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Figure 1.1: Summary timetable for the International Conference and Workshop on Repository Monitoring. 
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2. An Overview of the Important Outcomes from the MoDeRn International Conference 

 

Alan Hooper, Visiting Professor of Repository Science and Engineering, Imperial College, London 
(Independent General Rapporteur) 
 

2.1 Introduction 
 

Monitoring in geological disposal was, until relatively recently, a topic that was treated with 

apprehension in many radioactive waste management programmes.  This was in large part because 

of a possibility that it implied a need to monitor a repository in the period after closure to somehow 

prove that it was performing satisfactorily.  This in turn could be linked with the hypothetical 

proposition that long-term safety would rely upon continued human actions and possible 

intervention, in contradiction of various international and national statements on safety 

requirements for geological disposal. 

 

Whereas the relationship of monitoring to long-term safety remains an area of lively debate, as 

evidenced at the conference, successive international initiatives culminating in the Euratom 

MoDeRn Project have promoted a systematic analysis of the role that monitoring can play in 

implementing safe geological disposal of long-lived, high-activity radioactive wastes.  This 

progress has been made not least because of the involvement of other players alongside the 

organisations responsible for implementing disposal.  The conference provided a showcase for 

some of the outputs from the MoDeRn Project but additionally received valuable inputs from other 

contributors.  Formal presentations and contributions to discussions were made with great honesty, 

exposing the problematic nature of the topic of monitoring rather than ignoring it. 

 

As a matter of practicality, the formal presentations at the conference were structured around the 

three themes of, respectively: the implementers’ perspective; the wider (regulatory and stakeholder) 

perspective; and monitoring technologies.  This disaggregation of the overall topic made it difficult 

to place some of the information in an appropriate context, although material provided to delegates 

illustrated a workflow for the Project that could be seen as an approach to integration of the various 

inputs.  A philosophical point established in the introduction to the conference and reaffirmed by 

various speakers was that monitoring can be characterised as a socio-technical activity in that it can 

provide a visualisation of what is meant by safety to non-technical members of society and 

potentially build confidence as a practical commitment to maintain vigilance.  However, it was 

difficult to determine the societal context of some of the technical inputs to the conference.  

Conversely, from the information presented at the conference, the MoDeRn Project has generated 

some valuable inputs from stakeholders, for example that monitoring has the potential to build 

confidence, but subject to constraints such as monitoring being clearly related to showing 

compliance (with regulatory and other standards or requirements) and to system optimisation.  

Therefore, it is to be hoped that a successful integration of the outcomes from the technical and 

societal work packages will take place in finalising the reporting of the Project. 

 

2.2 Definition and Purpose of Monitoring 
 

A range of views was evident on the meaning of monitoring and therefore of its purpose.  However, 

delegates at the conference generally accepted that it was not fruitful to argue whether a specific 

activity should be defined as a monitoring activity or otherwise.  It was very helpful to have a view 

of the draft IAEA Safety Guide DS357: Monitoring and Surveillance of Radioactive waste Disposal 
Facilities.  Noting that the safety guide applies to all types of radioactive waste disposal system, this 

defines monitoring as “Continuous or periodic observations and measurements to help evaluate the 
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measuring radioactivity in environmental samples, including foodstuffs, soils, water and air), 

which would continue after operations had been completed and the disposal facility had 

been closed. 

 

ii. Additionally stakeholders expect that monitoring will be used to inform optimisation of the 

facility; this is particularly strongly manifested when a local partnership such as the Mol/ 

Dessel partnerships are engaged with the implementer in discussions of facility design. 

 

iii. Finally, there is the expectation that a monitoring programme will be comprehensive, not 

least in the sense of being able to identify unexpected behaviour.  It follows from this 

finding that stakeholders expect the implementer to be willing and able to respond to the 

results of monitoring, for example by retrieving waste if appropriate. 

 

It seems that the respective views of the different actors in relation to uncertainties, and how they 

are to be treated, underpinned many of the findings from stakeholder groups.  Very possibly fuelled 

by the use of jargon such as “performance confirmation” or “demonstration experiments”, the 
impression has been given that technical experts have a closed mind to the possibility that systems 

or sub-systems will behave differently from the manner intended or modelled.  Therefore an 

important contribution can be made to confidence-building in relation to a monitoring programme if 

the programme is presented in the context of the classical scientific method of testing. 

 

Independent regulation is an important aspect of confidence-building and the role of the regulator in 

monitoring the implementing organisation’s monitoring activities was emphasised.  A possible 

tension is recognised between stakeholders’ expectations of monitoring after repository closure and 
the current expectations of regulators.  As discussed in the following section, in general regulators 

have an expectation for monitoring to support the safety case and for this to be achieved principally 

in the period up to the time when an application is made to close the repository.  Thereafter 

monitoring requirements would be to support post-closure institutional control of the repository site 

until it would be decided that such control is no longer necessary.  Currently there appear to be no 

known regulatory requirements for specific monitoring activities after repository closure, although 

some regulatory bodies have clearly stated a requirement for such monitoring and associated 

systems and in some cases are giving the topic further consideration, which may lead to specific 

requirements on the objectives and duration. 

 

2.5 Post-closure Monitoring 
 

One generally accepted principle, as stated clearly in Monitoring Requirements in the Swiss 
Regulatory Framework (A.-K. Leuz et al., ENSI, Switzerland), that monitoring activities should not 

adversely affect the passive safety barriers of a repository and therefore potentially impair safety, 

applies equally to the post-closure period.  However, beyond this, whereas there is a reasonable 

level of agreement both between the various actors and between different groups of technical 

experts as to what types of monitoring activities can and should be conducted in the stages leading 

up to the time of closure of a disposal facility, there is not such unanimity of view for the time after 

closure.  The role and objectives of post-closure monitoring are recognised as requiring further 

consideration in some national programmes.  As expressed clearly at the conference, poorly 

conceived undertakings to carry out post-closure monitoring as some means of confirming the long-

term safety case presents difficulties for the regulator.  Once the designated disposal activities have 

been completed and the relevant actors have determined that the isolation and containment multi-

barrier system should be fully established, it is for the regulator to judge whether the arguments 

presented in a long-term safety case are sufficiently substantiated to allow the closure of the facility.  
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Therefore the necessary level of substantiation of the safety arguments, including modelling of the 

long-term evolution of the facility, must rely on information already available and cannot rely upon 

the promise of future results from a monitoring programme.  

 

The draft IAEA safety guide presents the position (for geological disposal) that monitoring after 

closure is rather for the purpose of public reassurance than for ensuring the performance of the 

disposal system.  Although perhaps a little stark in its presentation, this hints at the questions 

concerning post-closure monitoring posed by a regulator at the conference, namely “Why, for who 
and how long?” The stakeholder views expressed at the conference already go some way to 
answering these questions in principle at least.  However, the important conclusion that can be 

drawn from the conference workshops is that currently it is neither practicable nor necessary to 

have detailed, definitive answers to the questions.  Furthermore, it may be that we can never a priori 

formulate definitive answers and that these questions frame an ongoing dialogue between the 

various actors.  The MoDeRn Project is successfully laying out the technological and societal 

possibilities such that these can then be discussed between the relevant actors in national 

programmes, as is envisaged by the Finnish regulator STUK. 

 

In the absence of the specification of a detailed post-closure monitoring programme there does 

appear to be an issue in the event that the design, construction and operation of a disposal facility 

might preclude monitoring activities that are subsequently identified as required.  However, there is 

a generally agreed requirement to be able to show, through test monitoring, that the “initial state” of 
the disposal facility, as described at the time of closure in the long-term safety case, has been 

achieved.  Substantial provisions for monitoring are likely to be established in meeting that 

requirement. 

 

2.6 Monitoring Technologies 
 

Under the MoDeRn Project, impressive progress has been made in developing and analysing the 

capabilities of monitoring technologies in each of the fields of measurement probes and methods, 

data transmission, and energy supply.  The physical limitations on the various technologies are 

much better understood as a result, for example the distances over which various types of signals 

can be reliably transmitted, the influence of the host rock-water system, and the energy demand of 

various technologies.  Some problems remain to be investigated, for example the reliability of 

technologies operating in the radiation field presented by emplaced radioactive wastes. 

 

A key challenge that the technologies have to meet is that monitoring should not impair the safety 

of a disposal facility.  This is seen as precluding the use of cables to carry signals from the wastes 

and engineered barrier system back to the surface and has led to a focus on wireless transmission of 

data; the technologies explored to date have relied on radio frequencies while the non-radio 

alternatives do not look promising.  The long timescales of interest in geological disposal, even in 

relation to monitoring relatively short-term transients in the disposal system, are greater than those 

covered by our experience of any of the technologies of interest.  Furthermore some technologies 

require access to measurement points obtained by open boreholes to depth, which is potentially 

problematic if such monitoring is envisaged in the post-closure period or if borehole sealing is 

considered to be an issue. 

 

Nevertheless, valuable information has been, and continues to be, obtained from monitoring large 

scale tests of excavations and engineered barrier systems in underground research laboratories, 

using some of the most recently developed monitoring technologies.  Coupled with the more 

fundamental studies on the physical science of monitoring technologies, this experience can be used 
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to point to the most promising areas for further research and development, thereby presenting a 

picture of the possibilities that can be pursued. 

 

Despite the considerable progress that has been made, it appeared unlikely that current monitoring 

technologies will be developed such that they can be relied upon to function for the nominal period 

of 100 years considered in the case studies of repository evolution in the MoDeRn Project. 

 

2.7 Important Considerations in a Monitoring Programme 
 

Transferability of information 

In order that monitoring activities carried out in successive stages of implementation of a disposal 

facility can fulfil the role of supporting the eventual long-term safety case, the transferability of the 

information obtained needs to be understood.  The Swiss national programme exemplified how 

monitoring information on the behaviour of the engineered barrier system (EBS) in a generic URL 

might be transferred to the design for a site-specific disposal facility.  The legislation for the 

development of the disposal facility itself at the selected site envisages monitoring in a test area 

whereby the safety-relevant properties of the EBS and host rock must be tested in support of the 

safety case.  In the subsequently developed pilot facility, the behaviour of representative waste, 

backfill and host rock is required to be monitored over a long period such that it is readily 

transferable to the processes occurring in the main disposal area and ultimately supports the 

decision to close the facility. 

 

The requirement for transferability of monitoring information was raised consistently by 

implementers, regulators and stakeholders but its implications were not much discussed at the 

conference.  The observation, in connection with the monitoring strategy for the French “Cigeo 
Repository”, that the homogeneity of the properties of the host-rock formation is important for 

developing a practicable monitoring programme merits attention.  It is likely to be problematic to 

transfer monitoring information obtained from one location in the engineered system to infer the 

evolutionary behaviour of un-monitored parts of the system elsewhere when a repository is located 

in a heterogeneous host rock.  As is already recognised in site characterisation programmes, the 

implementer would need to exercise caution in considering transferability of monitoring 

information for host rocks with spatially heterogeneous processes and properties, where possible 

taking account of the influence such heterogeneity could have on the variability of any parameter to 

be monitored. 

 

Transient conditions 

A favourable host rock for a disposal facility is typified by the property of low hydraulic 

conductivity.  This desirable property will cause processes such as the saturation of the components 

of engineered barrier systems (EBS) by inflowing groundwater to occur very slowly.  Furthermore, 

heterogeneity in the rock local to the EBS and/ or in the interfaces between the EBS and host rock 

will cause such saturation to occur at different rates at different locations.  It is noticeable that the 

saturation process is frequently cited as one that should be monitored, purportedly to demonstrate 

that the system is showing its expected evolution.  However, the conference received a striking 

example of the risks of making such assertions. 

 

The example concerned the monitoring of the evolution of stresses and pore pressures in and around 

a sealing dam installed in the German ERAM Repository.  It has to be recognised that this does not 

represent an idealised situation, such as might be achieved in a future disposal system designed and 

operated in accordance with current knowledge and experience.  Nonetheless, the conclusions from 

the monitoring carried out to date include that there are inhomogeneous distributions of 
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permeabilities, stresses and pore pressures in the contact zone between the engineered dam and salt 

host rock so that the monitored pore pressures and normal stresses are influenced by local 

conditions.  Furthermore, “many challenges arise in the analysis and interpretation of the captured 
values even with the careful planning of the measurement programme and installation of the 

devices”.  It was reasonably concluded that homogenisation of properties might occur eventually 

but that this cannot be predicted with confidence from the information obtained. 

 

This valuable example fits very well with the messages in the keynote address concerning the 

societal aspects of monitoring, namely that interpretation of monitoring data in the context of 

overall system behaviour is the other half of building confidence, and that to inspire confidence 

through monitoring the inherent limitations must be recognised and explained.  These statements in 

the keynote address were made in the context that even the attainment of steady-state conditions in 

the near field of a disposal system is unlikely to be realised over timescales that are short enough to 

allow it to be monitored; therefore monitoring is restricted to the measurement and observation of 

transients which need to be strong enough to provide clear indicators of the system evolution.  The 

monitoring of transient conditions themselves can be of great value during the period prior to 

closure of a repository, for example providing information on temperature rises as a result of the 

radiogenic heat-loading in emplaced high-level waste and its effects on the disposal system and 

geological environment. 

 

2.8 In Conclusion 
 

In line with the position of the participants in the MoDeRn Project, there will be no single, 

international prescription that national programmes can take as the basis for the design of a 

monitoring programme.  The national waste inventory, disposal concept, governance arrangements, 

regulations, and societal values and norms will establish the necessary context and input.  

Nonetheless, in line with the objectives of the MoDeRn Project, this conference provided much of 

the information required to establish the framework for designing a national monitoring programme. 

 

There appears to be a reasonable degree of consensus between all the interested parties concerning 

the role and objectives of monitoring in supporting step-wise decision making up to the point of 

closure of a disposal facility, and there is also a shared understanding of the issues that should be 

further discussed in relation to the post-closure period.  The expectations of stakeholders are 

expressed in different terms to those often used by implementers but in fact there appear not to be 

fundamental differences.  The same important aspects that apply to implementation of geological 

disposal overall, such as governance arrangements and the ability of stakeholders to have access to 

information and to influence decisions, apply equally strongly in the area of monitoring. 

 

The inputs made by regulators proved invaluable and it is encouraging that national regulatory 

bodies in some of the more advanced programmes are planning to give monitoring, particularly in 

the post-closure period, more detailed consideration.  It is recommended that these regulatory 

bodies should, if possible, be involved in any ensuing international initiative in this area. 

