic techniques to examine their future scale and likelihood and shows them as a function of their type and geographic distribution.




There are two parallel and integrated activities in the programme: the likelihood of volcanism in areas with no Quaternary volcanism and the likelihood, scale and nature of potential rock deformation from such volcanism, with the results of both studies then being integrated. There are also two case study areas, one in an area of predominantly polygenetic volcanism7 and one in an area that also contains significant monogenetic volcanism. A cladistic approach8 is being taken to the classification of volcanoes, with the result that statistical and probabilistic analysis can be applied.




The three-dimensional structure of the volcanic system in the area of polygenetic volcanism was outlined and it was concluded that the occurrence of volcanic events was unlikely to be a random (Poisson) process. Different probabilities are being derived, relating to factors such as the recurrence of a volcanic edifice forming in the region of interest. A parallel deterministic approach is also being followed, examining the correlation between possible indicator phenomena, e.g. uplift rate, gravity anomalies and seismic velocity structure in the mantle, etc.




A similar approach is being taken to rock deformation, using independent data sets, the development of alternative models, and the use of expect elicitation and logic trees to produce probabilistic strain maps and allow the comparison of different strain models.




The goal at the end of the programme, in 2009, it to be able to identify appropriate siting confidence levels relating to the level of confidence that can be assigned to the susceptibility of sites to such hazards, for any particular volunteered investigation site.




Questions on the presentation dealt with how this work might address the probability of specific volcanic events (e.g. the presence of a dyke or a volcanic cone) and how it was possible to deal with volcanic events and faults that did not reach the surface (known as hidden faults); also whether the localisation (clustering) of Quaternary volcanic events could also be seen in other parts of the world where volcanism is prevalent. With respect to hidden faults, the consensus appears to be that such structures would need to be considered on a site-specific basis, but that there are theories that relate the likelihood of such faults to the structural setting. With regard to volcanic events, it is possible to develop probability maps for each type of volcanic feature. Both these subjects are discussed in a forthcoming book (Connor et al., in press).




On behalf of Jens-Ove Näslund (SKB, Sweden), Raymond Munier presented the work by the Swedish waste management agency (SKB) on future climate change and its potential impact on the mechanical, hydraulic and chemical conditions in the rock mass, which has taken place as part of the SR-Can project (SKB 2006). SKB’s strategy for managing climate-related conditions in safety assessment acknowledges that it is not possible to predict climate in a 100 000 year time frame. Instead, the approach in SR-Can is to identify and analyse moderate climate evolutions, as well as extremes within which the climate in Scandinavia may vary. Knowledge of the general climate variation in Scandinavia has been used to identify characteristic climate domains (temperate, periglacial and glacial) which, in turn, have been used to build a number of selected climate scenarios – such as the base case and greenhouse variants – with additional climate-related scenarios then being developed to examine more extreme effects, e.g. buffer freezing and canister failure due to a large ice load. As expected, the largest impacts on the geosphere and a KBS-3 repository would occur when glacial conditions are likely, in particular when the ice margin passes over a site (when the largest impacts would take place with respect to stress changes, groundwater fluxes etc.). Periods of temperate climate, including the long-term effects of global warming, would appear to be mainly beneficial to geosphere stability in the Swedish case.



Discussion of the presentation brought up the following points:



	There are far fewer earthquakes in Antarctica than might be expected for a continent of that size. This conclusion is in agreement with the modelling, which suggests that a thick ice cover reduces the likelihood of seismic events.

	There is a challenge for regulators dealing with the results of modelling that provide very different answers, for example, in relation to the likelihood of excessive stresses and hydrostatic pressures at repository depths and changes in fault stability. It was suggested that the results of the regulatory review (by the Swedish safety authority, SKI/SSI) of SR-Can may shed some light on how regulators may resolve such situations.



Haruo Yamazaki (Tokyo Metropolitan University, Japan)...
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