 

A matter not specifically considered under the auspices of the MoDeRn Project concerns the 

practical reality of funding monitoring activities, particularly in the long term after repository 

closure.  It might be worthwhile to analyse how this matter is dealt with in national plans, 

particularly as reflected in the planning information provided to international organisations, to 

determine whether it requires further consideration. 
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Monitoring Objectives from the Implementers’ Perspective 

A key objective for monitoring in many national programmes is to confirm1 acceptable performance 

of components of the disposal system, particularly those providing key safety functions.  At least 

theoretically, performance of such components could either be monitored directly, for example 

through the use of sensors attached to dummy waste packages, or indirectly, for example through 

the measurement of any radionuclide contamination in the groundwater around a repository.  

However, there is some evidence that public stakeholders would be typically more interested in 

monitoring conditions in their local environment, to ensure that there is no direct impact on them. 

 

Direct monitoring of barrier performance may require the use of instrumented example 

(demonstrator) units or sacrificial components of the disposal system, possibly located within a 

pilot facility.  This could be facilitated by a plan for retrieval and re-packaging/re-emplacement of a 

small quantity of waste at some point, once sufficient monitoring has been carried out.  Information 

on the performance of disposal system components is also derived from the wider science 

programme, including experiments conducted within URLs and surface laboratories, and through 

modelling. 

 

Drivers for Post-closure Monitoring 

International guidance on repository monitoring recognises that monitoring and surveillance could 

be maintained for as long as society considers it beneficial [1].  However, it is a principle of 

geological disposal that assurance of safety does not require post-closure monitoring.  Any post-

closure monitoring undertaken by future generations should be designed in such way that no 

negative impacts on the performance of the containment barriers and therefore on the long-term 

safety of the repository would occur.  Implicit in this principle is that the safety case has to provide 

sufficient confidence that a repository is safe and performing as expected before permission is 

granted to close the facility. 

 

However, in some countries, notably Germany and France, national legislation and/or regulations 

either explicitly or implicitly require some form of post-closure monitoring or surveillance to be 

carried out.  For example, in Germany 2 , safety requirements governing the final disposal of 

heat-generating radioactive waste require the establishment of a monitoring system “during 

emplacement operations, decommissioning, and for a limited period following decommissioning, in 

order to verify that the input data, assumptions and statements of the safety analyses and safety 

cases performed for this phase have been observed” [3].  This contrasts with the situation in some 

other countries (for example in Sweden and Switzerland), where the responsibility of the 

implementer ends when the repository is closed, such that the implementer would not be 

responsible for any post-closure monitoring carried out. 

 

It is recognised that even in countries where there is no requirement for post-closure monitoring 

associated with confirming the continued acceptable performance of the repository, there may still 

be other reasons for undertaking some form of post-closure monitoring.  Key among these is the use 

of post-closure monitoring to provide confidence to local communities that a repository is safe. 

 

                                                
1  Note that the perception and interpretation of terminology such as ‘confirmation’, when used in the context of describing 

monitoring objectives, was the subject of repeated discussion during the International Conference and Workshop on Repository 

Monitoring, as reflected in Sections 2.4 and 3.2. 

   
2  In Germany, the implementer is required to provide a comprehensive monitoring concept.  However, German regulations state 

that the authorities are free to decide who will be responsible for conducting monitoring.  This means that monitoring could be 

performed by an independent institution, rather than the implementer.  This point has relevance for discussion of the 

independence of repository monitoring captured within Sections 2.4, 3.2 and 4.4. 
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The way in which post-closure monitoring is implemented will be strongly dependent on why it is 

being carried out.  It is therefore crucial to understand the drivers for post-closure monitoring, in 

order to evaluate the potential benefits it offers, and to plan an appropriate programme of 

monitoring activities. 

 

It was noted during the conference discussions that the public has a relatively high degree of 

confidence in the implementers in Finland and Sweden – countries that do not expect to carry out 

post-closure monitoring.  A participant suggested that there may be a connection between these two 

points, based on the observation that post-closure monitoring is often driven by lay stakeholders not 

trusting an implementing body, and wanting reassurance that a repository continues to perform 

safely. 

 

Balancing Technical Feasibility against Timescales for Post-emplacement / Post-closure Monitoring 

If desired, monitoring could be employed during all phases of repository implementation, from 

monitoring the baseline (undisturbed) conditions of a repository site, through repository 

construction, operation, closure and post-closure.  Applicable techniques and timescales for 

monitoring vary depending on the phase in question. 

 

During the operational period, there is an opportunity to monitor the engineered barrier system 

following emplacement of the waste, buffer, backfill and initial plugs and seals.  There are several 

challenges associated with monitoring repository evolution after waste emplacement, and, in 

particular, with extending such monitoring into the post-closure period.  Barrier functions will 

typically be provided over many hundreds or thousands of years (or longer), and many processes in 

a repository are expected to occur very slowly.  In many cases, it will not be feasible to monitor 

such processes over relevant timescales using either currently available technology, or even taking 

account of anticipated future advances.  It is therefore important to define realistic objectives for 

post-emplacement and/or post-closure monitoring, and to link these objectives to sensible 

monitoring timescales. 

 

In addition to timescale issues, there are specific technical issues associated with monitoring 

following emplacement.  For sensors emplaced in the engineered barrier system, these include the 

capabilities for wireless data transfer and in situ power supplies, and the possible impact of the 

sensors on the performance of the barriers.  For non-intrusive monitoring, technical issues are 

associated with the resolution of monitoring data, translating measured parameters to information 

on repository evolution, and recovery and backfilling of measurement equipment (e.g. geophones 

placed in boreholes).  It is important to communicate the technical limitations of monitoring to 

stakeholders, and to avoid “promising too much”, which could undermine confidence in future.  
One possible objective for post-closure monitoring could be to carry out post-closure monitoring to 

support a potential decision to remove institutional controls from a closed repository.  This would 

then focus such monitoring on surface activities such as human actions rather than on detailed 

monitoring of the engineered barrier system. 

 

Successful implementation of a pre-defined post-emplacement monitoring programme over a 

realistic timescale could be used to demonstrate, to a variety of stakeholders, an implementer’s 
capability to emplace the engineered barrier system as specified in the design.  This could help to 

build trust in the implementer’s subsequent activities and in the long-term safety of the disposal 

system. 

 

Once realistic timescales for monitoring have been identified, these can be used as the basis for 

targeting future RTD on monitoring technologies to meet specific needs. 
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stakeholders.  Some monitoring may be undertaken largely (or even purely) to address stakeholder 

concerns.  An example proposed at the conference was monitoring of seismic activity in the area 

around a proposed repository, even when expert analysis suggests that this will not be a significant 

factor affecting repository performance. 

 

A key requirement for building local stakeholder confidence appears to be the continual collection 

of data on the properties of the repository system, so that any changes in behaviour can be identified.  

This includes a significant period collecting information on the properties of the system before any 

waste is emplaced.  This desire is already recognised within international guidance on repository 

monitoring as the requirement for the collection of monitoring data on baseline conditions at 

proposed repository sites [1,2].  Baseline environmental monitoring was undertaken by the CEMRC 

in the vicinity of the WIPP, including air quality sampling before the facility began to receive waste, 

and is also being undertaken at proposed repository sites by other national waste management 

organisations, for example in Sweden and in Finland. 

 

An associated point is a preference expressed by some stakeholders that all monitoring data should 

be made publicly available, to avoid any perception that only selected results are being 

communicated to the public.  Whilst such an approach increases the openness and transparency of a 

monitoring programme, it is recognised that raw data may not always provide meaningful 

information to local communities.  To address this point, the CEMRC publishes the results of 

specific monitoring activities in newsletters and in local newspapers, and includes guidance on the 

interpretation of data and its perceived significance within these publications.  This is done in 

conjunction with making all monitoring data available on the internet, once it has be checked 

internally for quality assurance purposes. 

 

At the conference, participants noted that stakeholders expect implementers to develop expectations 

for what will be observed through monitoring, and how monitoring results may change over time.  

Bearing in mind the duration of a repository implementation programme (likely to be in excess of a 

hundred years), as well as the long timescales over which some processes in the repository will 

occur, there is an expectation that implementers will periodically re-evaluate their understanding of 

system performance as the implementation programme progresses, taking account of new data as 

they become available, and considering any associated changes in requirements for monitoring.  

Developments in the implementer’s understanding also need to be discussed with stakeholders in a 

transparent and accessible way. 

 

The level of public interest in repository activities in general, and monitoring in particular, is 

expected to be relatively low in situations where a significant level of stakeholder confidence in 

disposal system performance has been established, i.e. if no releases to the accessible environment 

have been measured from the onset of monitoring.  During such periods, the very existence of an 

on-going monitoring programme can contribute to public confidence.  Interest in, and scrutiny of, 

monitoring programmes may increase if concerns arise over system performance.  This might result 

from factors that are specific to the repository in question, such as small increases in the measured 

radioactivity in the environment.  However, it might also arise as a result of external factors, for 

example if there were any increased concerns over nuclear safety on a global basis in the future.  An 

increased interest in the CEMRC’s monitoring activities was observed following the Fukushima 

Daiichi disaster. 

 

Lay stakeholders often express a preference for repository monitoring to be carried out by an 

independent organisation not associated with the implementer, regulators or government.  This is 

particularly the case in countries where, due to the national context of the repository development 
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implications for the success of a repository development programme, particularly where local 

communities have a role in decision-making associated with repository siting.  In order to be 

successful, the implementing organisation needs to wish to engage, and to hope to gain something 

through doing so.  There is an associated need to appreciate that engagement activities are not just 

about communicating technical information; the act of stakeholder engagement and involvement is 

one of reassurance, particularly where this is done in a continuous, repeated or ongoing manner. 

 

Monitoring versus “Oversight” 

The concept of oversight of a repository was discussed.  Oversight is a general term for “watchful 
care” and refers to society “keeping an eye” on a technical system and the actual implementation of 

associated plans and decisions.  In the context of radioactive waste disposal, oversight and safety 

assurance are considered in terms of the active institutional control of a repository, including factors 

such as a dedicated monitoring programme, knowledge management and long-term records 

management, as well as passive control of the facility, for example through built-in design features 

and safety functions provided by components of the disposal system.  Passive controls could also 

include indirect monitoring of factors affected by repository performance.  A gradual transition 

from active controls requiring human intervention, to passive controls that do not require 

intervention is expected to occur as a repository implementation programme progresses.  

Requirements for active controls, such as long-term records management may be strongly linked to 

the timescales for monitoring, particularly post-closure monitoring. 

 

The International Commission on Radiological Protection (ICRP) is currently developing guidance 

on the concept of oversight and associated recommendations for international and national policy 

and guidance.  A draft of this guidance has been released for consultation, and has been reviewed 

by the NEA and various radioactive waste management organisations [4].  The guidance is expected 

to be published shortly. 

 

Oversight can also be used as a term to indicate that something has been overlooked and missed.  

Careful communication of the context for using this term is therefore important. 

 

Monitoring Hazardous Waste Disposal 

Transferable experience may be available from approaches to monitor the disposal of stable 

hazardous (non-radioactive) wastes such as wastes contaminated with heavy metals, although the 

regulatory basis for disposal of such wastes is quite different from that for radioactive waste 

disposal.  Radioactive waste management organisations have been involved in reviewing the 

outputs from EC projects considering this topic, and there may also be valuable experience to feed 

back into development of monitoring programmes for geological disposal of radioactive waste. 

 

Regulators’ Perspectives on Monitoring 

Regulatory requirements relating to monitoring tend to focus on demonstration of the assumptions 

and arguments in the safety case provided as a basis for licensing, and typically place a lower 

emphasis on aspects of trust and confidence in the implementer than perspectives expressed by lay 

stakeholders. 

 

Where monitoring is used in order to demonstrate repository performance, there is a requirement 

that this monitoring is representative of behaviour in the repository itself, especially if monitoring is 

undertaken on a limited part of the repository or in a separate area such as a pilot facility.  At the 

same time, a key principle within regulations for geological disposal is the requirement that 

monitoring must not undermine the safety provided by the multi-barrier system of the geological 

disposal system.  For example, UK guidance on requirements for authorisation of geological 
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Therefore, it is not surprising that some issues of this nature were recognised at the conference.    

The comments and queries raised may also reflect the relatively novel nature of many of the 

techniques and approaches presented at the International Conference and Workshop on Repository 

Monitoring, which are at the forefront of technological developments relating to repository 

monitoring and reflect the current state-of-the-art, as well as participants’ initially low level of 
familiarity with these novel developments. 

   

Discussion of the feasibility and limitations of monitoring technologies is considered an integral 

component of advancing understanding of repository monitoring techniques through dissemination 

of work and is therefore central to the scope of the conference.  Nevertheless, these observations 

provide useful insight to the perception of technically detailed material by a lay audience, and, 

given the importance of monitoring as a tool to build confidence, they would need to be considered 

as part of any plans to discuss similar material at a meeting or event targeted specifically at a lay 

audience. 

 

Discussion during this technical theme highlighted that there tends to be a greater degree of 

confidence, amongst both lay and expert stakeholders, in the performance of purpose-built 

repositories for radioactive waste, compared to confidence in the performance of pre-existing 

facilities, such as mines, that have been modified for use as repositories.  This is largely because the 

facilities have not been specifically designed for use as repositories, and the need to modify the 

facility designs to allow for safe waste disposal introduces an element of doubt in the mind of 

stakeholders. 
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Feasible distances for long-range TTE data transmission using radio waves depend on the electrical 

conductivity of the transmission medium, i.e. the host rock and overlying strata, including the 

nature of the pore water within the rock.  In general, long-range data transmission using 

electromagnetic radiation is considered to have better prospects for successful application in hard, 

dry rocks, due to the tendency for signal attenuation in soft rocks with higher pore water content, 

although work within the MoDeRn Project has demonstrated the feasibility of low-frequency data 

transmission across 225 m of poorly indurated clay and overlying sandy aquifers. 

 

There was more limited experience within the workshop of other wireless data transmission 

techniques besides those using radio waves, such as those using vibration (sound) waves.  In 

general such techniques were expected to have higher power demands than available radio 

frequency systems.  They were also not considered to be feasible in some geological environments, 

such as poorly-indurated clays. 

 

Research into high-frequency and low-frequency wireless data transmission has focused on 

different phases of repository implementation.  High-frequency techniques could be used following 

closure of individual disposal tunnels or disposal boreholes, by installing receiver equipment in the 

adjacent access tunnel.  They are therefore primarily applicable during the post-emplacement period, 

but prior to complete repository closure.  In contrast, low-frequency wireless data transmission 

would primarily be of benefit during the post-closure period, once there is no direct access to any 

part of the repository. 

 

The expectation that wireless data transmission would typically not be required until fairly late-on 

in a repository implementation programme, potentially decades, or even centuries into the future 

(particularly for long-range techniques), led some workshop participants to question the need for 

extensive research on these techniques at this time.  They argued that it would be preferable to 

postpone further work in this area until a point in time closer to when such techniques were actually 

applied, by which time, the state-of-the-art of relevant technologies may have advanced 

significantly.  On the other hand, if an implementing organisation wishes to employ in situ 

monitoring during the post-emplacement and/or post-closure period as part of a wider monitoring 

programme, then it would have to demonstrate, at a relatively early stage in the licensing process, 

that it would be feasible to carry out the required monitoring, and design of the associated data 

transmission systems would need to be incorporated into the overall repository design.  Further 

research in this area was therefore considered to be beneficial to confirm the feasibility of such 

approaches, as well as to ensure continued advancement of the state-of-the-art.  Target areas for 

improvement include feasible distances for data transmission, improved transmission across 

difficult media, and improved approaches to manage signal interference and noise levels. 

 

Current state-of-the-art wireless monitoring techniques are considered to be largely sufficient for 

application in a repository pilot facility, where data transmission over 5-10 m is likely to be 

required.  However, there was uncertainty in the workshop over whether it would actually be 

necessary to employ wireless techniques within a pilot facility, or whether more conventional 

techniques employing wires/cables would be acceptable here. 

 

Long-term non-intrusive power supply 

A factor limiting the lifetime of in situ monitoring equipment (e.g. sensors and data transmission 

components) and hence, the feasible timescales for post-emplacement and post-closure monitoring, 

is the availability of a reliable long-term power supply. 
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Electrical batteries are widely available in a variety of forms.  There is relatively limited experience 

on their long-term behaviour, and the maximum lifetime of existing batteries is currently expected 

to be a few decades.  It was the view of workshop participants that advances in battery technologies 

between now and when they would be required to power remote wireless monitoring equipment in a 

repository (decades or centuries in the future) are expected to improve the battery lifetimes in the 

future.  It was also recognised by the workshop that other, currently unforeseen power sources, 

suitable for long-term remote applications, may emerge during this period. 

 

Generation of electrical power based on thermal gradients within the repository was considered by 

workshop participants to be a promising technology worth investigating further.  The radioactive 

waste inventory to be disposed of within a repository offers an extensive source of potentially 

suitable radioactive decay, particularly in terms of high heat-generating inventory components such 

as spent fuel or HLW, and specific radionuclides such as strontium-90, which have already been 

used in thermoelectric generation for other applications such as satellites, space probes and 

unmanned remote facilities, and which are abundant in some radioactive waste streams.  The 

thermal gradient accessible for energy harvesting is an important factor affecting the feasibility and 

efficiency of thermoelectric generation. 

 

Realising thermoelectric generation from the waste in a repository could require adaptations to the 

design and layout of the repository, for example, changes in the waste packaging approach and/or 

changes in the distribution of different waste streams across a disposal area.  Further research is 

required to improve understanding of how to apply this technique within a repository environment.  

Any required design adaptations would still need to comply with regulations applicable to 

radioactive waste disposal, and should not undermine the safety case for geological disposal. 

 

Miniaturised nuclear reactors installed within a repository were also proposed by workshop 

participants as another option for a long-term power supply to monitoring equipment.  This 

technology has been proposed as a small-scale generation route that could be applicable to supply 

power to e.g. individual towns and space stations.  The implications of installing such devices on 

the safety case for a repository would need to be evaluated, but it was felt by some participants that 

this option would merit further investigation. 

 

Durability of monitoring components 

Sensor lifetime was a key area of discussion during the workshop.  Experience of long-term sensor 

performance is available from the last 30 to 40 years during which sensors have been extensively 

developed and employed in a variety of industries.  However, the timescales over which monitoring 

sensors in a repository are required to perform could potentially be longer than this.  Moreover, the 

conditions in a repository for radioactive waste will be relatively aggressive (this could include, for 

example, high temperatures, an alkaline chemical environment and a high radiation field), which 

could reduce the lifetime of sensors compared to that observed in other applications.  There is 

limited experience of the behaviour of relevant sensors under such harsh conditions, and this was 

identified as a key area requiring further investigation.  It was also felt that tests which deliberately 

accelerate the degradation of wireless monitoring equipment could be used to identify weak points 

in designs, for improvement in the future. 

 

There is limited experience of long-term electronic component performance in relevant 

environments.  Electrical systems employed on the Voyager space probes have continued to 

function for over 30 years, despite the extremes of temperature and relatively high radiation 

environment they are exposed to.  However, some degradation of thermocouples and other 

electrical components has occurred over this period, which has reduced the efficiency of the power 
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There are also similar inherent physical limits associated with the spatial resolution of monitoring 

results obtained from geophysical equipment installed on the surface overlying a repository.  

Workshop participants considered that it would be possible to monitoring large-scale processes, 

such as preferential flow paths, but that more localised processes would be difficult to observe using 

current state-of-the-art techniques.  Some improvements in resolution could be achieved using 

sensors or sources installed in monitoring boreholes, provided this did not affect the isolation 

function of the rock. 

 

Airborne and satellite-based geophysical techniques such as synthetic aperture radar (SAR) and 

interferometric synthetic aperture radar (InSAR) facilitate precise detection of ground movements at 

the Earth’s surface.  This has potential applications for safeguards monitoring (e.g. to detect 

unauthorised activities), as well as for monitoring large-scale processes such as thermal uplift.  Such 

techniques have been employed to measure uplift associated with underground carbon dioxide 

sequestration tests. 

 

As discussed previously, the feasibility of applying geophysical monitoring techniques tends to be 

strongly dependent on the characteristics of the host rock and overlying strata, with the exception of 

airborne techniques that monitor changes at the surface. 

 

4.2 Workshop 1, Track 2: Why monitor? 
 

Matthew White (Galson Sciences Ltd), Nicolas Solente (Aitemin) 
 

International guidance on repository monitoring recognises that monitoring is undertaken to provide 

support to the post-closure safety case, to support operational safety, to ensure environmental 

protection and as part of safeguards.  The workshop session on why to monitor therefore focused on 

the expected benefits that would be realised from repository monitoring. 

 

Influence of Costs on Repository Monitoring 

Considering why monitoring is undertaken may provide a basis for considering how much effort is 

required to deliver the monitoring programme, and how much money should be spent on 

monitoring.  From the implementers’ perspective, a regulatory requirement to undertake specific 

monitoring programmes must be addressed and it would not be appropriate for the requirements for 

specific monitoring activities to be challenged.  However, society including the public may question 

the need to for expensive monitoring programmes. 

 

Alternatively, monitoring could be considered as part of the optimisation of the repository system 

and may support decisions to use  more cost-effective approaches to disposal of radioactive waste, 

or support decisions to close a facility earlier than planned, leading to cost savings.  In terms of 

stakeholder engagement, the use of monitoring in optimising the disposal process may be a good 

message to communicate. 

 

Therefore, optimisation of implementation and support for cost-effective delivery of the repository 

programme may be seen as reasons for undertaking repository monitoring. 

 

Monitoring, Knowledge Management and Post-closure Monitoring 

One of the objectives of a monitoring programme could be to provide an information source to 

future generations.  It is expected that information collected at an early stage in the programme will 

be of use to future generations.  This will require the strategies for monitoring and knowledge 

management to be integrated and to work together.  In order to provide meaningful data to future 
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Another participant noted that, in some fields, there had recently been a shift from the concept of 

social acceptability to the paradigm of social responsibility.  Adoption of this paradigm could imply 

that a reason for monitoring was the implementer decide that the public should be provided with 

additional data over and above that which the implementer themselves considered necessary or 

valuable.  Alternatively, this could be interpreted as a responsibility not to undertake monitoring if 

it was of no value. 

 

Workshop participants proposed that, in addition to understanding why monitoring should be 

undertaken, it was important for monitoring programme development to consider reasons why a 

proposed monitoring parameter should not be monitored, and to record these reasons as 

justifications in instances where such consideration led to the rejection of a monitoring parameter.  

In particular, it was proposed that monitoring that responded to “irrational fears” should not be 
undertaken, as this may only serve to provide tacit support to the fear.  However, an alternative 

view expressed was that monitoring only the minimum necessary could appear arrogant to 

stakeholders. 

 

Importance of Defining Why Monitoring is Undertaken 

In conclusion, it was stressed that a clear definition of why monitoring was being undertaken was 

necessary for a successful monitoring programme to be undertaken.  The reasons for monitoring 

should provide the basis for a robust selection of monitoring methods and locations.  This would 

allow the data collected to be compared to the specific objectives defined and provide a context 

against which significance could be judged.  In support of this argument, it was noted that there is a 

widely-held view that a large monitoring programme had been established in the local area 

following the Fukushima disaster but not all of this monitoring was of value to robust decision 

making.  However, it was difficult to find a reason to stop monitoring a particular parameter once 

monitoring had started unless it was associated with a specific objective. 

 

The discussion on why monitoring should be undertaken highlighted that the answer to this 

question may be different for different phases of repository.  There appeared to be consensus about 

the drivers for monitoring during the early stages of repository implementation, but less consensus 

about the drivers later in the programme.  Optimisation and cost-effectiveness were good reasons 

for undertaking monitoring.  Monitoring could be used to support stakeholder engagement 

(including visualisation of the repository evolution) and stakeholders could potentially provide good 

advice on the development of the monitoring programme.  However, as with all monitoring issues 

there would be different answers to the why question for different national programmes. 

 

4.3 Workshop 1, Track 3: When and how long to monitor? 
 

Peter Simmons (UEA), Jaap Hart (NRG) 
 
This workshop was concerned with the timing of monitoring, with when, during the life of a 

repository, monitoring should be carried out and for how long it should be continued.  The 

workshop chairman opened by noting that the questions of ‘when’ and ‘how long’ could not be 
decoupled from the questions ‘why’, ‘how’, ‘what’ and ‘where’ to monitor.  He situated the 
questions in the context of a step-wise decision process by displaying a figure that summarised the 

phases of repository implementation and gave examples of major decision points (Fig. 4.1). 
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monitoring in the post-closure phase. Following presentations earlier in the day, there was 

discussion of the notion of ‘oversight’ and of its relationship to monitoring. Some participants were 

concerned to define these terms clearly in order to avoid any confusion between monitoring, 

understood as involving measurement and data collection, and oversight, understood as the 

continuous and extended involvement of society beyond repository closure. The notion of oversight 

was justified by reference to the continuing hazard presented by the waste, despite it being 

contained within a repository system several hundred metres below the surface, and the potential 

loss of regulatory credibility that would be associated with ‘walking away’ from a licenced facility 
after closure.  

 

The call by some stakeholder participants for continued surveillance of a repository reflected 

concerns that there might be unexpected processes or events which could compromise safety.  It 

was pointed out that no very long term management option is risk free. In response to this it was 

argued that consideration of all conceivable scenarios would ensure that these were addressed by 

the design concept but some stakeholders nevertheless expressed a clear wish for extended 

monitoring to provide ‘early warning’ of any adverse developments in the repository system.  
Although there was no agreement among participants on the necessity of post-closure monitoring or 

about its precise nature, with some referring to both repository and environmental monitoring in this 

context, it was agreed that if society demanded it and resources could be directed to developing the 

necessary technical means to do so, there was no reason why it should not within safety constraints.  

 

For several participants the question of post-closure monitoring or of some form of oversight and 

continued institutional control raised the issue of preserving data records and of ensuring that future 

generations would be able to interpret them and understand their meaning.  This would require the 

design of institutional arrangements capable of maintaining the societal capacities and competences 

necessary to do so.  Against this call for continued institutional oversight and providing for the 

information needs of a future society, other participants argued that we are unable to envisage the 

future configuration and needs of society.  It was pointed out that enormous transformations in the 

organisation of society have taken place over the past 300-400 years - and for some countries (e.g. 

Germany) even recent decades have seen dramatic change.  It was argued that the lesson to be 

drawn from history is that societal futures are not predictable, suggesting that the maintenance of 

human institutions to provide oversight would be very uncertain over the extended timescales being 

discussed.   

 

When to stop monitoring? 

The discussion of how long to monitor also raised the question of when to stop.  It was pointed out 

that a primary purpose of monitoring was to provide information to support decision making and 

that monitoring would therefore need to continue for as long as there were decisions still to be made.  

A slightly different view, expressed in relation to monitoring for the very specific purpose of 

providing early warning of unforeseen problems, was that such monitoring should be maintained 

only as long as there was the possibility of responding in some way, after which there was no longer 

any point continuing with it.  A more general point made was that wider societal acceptance of 

repository safety and of the eventual cessation of monitoring was more likely if citizens better 

understood radiation and the measures for the containment of radioactive waste.  It was suggested 

that a technical repository programme would need to be accompanied by a programme of continued 

education and engagement.  

 

Technical challenges of long-term monitoring 

A final strand of discussion when considering how long to monitor concerned the technical capacity 

to monitor over the long term.  Several participants were sceptical about the durability of 
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as part of the activities of the implementer (e.g. through good management and quality control 

practices), and also through external oversight activities, potentially at different hierarchical levels 

(e.g. by national regulators/government, through the EU, and/or through the NEA and/or IAEA).  A 

key concept contributing to effective governance is that stepwise licensing of a repository can be 

used as a means of ensuring periodic review and on-going control of disposal activities. 

 

The licence to construct, operate, and eventually to close a repository is awarded by government, or 

by the relevant nuclear regulators.  However, its award is likely to require the buy-in of the local 

community.  In order to build the trust of these stakeholders, it will therefore be important for long-

term governance arrangements to be in place before the disposal implementer applies for a licence. 

 

Effective governance of a monitoring programme requires the application of an objective and 

impartial viewpoint, without preconceptions of the outcomes of the programme.  Governance 

mechanisms need to be stable to changes in political decision-making, including changes in local 

and national government, in order to maintain continuity over the long timescales of repository 

implementation. 

 

Who needs to be involved, including the impact of monitoring phases and timescales 

In the context of governance, it is important for each involved organisation to have a pre-defined set 

of responsibilities, prior to initiating activities at a disposal site.  However, the scope and 

distribution of responsibilities will depend on a country’s national context for monitoring, and are 

therefore difficult to define generically.  There is also a need for flexibility to allow appropriate 

changes to governance practices as a repository implementation programme progresses.  For 

example, it might be appropriate for there to be a gradual evolution in the responsibilities for 

records keeping and knowledge management, from the implementing organisation in the first 

instance, towards higher-level national or international organisations.  Workshop participants 

proposed that the United Nations Educational, Scientific and Cultural Organisation (UNESCO), 

who are charged with the custody of aspects of human heritage, could be an appropriate 

international organisation to which responsibility for records keeping and knowledge management 

could be transferred. 

 

It is important to ensure that knowledge and understanding is sustained and transferred across 

generations, particularly given the long-running nature of a repository programme.  This includes 

communication of the historical motivation for undertaking specific monitoring activities, 

particularly if there is a desire for some form of post-closure monitoring to be undertaken, so that 

stakeholders in the future can make informed decisions as to whether such monitoring is still 

necessary. 

 

Long-term engagement with stakeholders on the topic of repository monitoring may require an 

additional skill set focused on placing repository monitoring programme into context, and 

sustaining this knowledge and ability to explain the significance of results over the long term.  

Communication and education approaches should be designed to embed the concept of repository 

safety within individuals and into society for the future, recognising that institutions are unlikely to 

prevail over the timescales of interest.  The workshop recognised that a challenge in achieving this 

was the potential for a loss of interest in a repository monitoring programme over time, particularly 

if there are no observable changes or unexpected results arising from the monitoring programme. 

 

Pluralism, specifically the parallel interpretation of monitoring results by different organisations, 

groups or individuals was felt to be an important principle in support of confidence building.  
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Parallel monitoring of the WIPP by the CEMRC and by groups within the DOE were cited as 

examples of good practice in this respect. 

 

How to ensure independence? 

Assigning responsibility for repository monitoring to an independent organisation was initially felt 

by the workshop to be a key aspect of using monitoring for reassurance and confidence building.  It 

was recognised that all organisations or groups with a stake in geological disposal would have their 

own perspective on safety, which might skew their approach to gathering and interpreting 

monitoring data.  To counteract this, a body with no pre-existing stake in the geological disposal 

process could be needed, either to oversee monitoring activities, or to undertake them on behalf of 

other stakeholders. 

 

The possibility of having a truly independent monitoring organisation or group was questioned.  In 

particular, it was recognised that even if such a group were set up, with a wholly independent remit, 

the funding to enable it to operate would typically be routed via the implementing organisation (as 

is the case for DOE funding of the CEMRC) or via waste producers.  This could undermine the 

perception of its independence in some countries.  Independence from political processes, 

particularly changes in local and national governing bodies, was also felt to be crucial for ensuring 

continuity in measurement approaches, given the potentially long-running nature of a repository 

monitoring programme. 

 

What was felt to be more important than the true independence of a monitoring organisation, was 

the ability for stakeholders to trust that a nominated organisation responsible for monitoring would 

carry out monitoring objectively, without bias, and provide open, honest reporting of results. 

 

The choice of organisation responsible for monitoring, and the mechanisms used to ensure 

satisfactory independence in its approach, will therefore depend on the national context of the 

country in question.  Depending on the particular situation, the most appropriate group to carry out 

monitoring might be the nuclear regulators (or associated supporting organisations), the repository 

implementers (if there is sufficient trust in their behaviour) or a completely separate organisation, 

possibly funded via a route that does not undermine confidence in their independence. 

 

How to use results 

A key requirement proposed by workshop participants for building confidence is that all of the raw 

results obtained from a monitoring programme should be made publicly available, preferably 

without any form of pre-processing or filtering of data.  Such an approach could be seen to 

maximise the transparency of the monitoring programme, and might facilitate independent analysis 

of monitoring by groups or individuals not affiliated to a repository implementation programme.  

Workshop participants felt there might be benefit if stakeholders could make their own 

interpretations of monitoring data, which could either confirm the interpretations made by the 

organisation responsible for monitoring, or offer a different interpretation for discussion.  This 

approach recognises that the interpretation of raw data is sometimes rather subjective (workshop 

participants remarked that in some cases, subject experts could offer different interpretations of a 

data set), and acknowledges the value of alternative views. 

 

At the same time, it was felt that guidance should be offered on the possible interpretation of 

monitoring data.  Processing and interpretation of the meaning of monitoring data should be carried 

out by experts, and their interpretation of the significance of the data should also be made publicly 

available, accompanied by clear explanations of the assumptions made in interpreting the data, and 

the rationale for the conclusions drawn.    
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basic scientific understanding, and, therefore, it was appropriate for implementers and regulators to 

work together on some specific issues, for example development of processes and features affecting 

repository evolution.  Therefore, there may be areas of repository monitoring research where 

implementers and regulators could work together, such as research on monitoring technologies. 

 

The workshop session discussed whether there was any need for independent monitoring to be 

undertaken in addition to the monitoring undertaken by the implementer.  There was no consensus 

on this.  However, it was recognised that environmental monitoring around a GDF could, and 

perhaps should, be undertaken by national monitoring organisations, i.e. organisations responsible 

for monitoring groundwater quality or food standards.  Such environmental monitoring could also 

be undertaken by new, specialist monitoring organisations such as the CEMRC. 

 

Advisory bodies 

Advisory bodies were considered to be a good organisation for providing independent expert 

guidance to a repository programme.  An advisory body could play a role in monitoring by 

undertaking periodic reviews of the programme (rather than being involved on a regular basis). 

 

However, the independence of advisory bodies was questioned during the workshop discussion.  

The members of advisory bodies are likely to be of similar backgrounds to individuals in 

implementer and regulator organisations.  Advisory bodies are likely to discuss repository 

programmes with, and provide advice to, government.  Therefore, there is a potential for local 

stakeholders to lack confidence in advisory bodies.  The example of the Committee on Radioactive 

Waste Management (CoRWM) - an advisory body in the UK - was raised.  Some stakeholders in 

the UK have raised questions about members of CoRWM, although the structure of the organisation 

itself has been broadly accepted. 

 

There is a requirement for balance in the membership of advisory bodies.  During its existence, the 

membership of CoRWM has changed from members with general expertise to specific knowledge 

of scientific issues.  This reflects the progression of the repository implementation programme in 

the UK.  It means that members of advisory bodies would have to have appropriate knowledge of 

monitoring to be able to advise on monitoring issues. 

 

The independence of advisory bodies was discussed.  It has been observed in several programmes 

that there is no possibility of having a totally independent view, as all individuals will be affected 

by their history and current circumstances. 

 

Public stakeholders 

The discussion of the SITEX Project recognised that public stakeholders may also want access to 

independent advisory groups.  A workshop on the requirements from stakeholders is planned for the 

SITEX Project. 

 

In terms of public involvement in monitoring, it was noted that local public stakeholders would 

rather have trust and confidence in implementers and regulators than have to be involved actively.  

In particular, local stakeholders are volunteers and do not have a professional involvement in 

repository programmes; they want to maintain a balance between involvement in the repository 

programme and other activities. 

 

Associated with the issue of the extent of involvement, the workshop recognised that the 

representativeness of local stakeholder groups is variable.  Typically, stakeholder groups consist of 

older men, and it is difficult to involve younger people and women.  However, for long-term 
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of parameter choice is dependent on the scope of modelling.  Confidence in parameter choice will 

be limited where natural processes are relatively complex or there is a lack of available data which 

results in relatively high uncertainty.  Monitoring cannot be expected to provide a definitive 

representation of sub-surface processes; it is a representation with residual inaccuracy. 

 

It was agreed that URLs can be used to provide evidence about natural processes.  For example, 

evidence of the rate and extent of concrete crack propagation gathered at the Mol URL, has been 

applied wider in the Belgian programme.   

 

Most programmes are at the research and development stage so the extent of experience from actual 

repository sites is currently limited, and, for some programmes, non-existent.  Monitoring 

programmes will only be optimised following site characterisation and during construction to 

ensure that monitoring is based on the fullest possible understanding of site characteristics.  

Nonetheless, the development of monitoring programmes during research and development should 

define key parameters to monitor during operational and pre-operational phases. 

 

The cost of monitoring should be proportionate to the programme cost.  Therefore, monitoring 

should concentrate on parameters that are going to provide most benefit for decision making and 

other programme goals.  A comparison was made by workshop participants, who noted that waste 

acceptance criteria are typically based on a relatively narrow range of parameters. 

 

Where to monitor? 

Monitoring of the near field and far field may be undertaken following closure for public 

acceptance and confidence reasons.  It was suggested that given the current technical limitations of 

monitoring it is perhaps easier to monitor in the region close to the near field, which was defined in 

the workshop as the ‘middle field’.  However, some participants felt that there were good prospects 

for monitoring the near-field, citing recent advances in non-intrusive geophysical techniques. 

 

Repository monitoring will be undertaken over long periods, and this requires the monitoring 

programme to evolve in response to development of knowledge on the repository evolution and also 

in response to developments in repository monitoring technologies.  There is good precedent of 

monitoring supporting the development of knowledge.  For example, Nagra and Andra have 

witnessed examples of self-sealing of clay host rocks in the excavated damaged zone around 

underground tunnels in URLs. 

 

To stimulate more specific discussion, an example of engineered barrier system parameters that 

could potentially be monitored after emplacement was presented (Fig. 4.2).  It was noted that 

methods for monitoring the proposed parameters were well-known and had been applied for 20-30 

years.  Therefore, there is good experience on which to develop engineered barrier monitoring 

systems. 

 

The proposed monitoring system illustrated in Fig. 4.2 includes measurements in a dummy canister 

to determine pressure and pore pressure increase, and measurements above and below the borehole 

plug to check for its tightness. 

 

Regarding the possibility of monitoring radionuclide migration following closure, workshop 

participants noted that, if such monitoring was to take place, it should focus on the radionuclides of 

most concern to the safety case. 
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Figure 4.2: Parameters that could be monitored in a disposal borehole in the German disposal 
concept for geological disposal of HLW and spent fuel. 
 

Workshop participants suggested that post-closure monitoring could be used to verify that 

repository-derived radionuclides do not enter the food chain/biosphere.  However, other workshop 

participants argued that the engineered barrier system would provide better performance than 

assumed by those proposing monitoring of radionuclide migration, and therefore suggested that 

such monitoring was not necessary or worthwhile. 

 

The workshop participants agreed that a set of baseline monitoring parameters should be established 

by each national programme and that these parameters should be monitored until the end of 

institutional control.  A period of 200 years for such monitoring was proposed.  It was suggested 

that a list of possible monitoring parameters could be proposed on an international basis, and that 

each country could use this list as a starting point for developing national parameter lists focusing 

on the national context of their own programme.  It was noted that the national context would affect 

the selection of monitoring parameters in each national programme. 

 

One of the workshop participants suggested that implementers should start with a site-specific 

parameter list and that over time some parameters may be phased out while some will become more 

prominent depending on specific information requirements.  Flexibility in the parameters monitored 

is needed over a repository lifecycle; e.g. parameters associated with the performance of the sealing 

system will be most important in the period after their emplacement when the most significant 

transient processes are occurring. 
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It was noted that the MoDeRn Project is producing a reference monitoring framework.  This 

framework was based on the philosophy that monitoring programmes should be sufficiently flexible 

to incorporate learning and continued development of technology. 

 

The philosophy behind the proposed use of a pilot facility in the Swiss national programme was 

discussed.  The approach to be adopted with the pilot facility was to concentrate on representative 

boundary conditions and processes but that this does not mean Nagra would not also eventually 

monitor in the main repository too.  Monitoring in the pilot facility and emplacement of waste in the 

main repository would be conducted in parallel. 

 

Aspects of Why to Monitor? 

One of the possible drivers for developing a monitoring programme discussed in the workshop was 

to support decision to reverse the disposal process or to continue with it.  The workshop participants 

commented that both the French and Swiss national programmes are designing the repository with 

the possibility of retrievability in mind.  It was commented that the response to retrieve waste or 

leave it in should be based on risk assessment (i.e. the potential consequences).  The retrieval of 

toxic waste from disposal sites near Basel, Switzerland was cited as an example of the use of 

monitoring to support decisions on reversibility of a disposal process. 

 

Other workshop participants stated that the monitoring was undertaken to support optimisation of 

operational practices and repository design.  In this respect, monitoring would be regarded primarily 

as a tool for confidence building rather a tool for mitigating failures.  It was proposed that 

implementers should look to other industries (e.g. the oil and gas industry and the chemical 

processing industry) and learn lessons from monitoring case studies. 

 

It was also recommended that implementers should adopt a complimentary, concentrated approach 

to monitor to understand both localised processes and regional (e.g. network of seismic system 

sensors) processes. 

 

A key reason for monitoring in the view of participants at the workshop was to ensure that the 

repository performance lies within the range of conditions assumed in the safety case.  Therefore, a 

response plan was required should the monitoring programme demonstrate behaviour outside of the 

range assumed.  The workshop discussed ICRP principles associated with radiological exposure 

(Table 4.1), noting that one principle is to move materials or people in the event of ‘exposure 
situations’ [6]. 

 

Table 4.1: Examples of radiological exposure as a function of disposal facility evolution [6] 
 

Radiological exposure situations as a function of disposal facility evolution and presence 

and type of oversight 

Disposal facility 

status 
Type of oversight 

 Direct oversight Indirect oversight No oversight 

Design-basis 

evolution 

Planned exposure 

situation 

Planned exposure 

situation 

Planning exposure 

situation 

Non-design basis 

evolution involving 

significant exposures 

to people and the 

environment 

Emergency exposure 

situation at the time 

of exposure, followed 

by an Existing 

Exposure situation 

Emergency exposure 

situation at the time of 

exposure, followed by 

an Existing Exposure 

Situation 

Emergency and/or 

Existing Exposure 

Situation 
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Inadvertent human 

intrusion 

Not relevant Not relevant Emergency and/or 

Existing Exposure 

Situation 
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Summary 

 In this paper, a broad overview is given of the different aspects of monitoring in the 
stepwise process of repository implementation. The paper addresses both technical and 
societal aspects. Although monitoring is very useful in providing information on 
specific phenomena related to long-term safety, there are inherent limitations with 
respect to the demonstration of overall system performance due to the long time scales 
involved. Furthermore, there remain some technological challenges with the 
instrumentation for monitoring which are still under investigation. Monitoring can also 
be an important element in the interaction between the technical experts and society at 
large. However, in the interaction with society great care is necessary to ensure that no 
undue expectations are raised about the possibilities to confirm the behaviour of the 
repository with respect to long-term safety. Finally, a few remarks are made about the 
evolution of monitoring over the last ~25 years. 

 

1.  Introductory remarks 

In this paper, a broad overview on the different issues related to monitoring with respect to 
long-term safety is given. The paper is written by a practitioner with more than 25 years of 
experience (a large fraction of which as head of science & technology) in an implementing 
organization. Although the view is that of a practitioner and not a scientist, it tries to reflect 
the views of the different fields of relevance such as science, technology, sociology, etc. It is 
not a review paper, but rather the personal view of the author.   

For the purpose of this paper, monitoring is defined as “continuous or periodic observations 
and measurements of parameters and indicators/characteristics (i) to evaluate the behaviour 
of a system or a subsystem and/or (ii) to evaluate the impact of the system or subsystem on its 
environment.” 

There exists broad agreement that monitoring provides important contributions to successful 
implementation of geological repositories. Monitoring starts already in the early phases of 
repository implementation by providing information for decision-making for site selection 
and for the selection of the repository concept. Monitoring will take place in all phases of 
repository construction and operation both to confirm the adequacy of the system and of the 
operating procedures and to help in the decision-making regarding possible measures for 
optimization or for corrective actions. Monitoring will also provide input to decision-making 
to fully close a repository and may continue even after closure. Eventually, however, 
monitoring will most likely stop as society may lose interest in such monitoring activities and 



the institutional program to follow the evolution of the repository will cease, likely well 
before the end of the time span over which the repository has to provide protection of humans 
and the environment from the hazards of the radioactive waste. Therefore, there is broad 
agreement that monitoring cannot be a part of the system that ensures long-term safety; the 
repository system must be based on passive barriers and must be safe without any monitoring 
activities. 

As can be seen from several waste disposal programs, success in bringing repository projects 
forward requires repository projects of high technical quality based on a sound scientific and 
technological program, but,  equally important, it also requires broad societal support. To 
discuss monitoring, it is thus worthwhile to look at the role of monitoring in the scientific-
technological program for implementing repositories but also at the meaning and usefulness 
of monitoring for society and how monitoring can contribute to the needs of society. 

2. Monitoring as part of the scientific-technological program for implementing 
geological repositories 

Monitoring in science and technology is broadly established. Science disciplines such as 
climatology, astronomy or biology – just to mention a few – strongly rely on the analyses of 
more or less long records of measurements to bring scientific understanding forward. In 
technology, monitoring is very widely used and can be considered as “good engineering 
practice” – see e.g. the use of periodic or continuous measurements for technological systems 
such as engines (e.g. in airplanes), complex buildings (e.g. deformations of large dams), etc. 
But also in other fields, monitoring is essential - see e.g. the monitoring of stock exchange 
rates and the use of monitoring records for deciding whether to buy or to sell a title. 

When discussing monitoring for repository implementation, it is considered useful to have a 
look at the different aims of monitoring. Monitoring can be used as a tool for research in the 
sense that one collects basic data “just to see”, as it is often done with very long-term 
scientific data series (e.g. climate, seismicity, geodesy). When focused on more specific 
questions, monitoring of experiments or of a specific situation in nature is often used to 
clarify a specific issue related to our scientific understanding e.g. through comparison of 
results from (a priori) predictive modeling with   measurements relevant to the issue, a 
process called model testing or “validation”. Furthermore, monitoring is broadly used to 
confirm proper performance of a specific system, often without the need to capture all the 
underlying scientific aspects. These different aims of monitoring should then be looked at in 
the context of decision-making in the stepwise process of repository implementation. In the 
very early phases, monitoring of “just to see” may take place and this can also continue but 
has normally no direct input to decision-making. Monitoring related to geological phenomena 
(e.g. periodic geodetic measurements to quantify potential differential vertical and horizontal 
movements, monitoring seismicity to detect neotectonically active zones, etc.) may be used in 
decision-making for site selection. Here, also monitoring of experiments in first generation 
URLs may contribute to the decision because such experiments may provide input to setting 
priorities on different host rocks options. 

In parallel to site selection, monitoring is widely used in the RD+D-programs because much 
of the experimental work involves monitoring – either in lab programs or in experimental 
studies in first generation URLs. This work will in several programs continue in parallel to 
repository construction and may eventually become part of the program to assess and confirm 
the long-term performance of the repository system. During actual repository 
implementation, monitoring will be important. This includes the establishment of a base line 



and then periodic observation to determine if any changes occur with respect to this base line. 
Such changes can reflect the system behaviour for phenomena that are also relevant to post-
closure safety. Thus, the monitoring of changes with respect to a base line may not only be 
relevant for potential liability issues but may also be relevant as input to system behaviour 
related to post-closure safety. 

Monitoring is also part of the site characterization program and is part of the work in the site-
specific second generation URL where experiments are made to characterize the (site-specific 
aspects of the) host rock and/or to confirm engineering aspects. These experiments are similar 
to those already made for RD+D purposes in first generation URLs. This may include 
migration tests, heater tests, gas transport through the host rock, properties of the EDZ, etc. 
Also repository construction is monitored in detail as it is done with other underground 
construction work and as it is considered to be “good engineering practice”. By doing so, it is 
ensured that the repository is built to specifications (and to meet the requirements of long-
term safety) and such monitoring activities may also lead to a decision to modify the work 
process (e.g. change of excavation method to reduce the extent of the EDZ). Furthermore, 
monitoring may also include the observation of indicators relevant for post-closure safety 
such as the response of the geosphere to disturbances such as draining the underground e.g. 
as a response to the sinking of a shaft.  

A very much desired goal of monitoring of the geological repository is – as in other 
applications – the demonstration that the overall system performs as planned. Thus, the 
desired ultimate goal is to demonstrate that the repository is able to retain essentially all 
radionuclides in the near field of the repository or in the surrounding geosphere until they 
have decayed away. This is, however, not possible, because the time needed for decay of a 
significant part of the radionuclides is by far too long to be monitored. Therefore, the 
assessment of appropriate performance of the repository has to focus on evaluating the 
performance of individual safety barriers of the repository system under conditions as they 
will exist in the long-term when eventually some radionuclides will be released from the 
(breached) canisters. However, it will take a long time until such conditions are reached. For 
a typical HLW repository (Swiss project), saturation of the bentonite for example will take in 
the order of approx. 100 years. But even then it will not be possible to measure the retention 
properties of the bentonite; due to the containment of the waste (spent fuel or vitrified HLW) 
in a long-lived canister no radionuclides would be released that could migrate through the 
bentonite backfill and the (near-by) host rock. But even in the hypothetical case that 
radionuclides would be released much earlier, their migration velocity would be so slow that 
nothing can be measured within reasonable time spans. Thus, within the overall repository 
system it is not possible to monitor the performance of the transport barriers in a direct 
manner. However, the transient behaviour of the overall system – starting with excavation of 
the emplacement rooms – can be monitored and includes (example: HLW repository) 
observation of deformations of the emplacement rooms, resaturation of the bentonite backfill 
combined with build-up of swelling pressure, de- and resaturation of the host rock 
surrounding the emplacement rooms and temperature evolution in the near field; other 
phenomena are expected to be hardly detectable. Although these early phase phenomena 
cannot be directly used for assessing long-term performance, they are useful indicators in 
assessing the evolution of the system towards the relevant long-term status and can provide 
confidence that the early transient phenomena are not unduly affecting the long-term 
performance of the barriers. Furthermore, complementary to monitoring the overall system or 
parts thereof, there exists the possibility to perform experiments in the site-specific URL to 
test specific phenomena related to performance of the repository barrier system. This may 
include migration experiments (both for the backfill and the host rock), gas release tests, 



heater tests, etc. Monitoring of such long-term experiments may provide very useful results 
for the performance confirmation program.  

Despite the limitations on what can be monitored for the overall system, it was decided in 
Switzerland to foresee a so-called “pilot facility” as part of the repository that is a duplicate 
of the main facility. The main facility will contain the majority of the wastes and will not be 
monitored, while the pilot facility will contain a small but representative fraction of the 
wastes under conditions replicating those in the main facility. This pilot facility will be used 
for monitoring to derive additional information for the decision for the eventual final closure 
of the repository. Although monitoring of the pilot facility aims at collecting confirmatory 
information, it should also be able to detect any “unexpected developments”. Keeping this in 
mind, it may be necessary to broaden the range of parameters to be monitored to be ready “to 
detect the unexpected”. Most important for decision-making is, however, not to look at in-situ 
monitoring of the “pilot facility” in isolation but to combine it with dedicated experiments (in 
the in-situ rock laboratory or somewhere else), scientific studies and – probably most 
important – monitoring any progress of science in the areas relevant to post-closure safety. 
All the information from these different sources needs to be periodically analysed and the 
meaning of any findings assessed and documented (e.g. within a so-called “periodic safety 
evaluation” as they are required e.g. for NPPs in Switzerland). All the information is 
expected to be used also in the eventual decision to close the repository.  

Besides these remarks on the general issues and challenges related to monitoring, there are 
also many practical issues and challenges related to the technology needed for monitoring. 
Technology is of key importance because technology determines what can be measured with 
what precision and with what reliability over the long timescales envisaged (in Switzerland 
on the order of one hundred years). With respect to technology it is important to be clear 
about the parameters / variables that can be measured, about the spatial resolution of the 
measuring devices (e.g. in heterogeneous systems, over what volume is the measurement 
averaged). Then, practical issues like access (boreholes, etc.) for data transfer and energy 
supply versus the possibility of wireless data transmission and the availability of in-situ 
power sources need to be discussed in the context of the importance of disturbances of the 
monitoring device and its connections to data acquisition and power systems. This also 
includes an evaluation of the possibilities for non-intrusive instrumentation (e.g. geophysical 
monitoring techniques). When considering the long timescales involved in monitoring, issues 
like drift of measuring devices and the need for calibration, reliability/longevity and the 
possibility for repair or replacement (without creating undue disturbances) must be 
considered. Much experience on the strengths and weaknesses of the different monitoring 
devices is available through their use within (long-term) experiments in the numerous 
underground research laboratories. Future experiments in such underground research 
laboratories are an ideal approach and will be used to test newly developed monitoring 
devices and to gain experience regarding their long-term performance.  

Finally and very important is also the issue of potential impact of monitoring on the barriers 
for passive long-term safety. There is broad agreement that no compromises should be made 
with respect to long-term safety to allow for more easy monitoring. This boundary condition 
further reduces the possibility with respect to monitoring.  

To summarize, there exists a clear understanding on the phenomena that can be monitored in 
the different phases of repository development. According to the current understanding, the 
possibilities to directly monitor the overall performance of the implemented system at large 
are very limited; thus the wish to directly check the proper functioning of the overall system 



cannot be fulfilled. Furthermore, there are also limitations with respect to the technology 
available today, some of the limitations are inherent but others are subject to further 
technology development.   

3.  Societal needs 

As mentioned, successful implementation needs besides a sound scientific and technological 
program also the support by society. Society needs confidence and trust in the performance of 
a repository in order to be comfortable with a decision “to go forward”. The level of 
confidence and trust needed to go forward will increase as the decisions get more binding 
within the stepwise implementation program. The steps in such a program go from choice of 
waste management concept to selection of site and design towards start of construction and 
operation and eventually closure of the repository. A significant part of society is at least 
implicitly, sometimes also explicitly, aware that they cannot understand all the details about a 
repository and therefore, confidence and trust are based to a large extent on “the overall 
picture” that besides factual information also considers the process of repository 
implementation and decision-making and the behaviour of the key stakeholders. Furthermore, 
for the layman the complex scientific arguments and models assessing the future evolution of 
the repository are difficult to understand and it is even more difficult for the layman to judge 
whether he can trust the results of these complex models. In that sense, measurements that 
confirm (or contradict) predictions are much easier to understand (“did you measure what the 
models predicted?”) and therefore, monitoring results can be really helpful. However, equally 
important are the arguments that the measurements are relevant for the key question at hand: 
“is the repository safe?” Because of the difficulty to identify performance indicators that can 
be reliably monitored and at the same time are relevant for safety, it is important to ensure 
that society is already involved in the process to define the monitoring program. Thus, society 
can be made aware of what can be done (and what not) and how the experts work on this 
issue. Being involved already at an early stage and observing the process for an extended 
time period provides an opportunity for society to develop confidence in the way the 
technical experts handle the issue.  

Thus, there is a clear need to involve society already in the site selection process. There 
should be the possibility to follow actual work and adequate information should be made 
available. Already during site investigation, the possibility for impact of characterization 
work on the environment may be an issue and thus, in some programs a monitoring program 
is implemented to record the effects of field work. A powerful instrument to ensure that the 
needs of the local population are sufficiently respected in this phase is the implementation of 
a supervisory commission or a support group that follows the field activities and takes note of 
the results of the monitoring program and is also informed about the broader picture on how 
the data are used and how the decision-making will progress. The supervisory commission 
has been a useful instrument already in the early phases of the Swiss program. It is expected 
that such a supervisory commission will also be used during the actual implementation of the 
repository.  

Monitoring will continue also after construction of the repository. This is important for 
society because this is a clear signal that the implementer and the authorities still care about 
science also after construction and start of operation of the repository. Such a long-term 
monitoring program is a clear commitment towards readiness for continued learning and to 
have the necessary vigilance. For society, it is very important to have clarity on how the 
monitoring results are to be used in the decision-making process and what the possibilities are 
to implement optimization measures or to take corrective actions if the monitoring results 



indicated the need for it. In all stages of repository development, society in several countries 
wants to be ensured that in the most extreme case, it would be possible to retrieve the waste 
and such requirements are therefore formulated in the laws of these countries (e.g. 
Switzerland). 

As discussed in the first part of the paper, there are scientific-technological limitations on 
what can be monitored with respect to post-closure safety in a direct manner. To ensure full 
transparency, it is important that society is aware of the strengths and weaknesses of 
monitoring and also broadly knows how the information gathered by monitoring can be used 
to re-evaluate post-closure safety.  Thus, it is important that the process of deciding on the 
phenomena to be monitored and the underlying overall strategic thoughts are at least in the 
broad sense discussed with and transparent to (the representatives of) society; ideally these 
representatives should already be involved in the discussion phase when the detailed 
monitoring program is being developed.  

Once the monitoring program is defined and underway, it is important that the information is 
available in an adequate format and that a suitable process to disseminate and discuss the 
results is in place that also considers the needs of society. Thus, periodic reporting is 
essential. More recently, it has internationally also been discussed in how far other 
organizations than the operator and the authorities should be involved in the collection of 
information, its analysis and reporting.  

To summarize, it is felt that society will profit from monitoring not only by receiving “hard 
information” but also through the process and the corresponding direct contacts with the 
implementer and the authorities; society will get a better understanding through the 
interaction with the implementer and the authorities in the discussion of the results and the 
corresponding broader aspects. However, great care will be necessary to ensure that no wrong 
expectations are raised about the possibilities to check in a direct fashion the actual behaviour 
of the repository. 

4.  Conclusions 

Monitoring provides important contributions to the successful implementation of geological 
repositories and addresses both technical and non-technical stakeholder expectations. 
However, there are inherent limitations on what can be achieved with monitoring in the direct 
demonstration of performance of the overall repository system with respect to long-term 
safety. Besides these inherent limitations, there are also technological challenges with respect 
to the monitoring devices. Nevertheless, monitoring provides important information in the 
stepwise implementation process. Monitoring is also an important element for society and 
can provide a suitable platform to enhance the interaction between society and the technical 
experts. In the interaction with society, however, it is also important to be realistic regarding 
the strengths and weaknesses of monitoring.  

Looking back over the last 25 years, the author sees a clear evolution of the use and role of 
monitoring in repository implementation. Already in the 80’s, monitoring as “good 
engineering practice” was fully established. This covered aspects during construction and 
operation of the repository. Monitoring as part of RD+D activities was also foreseen from the 
beginning (e.g. migration experiments). Over the years monitoring with respect to post-
closure performance became more important. In parallel to the evolution of the technical-
scientific issues, involvement of society and the consideration of societal needs have turned 
into a new additional focus of monitoring over the last ~15 years. The focus of society, 



however, is more narrow than that of science and technology at large, which looks at the 
whole range of applications during all the different stages of repository development, 
whereas society typically puts the emphasis on in-situ monitoring of the implemented 
repository.
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Abstract 
This paper provides an overview of the MoDeRn projects main goals and results. The 
main goal of this collaborative, European Commission 7th Framework project is to 
take the state-of-the-art of broadly accepted, main monitoring objectives and to 
develop these to a level of description that is closer to the actual implementation of 
monitoring during the staged approach of the disposal process. It should be noted that 
the MoDeRn project recognizes the diversity of monitoring activities that will be 
required in a repository, in particular related to operational safety and environmental 
impact assessment. The projects emphasis, however, is on verifying – with the aim of 
confirming and possibly enhancing the prior license basis for safety and pre-closure 
management options – expected repository system evolutions (i.e. natural 
environment and engineered system evolutions) during a progressive construction, 
operation and closure phase that may last on the order of a century. To achieve this 
goal, 18 partners representing 12 countries and including 8 Waste Management 
Organizations joined their efforts since 2009, and have developed a “roadmap to 
repository monitoring”. 

 
MoDeRn has progressed on both the associated Process issues – why to monitor, how 
to develop a program, and how to use monitoring results – and Technology issues – 
technical requirements and constraints, technology state-of-the-art, and focused R&D 
and in-situ demonstrators. To achieve progress on process issues, the basis for a 
structured development of monitoring programmes was established, focused on 
justifying and proposing key objectives; how to attain them; and how to use 
monitoring results to assist decisions of disposal process management. Their 
application was tested through developments of case studies in various host rocks. 
Furthermore, the results of a focused sociological study provide a basis for associated 
stakeholder engagement activities as well as a better understanding of whether and 
how monitoring will contribute to enhancing confidence in and acceptance of the 
disposal process.  

 
To achieve progress on the technology issues, an overview of typical technical 
requirements and constraints was developed. Further on, a technical workshop 
involving other monitoring Research and Technology Development (RTD) projects 
was hosted to identify RTD techniques that enhance our ability to monitor deep 
geological repositories. An overview of monitoring technology state-of-the-art was 



established and several focused R&D and in-situ monitoring experiments were 
launched. 
 

Introduction 
 
MoDeRn is a four year international collaborative research project1 (2009 – 2013) addressing 
the question of how repository monitoring can contribute to the technical safety strategy and 
quality of the engineering of geological disposal facilities for long lived radioactive waste 
and spent nuclear fuel, as well as contribute to public understanding of and confidence in 
repository behavior. 
The term Monitoring refers to a generic activity and the need is felt to provide a concise 
definition of what is referred to as Monitoring in the context of performance verification and 
confirmation. Based on prior (IAEA 2001, ETN 2004) definitions, the MoDeRn project 
defines the term monitoring in the context of geological disposal of radioactive waste as: 
“Continuous or periodic observations and measurements of engineering, environmental, 
radiological or other parameters and indicators/ characteristics, to help evaluate the behaviour 
of components of the repository system, or the impacts of the repository and its operation on 
the environment - and thus to support decision making during the disposal process and to 
enhance confidence in the disposal process.” 
 
The overarching motivations for this activity are to enhance confidence of implementer, 
expert and lay stakeholders during construction, operation and closure of the repository, and 
to assist the decisions that must be taken during this stepwise disposal process. Project 
partners have thus decided to remain close to prior definitions as proposed in [9] and in [10], 
adding the reference to these overarching motivations. 
 
Spent nuclear fuel and long-lived radioactive waste must be contained and isolated for very 
long periods, and current schemes for its long-term management involve disposal in deep 
geologic repositories. The successful implementation of a repository programme for 
radioactive waste relies on both the technical aspects of a sound safety strategy and scientific 
and engineering excellence as well as on societal aspects such as stakeholder acceptance and 
confidence. Monitoring is considered key in serving both ends. 
 
The increased interest in monitoring the repository prior to closure is consistent with a 
general consensus that future work is required after receipt of a license to construct and 
operate. It is expected to contribute to a transparent disposal process acceptable to 
stakeholders and to provide further basis supporting a future decision to close the repository. 
This is consistent with socio-political feedback received on earlier disposal program 
developments. From these, a consensus appears to have emerged, that an informed, stepwise 
approach provides an acceptable basis permitting progress from a licensing stage through 
progressive construction, operation and ultimately closure of a repository (see e.g. [1], [2], 
[3], [4], [5], [6], [7], [8]). 
 
                                                           
1 There are 18 MoDeRn project partners representing organisations responsible for radioactive waste management in 7 EU countries (Andra, 

DBE TECH, Enresa, NDA, Posiva, RAWRA, SKB), Switzerland (Nagra) the US (Sandia) and Japan (RWMC) as well as organisations 
with specialist expertise in monitoring (Aitemin, Euridice, NRG, GSL, ETH Zurich). Three partner organisation offer specialist 
experience in researching how people interact with technology and finding ways to engage all stakeholders (e.g. civil society, experts, 
technical safety organisations, industry) in highly technical issues (UA, UEA, UGOT). 

 













information limited to detecting initial evolutions, which might in certain cases provide 
confirmation that adequate process models were selected, or to confirming the absence of 
significant evolution. This is the case e.g. for far field responses in host rocks having very 
small transmissivity. It is also the case for near field and engineered barrier evolution to their 
long term, post closure configuration (e.g. very slow seal resaturation and swelling). 
The potential added value of in situ monitoring, however, remains substantial, if it provides 
in-situ data over several decades, to add to prior experiments typically conducted over shorter 
timescales. 
Monitoring data are expected to be representative for the basis of safety. Although it is 
theoretically possible to perform monitoring exhaustively on all components of the 
repository, this approach is not realistic. Therefore, an argument should be developed to 
support that select monitored locations and components provide such representative results. 
This will typically be based on considerations of homogeneity of the natural environment and 
of the controlled homogeneity of manufacture and construction of engineered components. 
Conversely, the impact of any heterogeneity should be addressed when designing a 
monitoring system. 
The issue of post-closure monitoring is often required in principle, without specifying what 
might be expected. From today’s perspective, this may be a sensible request if it is focused on 
surface-based, environmental monitoring or on nuclear safeguards, or if it is focused on long-
term monitoring of far-field hydro-geological response to the repository. Any requirements 
specifically focused on processes within the repository may seem in contradiction with the 
current perspective that performance confirmation monitoring related to long term safety is 
conducted prior to closure of the repository. 
Indeed, the decision to definitely close a repository – at least from today’s perspective – is 
preceded by a century of experience with disposing waste, managing a repository and 
obtaining confirmatory information from in-situ monitoring and from a parallel long term 
science and technology programme, and confirmation and re-evaluation of the safety case 
prior to closure. It might then be argued that, should additional residual questions remain 
concerning the long term safety of the repository, then the decision to close the repository 
would be postponed. Conversely, if all stakeholders agree on having confidence in the long 
term safety, it may be more difficult to associate this view with a request for further 
monitoring. 
It is, however, not the responsibility of today’s stakeholders to decide for and in place of 
future stakeholders – repository operations are typically considered over timescales on the 
order of a century. In any event, the future context and motivations cannot be well 
appreciated today. 
It is noted that, in the event post-closure, in-situ monitoring would be called for, 
organizations are currently developing wireless, through rock transmission technology that 
may be able to respond to some level of in-situ post-closure monitoring.  
Monitoring is limited by available technology. A realistic development of a monitoring 
program must thus consider available monitoring technology and strategies to implement the 
monitoring program. In particular, environmental conditions and the requirement to monitor 
over extended periods of time impose specific technical requirements on monitoring systems 
[16]. Analysis should highlight technological shortcomings that may still represent an 
obstacle in meeting monitoring objectives, and propose improvements by conducting several 
focused RTDs. In a repository, these may also address the need to avoid detrimental impact 
of monitoring on pre-closure/post-closure performances. 





Any structural health monitoring requirements are strongly dependent on the host rock, on the 
chosen ground support, and on the chosen operational strategy, especially duration of needed 
emplacement operations and duration prior to a local closure stage (i.e. the end of local 
operation and access needs). While usually not an issue for high strength crystalline rock, 
these are likely to give rise to monitoring objectives in the lower strength saline or 
sedimentary rocks, if access and waste transfer and emplacement capacities have to be 
ensured for long operational periods. 

Monitoring: the wider perspective, the stakeholders’ viewpoint 
A significant part of the project is devoted to provide a basis for stakeholder engagement 
activities in relation to the monitoring of facilities for the geological disposal of radioactive 
waste. The report views monitoring as a combined socio-technical activity central to the 
pursuit of safe repository operation and staged closure. The project studied expert views on 
monitoring, the role of monitoring in building stakeholder confidence, and monitoring as a 
socio-technical activity, focusing on the basis for social trust.  

Expert Views on Monitoring 
The investigation of expert views of monitoring drew on two sources of data: key 
international technical documents and interviews with 18 experts (mainly technical 
specialists) from radioactive waste management and research organisations.  
For the experts interviewed, monitoring is about collecting information on the repository 
system, mainly for purposes of decision-making. More specifically, it is about observing 
through measurements the behaviour and impact of the repository system. For the technical 
partners in the MoDeRn project the focus is on confirming that repositories will perform as 
required and that the basic safety assumptions are correct. In addition, however, assurance 
and confidence building were mentioned by all respondents as being one of the main drivers 
for monitoring, to assure the implementer and the regulator, and also to reassure the public 
and build confidence in the repository. It must be noted however, that the expert stakeholder 
has not yet a clear knowledge of the lay stakeholders’ anticipation in terms of monitoring,  
due to limited interactions between both groups. 
A specific theme for expert stakeholders is the post-closure monitoring. It is seen as a major 
challenge for R&D, particularly if this were to involve monitoring of internal or near-field 
processes. 
Monitoring processes within the repository while maintaining the principle of passive safety 
by developing non-intrusive monitoring techniques seems inadequate to many respondents 
who explicitly refer to post-closure in situ monitoring as unrealistic and potentially 
counterproductive.  
In addition to answering the question of how to monitor safely, however, there is also 
continuing discussion about what should be measured, i.e. which specific processes – or 
parameters that, in the relatively short period before closure, would provide data conclusive 
enough to accurately predict future system behaviour. This has both implications for post-
closure and pre-closure monitoring. The general position taken by the experts interviewed, 
was that it will be possible to identify measurable parameters that would enable them to 
validate (and if need be adjust) the models on which they build their safety cases, but only a 
very few. 

Stakeholders, Monitoring and Confidence 
Based on a review of literature on citizen and stakeholder engagement with monitoring 
examples from the nuclear sector and from other contexts, often related to environmental 
monitoring, the project reported positive effects for stakeholders, typically local citizens and 







therefore they would not be acceptable, unless it can be demonstrated that this is not the case 
or if monitoring makes use of pilot facilities or a dedicated test disposal drift (however in this 
case, applicability of results to disposal cells must be demonstrated)  
Thus one solution to maintain operational monitoring systems during the early closure phase 
(repository-based monitoring) is the use of wireless data transmission systems provided with 
some kind of energy supply to the isolated sensors to allow monitoring information to be 
provided for long periods after isolation. 
The repository-based monitoring, if feasible, will provide information during a relatively 
short period of time after repository closure and thus complementary monitoring techniques 
such as monitoring the repository from observation boreholes or from the surface, which can 
be maintained over longer periods of time, should be considered. Other aerial monitoring 
systems such as satellite interferometry could also be used to provide monitoring information. 
Surface-based site characterisation techniques are routinely applied to support the 
characterisation of geological structures (e.g. for the exploration of future repository sites), 
and to locate natural resources, such as coal, oil and gas and mineral deposits. In addition, 
during the 1990s industry’s emphasis was extended to the efficient production of known 
reserves. This required more detailed characterisation of the sub-surface and development of 
techniques to understand the dynamic behaviour of the geosphere during production (e.g. 
movement of hydrocarbons during oil and gas production, and dynamic effects related to 
mining). One of the most significant advancements has been the development of 4D seismic 
reflection surveys, or time-lapse 3D, in which surveys are undertaken in 3D modes and 
repeated over time. The current standard application of 4D technology is he monitoring of 
fluid movements in thick sandstone sequences in marine environments. Other techniques 
considered for monitoring include seismic refraction surveys, gravity surveys, acoustic 
emission and microseismic magnetic and electro-magnetic methods, ground-penetrating 
radar, soil-surveying and GPS measurements and surface leveling. 
Remote monitoring   makes use of sensing technologies capable of monitoring the 
repository from a distance, needing no physical contact with the terrain. It must be noted, 
though, that the preclusion of physical contact with the terrain significantly restricts the 
number of features that can be monitored when compared with technologies described in 
other subchapters. The techniques will acquire information on both the physical layout and 
the physical properties of the location being surveyed, with a possibility of repeating the 
measurement to detect changes (interferograms), such as terrain elevation changes. 
Resolution and surface of area covered vary considerably between methods, which can use 
acquisition platforms such as aircrafts (manned or not), balloons, satellites 
Research and Technology Developments (RTD) on selected topics was carried out by the 
project teams. Main axis for research is the wireless transmission of data and networking, and 
power sources for sensors, in both cases to avoid the use of connecting wires and related 
sealing issues, as are developing capabilities for measurements in a deep geological 
repository construction and operation environments, including fiber optics scattering, and 
improving processing seismic resolution. 
The overall aim of Monitoring Demonstration Programme is to progress, through further 
development, demonstration and analysis, the capability to provide an effective range of 
reliable and validated monitoring systems to monitor the changes occurring, particularly in 
those phases following isolation of the radioactive waste and the evolution of the engineered 
barrier system. The aim of this work programme is to apply innovative and developing 
monitoring techniques, including wireless and non-intrusive monitoring, to provide greater 
confidence in the range of techniques available and the capability and applicability of those 
techniques to function as required in the range of environments envisaged. 
The four demonstrators developed and implemented for MoDeRn project are: 
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confinement" comprises the components "integrity of the geologic barrier", "sufficient 
compaction of the backfill material", and "integrity of the geotechnical barrier". The latter 
can be attributed to the individual engineered barriers shaft seal, drift seal, borehole seal, and 
containers. The safety functions allocated to the individual barriers are listed as well. In 
addition to a decrease in water permeability (hydraulic), support of the rock mass 
(mechanical) and dissipation of the container heat (thermal) have to be provided for by the 
engineered and geological barriers.  

When based on the safety functions 
that can attributed to the individual 
components, monitoring can 
support the safety strategy of a 
disposal concept by providing 
meaningful data acquired under 
full-scale in-situ conditions. To do 
so, the MoDeRn Monitoring 
Workflow foresees in a first step to 
identify the parameters suitable to 
demonstrate compliance with the 
safety functions. 
 
Fig. 2: Relationship between safety 

objectives, safety assessment components, and safety functions for the salt rock HLW disposal 
concept 
 
The safety functions of the assessment components given in Figure 2 can be related to 
physical and chemical processes taking place in a repository. These processes are described 
in a site-specific catalogue of features, events and processes (FEPs) [2]. The FEP catalogue 
can be used to identify those processes that could significantly affect the safety functions of a 
component. In order to be able to define a proper monitoring strategy for a process identified 
by this method, the parameters relevant for the process need to be identified. When 
performing this analysis for each of the safety functions in Figure 2, a list of all parameters 
relevant to monitoring can be generated (a more detailed description of the identification 
process can be found in [3]).  
 
In the French concept (case 2) there are three overarching safety functions: 
SF1: Counter water circulation. This function aims at limiting the transfer vector “water” 

eventually responsible for the dissolution and transfer of radionuclides. 
SF2: Limit radionuclide release and immobilize them in the repository. This function aims 

at limiting the source term of eventual radionuclide migration in the given hydraulic 
conditions that is waste form dissolution, the released radionuclide solubility and their 
potential mobility. 

SF3: Delay and reduce concentration of radionuclide migration outside of disposal cells. 
This function considers requirements that may contribute to delay and reduce ensuing 
radionuclide migration (based on repository design, siting and host rock properties). 

Each of the three major functions and associated requirements to preserve favourable 
properties relies (Figure 3) on a combination of such favourable site properties, engineered 
barrier performances, the adequate management of thermal, mechanical or chemical 
perturbations, and overall siting and layout features.  
 
 



 
 
The latter siting and layout features can be confirmed by direct confirmation (inspection…) at 
the outset of construction. There is no perceived need to associate further monitoring to them. 
Favourable site properties – note that this refers to the unperturbed site - may be subject to a 
confirmatory activity, which may be assimilated to a continuation of site characterization to 
further enhance and/or confirm said properties. 
Expected engineered barrier performances, specifically those of waste disposal packages, 
seals and plugs, are subject to performance confirmation.   
The risk of perturbations to expected host formation and engineered barrier performances is 
addressed through appropriate thermal, mechanical and chemical management. Note that this 
includes all aspects addressed under the function “preserve favourable host formation 
properties”. All of these are subject to monitoring in relation to the barriers expected 
performances. In the particular case of mechanical management, engineered support 
structures (mechanical support for seal, backfill, and residual voids at closure…) are used and 
may be subject for monitoring. 
 
Associated monitoring considerations to SF1 will have an emphasis on the seals and as 
warranted their support structures and near-field. Meeting the overall layout features will be 
verified upon construction and this does not warrant further monitoring.  
Associated monitoring considerations to SF2 will have an emphasis on the thermal 
management and water tightness of HLW disposal packages. The possible monitoring of 
parameters characterizing the chemical environment needs to be further evaluated, given that 
chemical equilibrium influencing dissolution and release may not be reached until a distant 
future. Imported complexion agents, e.g. as waste by-products, are identified prior to 
emplacement and this does not warrant further monitoring. 
With regard to SF3 the specific transport conditions from disposal cell to access shafts/ramps 
are currently being addressed in relation to seal performances.  
 
2. Monitoring locations and feasibility screening  
 
As a next step, locations for the monitoring devices need to be identified. Furthermore, 
suitable monitoring techniques and equipment have to be selected. For the general placement 
strategy, it is assumed that it is advantageous to implement monitoring systems in one 
representative emplacement field and not scattered over the entire repository. In [4], the use 

Fig. 3: Main Safety functions and their link to favorable site properties 

SF Contributing
Feature/Component

Preserve favorable… Feature/Component to 
preserve …

SF-1
Transport 
vector

Host formation (monitor?)
Layout (verify)

Repository scale permeability Thermal management (monitor)
Ratio of excavated rock (verify)
Backfill (monitor?)
Residual voids in cells (verify)
Self-healing (monitor?)

Seals (monitor) Near-field permeability Construction (verify)
Ground support (monitor)
Contact with near-field (monitor)
Self-healing (monitor?)

SF-2
Source term

Thermal management (monitor)
HLW disposal package (monitor)
Water in cell (monitor)

Chemical management (monitor?)
Waste form (???)

Near-field geochemistry: Solubility, 
sorption

Ground support materials (verify)

SF-3
Transport

Host formation (verify?)
Layout (verify)

Closed infrastructure (???)

Permeability – Diffusion coeff
Near-field geochemistry: Solubility,
sorption
Repository scale geochemistry

Cf. SF-1
Cf. SF-2

Thermal management (monitor)

Surrounding formations (verify?) Permeability Borehole seal (?)



of a pilot facility is considered to be a possibility to monitor relevant parameters in a 
representative environment and – at the same time – to gain insight into the behaviour of the 
waste emplaced without compromising the operation of the actual repository. Following this 
line of reasoning, in this case study the monitoring activities are envisaged only for one part 
of the generic disposal facility, the so-called field “East 1” (Figure 4). East 1 is selected, 
because it will be the first to be filled with waste containers and which will be backfilled and 
sealed. While emplacement continues in the other emplacement fields, it would be possible to 
gather data from this representative, sealed “monitoring field”. Thus, the evolution of an 
entire field could be monitored during the operating phase of the repository.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Draft of the emplacement fields for the vertical borehole disposal option. 
Status: January 2011.This draft was prepared within the scope of the Preliminary 
Safety Analysis Gorleben (VSG) and will be further refined as the VSG continues [5] 
(slightly modified). 

 
Figure 4 (right) shows an enlargement of field East 1. This field is designed for high-level 
waste (HLW) as well as low-level waste (LLW) and intermediate-level waste (ILW). The 
black dots indicate emplacement boreholes. The emplacement boreholes indicated with a 
circle are selected in this study as potential locations for monitoring. These boreholes are 
either located in the centre of the field so that they are exposed to the highest possible heat 
development or in the edge of the field so that they are exposed to the highest 
inhomogeneities of the thermo-mechanical development of the monitoring field.  
 
The exact placement of monitoring equipment within the limited space of the emplacement 
boreholes is a relevant question. As discussed above, the placement of monitoring equipment 
within a seal is not considered, because this could potentially impair the safety function of the 
seal. Instead, the placement of monitoring equipment, including power supply, data 
acquisition systems and sensors, in a dummy canister at the top of an emplacement borehole 
is foreseen, directly below the borehole seal (Figure 5). Equipped with sensors on the outside 
of the canister to measure temperature, moisture, pore pressure, and total pressure, this 
canister would monitor the conditions at the bottom of the borehole seal. As the gap between 
the canister and the borehole wall is only a few millimetres, any fluid flows through the seal 
would be detected, especially if several sensors will be placed on the circumference of the 
canister. The monitoring data will be transmitted via wireless transmission system (see next 
section) to the borehole cellar at the top of the borehole (Figure 5). The borehole cellar is 



used to store the power supply, data recording, and transmitting devices. In the current 
disposal concept, there are no special requirements on the backfilling of the borehole cellar, 
so this may be a suitable site for placing monitoring equipment.  There will be a need, 
however, to demonstrate that degradation of the monitoring equipment in the long-term will 
not affect long-term safety. Additional sensors can be placed at the interface between 
borehole cellar and borehole plug.  
 

Drift and shaft sealing components can be 
monitored in a similar way, with sensors 
embedded at both ends of the plug but not 
within the sealing components. In addition, 
three monitoring modules in form of 
monitoring cross-sections will be installed in 
different distances from the plug on both of its 
sides. These cross-section modules are 
intended to demonstrate that no brine moves 
through the barrier and to measure the crushed 
salt compaction process in the drift. 
Furthermore, these cross-section modules can 
be equipped to measure humidity, pore 
pressure, compaction pressure and rock 
displacement. Modules to monitor the 
geomechanical behaviour of the host rock and 
the crushed salt due to the increase of 
temperature can be placed in the monitoring 
field as well in order to compare the rock 
behaviour in the monitoring field with that 
next to the sealing constructions.  
 
 

A feasibility screening for the example case yields that most of the parameters identified to 
characterize safety-relevant processes can be measured with monitoring equipment currently 
commercially available [3]. Some parameters have been screened out because placing of 
monitoring equipment may impair important barrier functions. For instance, measuring the 
radial rock displacement is not a technical problem, but an emplacement borehole at the 
location of the plug it is not allowed because no holes should be drilled into the host rock at 
barrier locations. However, as discussed in the next section, one of the main challenges for 
setting up a monitoring programme is not on the level of sensors or data acquisition systems 
but on the ability to transmit the monitoring data wirelessly and to provide an autonomous 
power supply for the monitoring equipment for several decades. Thus, part of the feasibility 

screening is to investigate the 
possibilities of data transmission and 
power supply and will be discussed in 
the next sections. 
 
In the French case (case 2), on the scale 
of the HLW disposal unit, the 
monitoring strategy must meet the 
following objectives: (i) Checking the 
interaction between the storage cells 

Fig. 5: Schematic diagram for monitoring              
the borehole seal 



and the access galleries, linked in particular to the gradual loading of the module, and its 
consequences on interactions with the access galleries, linked to the ventilation flow, (ii) 
checking the effects of waiting time between the construction of a cell and its loading 
(between 1 and 10 years) on changes in processes H, M and H-M from one cell to another, 
(iii) checking the peripheral effect linked to the presence or otherwise of neighboring cells 
(cells side-by-side or end-to-end). 
 
Given these three main objectives, the monitoring strategy anticipates the integration of an 
initial module constructed from witness cells distributed respectively (i) in the core of the 
module and at its edge (ii) along the length of the access gallery (in an air intake and an air 
return) and (iii) along the module (first cells loaded against the last cells loaded). With some 
witness cells able to meet both objectives (Fig 6), a pooling of resources had made it possible 
to restrict the number to 9 witness cells (out of approximately 200 in the case of the Andra 
2009 architecture) within the initial waste disposal module.  
 
Fig. 6: Emplacement module and monitoring cells 
 
This is not a definitive figure and will be amended over time as containers arrive, and adapted 
to the storage and operational design choices. Cell instrumentation would be supplemented 
by observation and monitoring in the galleries. For example, an optical fiber providing 
distributed temperature measurements would contribute to monitor gallery ventilation, and 
the expected 4°C temperature increase along access gallery (depending on ventilation 
direction). Concrete liner monitoring is also planned.  
 
In each of the monitoring cells show in Figure 6 liner monitoring plays an important role. 
Monitoring the liner in addition to the boreholes and the in-cell environment through the 
radiological plug would enhance the design of the overall monitoring system by providing 
further information on relevant evolutions. In particular, the progressive loading of the liner 
can be characterized in this way, which is also indicative for mechanical changes in the rock. 
It also allows verifying the prior assessment basis for the design of the liner, i.e. that loading 
is homogeneous, thus precluding the risk of buckling. This is also part of the assessment basis 
for long-term safety, as waste disposal packages must remain intact during the exothermic 
period. 
Temperature monitoring is planned (Figure 7) to contribute to verifying the assessment basis 
for long term safety, by allowing verifying whether prior predictions for the duration of the 
thermal period and the expected thermal peaks are consistent with monitoring results - as well 
as verifying the conditions to be expected in the event of waste retrieval. 
 

Feasibility of such instrumentation is a 
major challenge. On the one hand, the 
ability of the instrumentation to 
withstand dose rates, which remain 
significant, even on the external surface 
of the liner, is an identified risk of 
degradation of the monitoring devices. 
On the other hand, the sensors and their 
cables must withstand very large 
stresses during liner pushing operations.  
HLW demonstrator in the Andra URL 
showed optical fiber sensor survived 





be 870 m. It is obvious that the development of a wireless connection to the earth’s surface 
will in that case be a challenging task. 
 
In above ground applications wireless transmission systems containing several relays stations 
have successfully proven their ability to transmit monitoring data over long distances by data 
hopping from relay station to relay station [7]. In principle, such a system is conceivable for 
underground through-the-earth systems as well. Data recorded within the monitoring field 
would be transmitted along a chain of relay stations to the shaft and up to the surface in 
several stages. In a closed and sealed shaft the installation of relay stations requires a careful 
location of the stations between different sealing elements within the shaft. 
 
A conceivable alternative to relay stations located in the shaft would be the use of a borehole 
drilled from the surface to the outer area of the repository. Such a borehole would not 
intersect the main host rock at the emplacement level and would be separated horizontally 
from the underground facilities by a distance of approximately 200-300 m. A receiver located 
at the repository depth within the borehole could receive data through the earth from the 
repository and transmit the data via cable or using wireless methods via relay stations to the 
earth’s surface. Using this approach relay stations can be located a safe distance away from 
the repository and shaft. However, the safety case will need to demonstrate that there is no 
significant impact from risks that an open borehole is not abandoned without backfilling, or 
that the monitoring borehole provides a pathway for radionuclide migration. 
 
4. Self-Sufficient power supply  
 
In the generic disposal concept, a minimum operating period of 25 years is assumed. 
Furthermore, monitoring is intended to continue during an institutional control period after 
repository closure of 100 years. Systems for monitoring, data-acquisition and wireless data 
transmission in backfilled or sealed areas must therefore have a long-term self-sufficient 
power supply. Such a long-term self-sufficient power supply can be achieved by using 
radionuclide batteries [8, 9] or betavoltaic batteries [10]. Radionuclide batteries convert heat 
into electric current and they are autonomous, maintenance-free, and can continue to release 
energy for long periods of time. The performance of radionuclide batteries have been proven 
during several space missions (e.g. the Cassini-Huygens space probe). The durability of 
betavoltaic batteries depends on the half-life of the radioisotope used to provide the energy 
source. Betavoltaic batteries work similar to solar cells but instead of using photons they use 
beta particles from the radioactive decay to directly produce electrical current. Tritium-based 
prototypes of betavoltaic batteries have already been developed and successfully tested, 
whereas prototypes using nickel isotopes, which could provide a usable half-life of 
approximately 100 years, are still to be developed. Betavoltaic batteries are rather simple and 
robust and can be used in rough and high temperature environments where normal chemical 
batteries can hardly be used. This type of batteries is thus a promising technology to realize 
self-sufficient power supply of monitoring systems supposed to run over several decades. 
 
5. Discussion 
 
Based on both regulatory requirements as well as for reasons of public acceptance, 
monitoring of a geologic repository is not limited to just the operational phase but may 
continue after closure of the facility. There is a broad international consensus that the 
development of a monitoring concept for a repository particularly for the post-closure phase 
needs to carefully weigh the benefits obtained from collected data against potential negative 





In conclusion, the case study has shown that monitoring of safety relevant processes in a 
geologic repository does not represent an insurmountable task. However there are still many 
technological open questions that need to be addressed.  
 
6. Acknowledgements 
 
The research leading to these results has received funding from the European Atomic Energy 
Community's Seventh Framework Programme (FP7/2007-2011) under grant agreement n° 
232598. The research carried out by DBE TECHNOLOGY has also received funding from 
the Federal Ministry of Economics and Technology (BMWi), Germany. 
 
References 
 
[1] MoDeRn (2011): MoDeRn - Monitoring Developments for safe Repository operation 

and staged closure (www.modern-fp7.eu). 

[2] Buhmann, D., Ebert, S., Keller, S., Kreienmeyer, M., Krone, J., Mönig, J., Tholen, M., 
Weber, J.R., Wolf, J. (2008): Überprüfung und Bewertung des Instrumentariums für 
eine sicherheitliche Bewertung von Endlagern für HAW - ISIBEL -, 
Abschlussbericht, FEP-Katalog, Gemeinsamer Bericht von DBE Technology, BGR 
und GRS, Peine. 

[3] DBE TECHNOLOGY GmbH (2011): MoDeRn – processes and parameters, draft 
internal project report, DBE Technology, Peine. 

[4] IAEA (2001): Monitoring of geological repositories for high-level radioactive waste. 
IAEA-TECDOC-1208. ISSN-1011-4289. 

[5] Bollingerfehr, W., Filbert, W., Lerch, Ch., Tholen, M. (2011): Vorläufige 
Sicherheitsanalyse Gorleben, Endlagerkonzepte für die VSG (AP5), Berichtsentwurf 
Stand 31.03.2011, DBE Technology, Peine (unveröffentlicht). 

[6] EC (2004): Thematic Network on the role of monitoring in a phased approach to 
geological disposal of radioactive waste – Final report, European Commission project 
report EUR 21025 EN. 

[7] Feltrin, G. (2010): Data intensive long-term monitoring with wireless sensor 
networks, Monitoring Technologies Workshop, Université de technologie de Troyes 
(UTT), France, 7-8 June. 

[8] Bennett, G.L. et al. (2008): The general purpose heat source radioisotope 
thermoelektric generator : a truly general-purpose space RTG, Space Technology and 
Applications Internationale Forum – STAIF, American Institute of Physics 978-0-
7354-0486-1. 

[9] Böttner, H., Nurnus, J., Schubert, A., Volkert, F. (2008): New high density micro 
structured thermogenerators for stand-alone sensor systems. 

[10] Olsen, L.C. (1994): Review of betavoltaic energy conversion, Washington State 
University, Richland, USA. 

[11] Bordes, J.L., & P.J. Debreuille (1985): Some facts about longterm reliability of 
vibrating-wire instruments Transportation Research Record. No. 1004: 20-26. 



Confirmation Monitoring of Repositories in the United States 
 

Francis D. Hansen1 and Stephen W. Wagner2 

 

1Sandia National Laboratories, USA 
2John Hart and Associates, USA 

 

Summary 
The United States has unique experience developing and implementing confirmation 
monitoring programs for nuclear waste repositories. This extensive experience provides 
wide exposure regarding why, what and when to monitor as portrayed in two 
accomplished programs. These comprehensive case studies include the Waste Isolation 
Pilot Plant or WIPP, a repository for transuranic defense waste in a bedded salt 
formation, and the Yucca Mountain Project, a repository situated in volcanic terrain for 
civilian spent nuclear fuel and high-level waste. Along with the significantly different 
disposal missions, the breadth of repository monitoring experience includes two 
different regulatory frameworks and reflects a maturation process as confirmation 
monitoring evolved.  
 
Conducting science and developing a highly regulated facility necessitates an awareness 
of design, licensing, construction, and operations, as well as external influences. The 
long-term strategy must continue to support the licensing basis effectively, societal 
input, a responsive performance confirmation program, and appropriately scoped 
elective scientific investigations. A long-term testing and monitoring strategy for 
repository science will continue for the life of the repository project as an integral part 
of the licensing processes consistent with statutory and regulatory constraints. Elements 
of the science program that are directly incorporated into a license application and 
demonstrative of the safety case, such as performance monitoring, are a critical part of 
the broader science program.  
 
The Environmental Protection Agency (EPA) standards for the WIPP included 
radioactive containment requirements that were to be demonstrated through 
performance assessment (PA) and multiple assurance measures that were intended to 
add confidence that the repository would perform as predicted. Compliance monitoring 
was included as one of these assurance measures to detect deviations from expected 
performance. The EPA also required analyses of the effects of disposal system 
parameters on the containment of waste in the disposal system to be used to develop 
pre- and post-closure monitoring plans. A parameter was considered significant if it 
affected the system’s ability to contain waste or the ability to verify predictions about 
the future performance of the disposal system, which is the basic premise of compliance 
monitoring parameters at WIPP. The Department of Energy (DOE) analyzed disposal 
system parameters that were developed from the PA as well as a list of parameters 
provided by the EPA against their importance to disposal system performance or to 
radioactive waste containment. The WIPP experience included performance evaluations 
during the site-characterization phase, which helped focus experimental activities 
toward repository performance and public assurance considerations. The monitoring 
program has been acceptably and fully functioning since WIPP operations started in 
1999, including discovery and reconciliation of conditions that were outside the 
parameter range used for modeling. The WIPP confirmation monitoring program has 



served to increase public confidence through a better understanding of the disposal 
system [1]. 
 
The approach that ultimately identified testing and monitoring activities for the Yucca 
Mountain repository license application used risk information to focus attention on 
issues important to public health and safety. The far-reaching process involved with 
development of the safety case provided opportunity to approach confirmation activities 
as they evaluate information used as input to models, or evaluate whether observed 
behavior is consistent with expected or modeled performance. The enduring testing and 
monitoring program was reviewed, evaluated, and updated as needed to reflect new 
technical, programmatic, and regulatory information and maintain consistency with the 
licensing documents. Development of the performance confirmation process and its 
accomplishments over the life of the Yucca Mountain project provides an informative 
case study that contrasts with the WIPP experience. The license application submitted 
in 2008 contained an updated total system PA, which included the latest assumptions 
and technical information available. The safety case as supported in the performance 
calculations identified influential parameters for potential monitoring. Thus, the 
performance confirmation plan included in the license application submitted to the 
regulatory authority for construction authorization related elements within the plan to 
the regulatory requirements. The monitoring activities and specific parameters were 
checked by statistical techniques to evaluate their influence on post-closure 
performance of the natural and engineered barriers. Assurances were made to provide a 
breadth of investigations sufficient to evaluate the performance basis of the license 
application and to provide for continued evaluations into the future [2]. 

1. Introduction 
 
Repository performance confirmation links the technical foundation of repository science and 
societal acceptance. Among the countless aspects of monitoring, performance confirmation 
holds a special place, involving distinct activities combining technical and social significance 
in radioactive waste management. International interest in repository monitoring is exhibited 
by the European Commission Seventh Framework Programme “Monitoring Developments 
for Safe Repository Operation and Staged Closure” (MoDeRn) Project [3]. The MoDeRn 
partners considered the role of monitoring in a phased approach to the geological disposal of 
radioactive waste. Sandia is a member of the MoDeRn team and draws upon its experience in 
helping to develop a common framework. As repository plans advance in different countries, 
the need to deliberate upon monitoring strategies within a controlled framework has become 
more apparent. The MoDeRn project pulled together technical and societal experts to 
assimilate a common understanding of processes that could be followed to develop a 
monitoring program. Experience from two repository programs in the United States sheds 
light on how performance confirmation has been executed. Lessons learned can help the next 
generation of performance confirmation.  
 
A testing and monitoring program develops along with other maturing components of a 
repository science program. Upon licensing, performance confirmation objectives become de 
facto monitoring requirements because parameters are expected to be predicated on the most 
influential elements of the safety assessment. Performance confirmation testing and 
monitoring are conducted to evaluate the adequacy of assumptions, data, and analyses that 
led to the findings that permitted construction of the repository and subsequent emplacement 
of the wastes. Two key aspects of a successful program are: (1) selection of the parameters to 



be measured or monitored, and (2) determination of the conditions for which the regulatory 
authority would be notified regarding measured and monitored information that differs from 
the technical baseline. Performance confirmation is a binding commitment to the regulator 
that is accomplished in the licensing process. 

2. Development, Implementation and Evaluation 
 
A hierarchy for developing a performance confirmation program is sketched in Error! 
Reference source not found., which describes similar strategies developed in Belgium and the 
USA [4]. At the highest level, national statutory and regulatory framework governs strategic 
choices. The high-level policies are often called boundary conditions, as reflected in Error! 
Reference source not found.. Strategic choices for each country context would include the 
geologic formation, the waste inventory and the concept of disposal. After the requirements 
are established, the methods of implementation, evaluation and feedback are defined at 
increasing levels of detail. The figure illustrates how requirements were evaluated and 
implemented for performance confirmation of Yucca Mountain in the United States. In Error! 
Reference source not found., the assessment basis that might be used in other repository 
programs may involve similar processes as applied in the Yucca Mountain assessments 
shown in the lower right as feeding back into the requirements. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 0-1: Summary flowchart of key steps in developing and using a monitoring 
program  

Confirmation parameters for any repository program will involve appreciable technical input, 
which must be objectively justified. Test parameters to be monitored or measured for 
performance confirmation are derived from sources such as those illustrated in Error! 
Reference source not found.. Note these parameter sources are the same as those used for the 
technical assessment and evaluation illustrated in Figure 1. In Error! Reference source not 
found., the PA sequence shown on the left-hand side identifies many of the most important 
parameters influencing risk and dose. Similarly, the design basis for post-closure safety as 
shown on the right-hand side identifies parameters and characteristics of features and 
components important to barrier capability. If it is possible to test or monitor these quantities, 
they could become candidates for inclusion in the confirmation program. Candidate 

 



confirmation parameters are selected from the results of the PA and the features, events and 
processes (FEP) analysis of the barriers as shown in Error! Reference source not found.. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 0-2: Sources used to identify performance confirmation parameters 

The Electric Power Research Institute [5] outlined an eight-stage approach for performance 
confirmation, which relies on the selection of parameters subject to testing based on their 
sensitivity to repository performance. It is imperative to recognize the enormous amount of 
work that must be completed before parameters are selected for performance confirmation 
activities. Along with parameter selection are data quality objectives, trigger values, and 
objective justification, which are taken up as part of implementation and evaluation. 
 
Implementation of performance confirmation activities is an iterative process of test plan 
development, deployment, acquisition of data, evaluation of the data relative to the licensing 
arguments and then using results to guide further activities. The overall testing and 
monitoring program is expected to develop jointly with stages of repository advancement and 
refinement of the understanding of the repository system. 
 
Performance confirmation testing and monitoring are implemented using a specific test plan, 
which is usually initiated and justified by a principal investigator, who works for the 
implementing organization (licensee). Based on the safety case, the principal investigator(s) 
will establish parameters, data quality objectives, and ranges for confirmation testing and 
monitoring. The diagram shown in Error! Reference source not found. incorporates the eight 
steps identified by EPRI [5] in the implementation process. Error! Reference source not found. 
further illustrates the iterative assessment process associated with performance confirmation 
implementation. Individual test plans are developed, reviewed, authorized, and implemented. 
These requirements are then translated into a structured set of testing and monitoring needs 
that address long-term repository performance and support the decision-making process. 
Detailed requirements for individual monitoring or testing activities describe the parameter’s 

 



importance to barrier capability, specify an acceptable (expected) parameter range, and 
describe the procedure and actions required for handling results outside of the expected 
range. 
 
Performance confirmation programs are developed and implemented under the provisions of 
strict quality assurance requirements. Specific requirements for testing and data management 
are developed in monitoring test plans and implementing procedures. These test plans contain 
sufficient detail to conduct the test, as well as describe applicable functional and test-specific 
requirements. Approved plans provide the primary means to reach a documented consensus 
on all aspects of a test or experiment, including design, cost, schedule, interface controls, and 
data management. These plans are used for review and documentation of the test effort and 
serve as an agreement between the principal investigator, the test implementing organization, 
and the authorizing management. 
 

 
Figure 0-3: Implementation of a performance confirmation program 

Enhancing the technical baseline by testing and monitoring can confirm or challenge 
assumptions made in performance predictions supporting the licensing submittal. Results that 
call into question the adequacy of assumptions, data, or analyses in the baseline information 
will initiate additional examination and evaluation. The repository program must adapt to 
inevitable changes, which are anticipated from technical advances, possible design 
alternatives, or similar circumstances. An evaluation of changes with respect to the post-
closure technical performance is a recognized part of change control management. The 
testing and monitoring program includes a process to reevaluate, reexamine, and modify 
activities in a flexible and responsive manner. 

3. Performance Confirmation for the Waste Isolation Pilot  
 
The WIPP is a U.S. Department of Energy deep geologic repository sited in salt beds in 
Southeast New Mexico for the permanent disposal of defense-generated transuranic waste. 
Performance confirmation is an important part of the WIPP project, because it is used to 
analyze current conditions of the repository and its surroundings to ensure that the 







The performance confirmation information that was included in the license application 
submitted to Nuclear Regulatory Commission (NRC) for the repository construction 
authorization relates the elements of the performance confirmation program to the regulatory 
requirements. Although the multiattribute decision process is described in detail and 
documented in reports, the selection process was subjective in many respects, and perhaps 
not as objectively transparent as desired from a technical or stakeholder perspective. The 
existing performance confirmation activities support the post-closure PA of the natural and 
engineered barriers and provide adequate coverage to confirm the licensing basis [8]. 

In September 2011 NRC released its findings on the performance confirmation section of the 
SAR. The NRC Technical Evaluation Report on the Content of the U.S. Department of 
Energy’s Yucca Mountain Repository License Application Administrative and Programmatic 
Volume is publicly available on the NRC website 
(pbadupws.nrc.gov/docs/ML1125/ML11255A152.pdf). The NRC finds that the performance 
confirmation program is consistent with the NRC’s Yucca Mountain Review Plan (YMRP): 
The SAR includes a description of the Performance Confirmation Program, which evaluates 
the adequacy of the supporting assumptions, data, and analyses in the SAR…On the basis of 
the NRC staff’s review of the SAR and other information submitted in support of the SAR, the 
NRC staff notes that DOE has provided a reasonable description of its Performance 
Confirmation Program that is consistent with the guidance in the YMRP. 

5. Discussion 
 
The concept of disposing radioactive waste in a geologic repository today involves a 
thorough understanding of numerous technical, political, regulatory, societal and economic 
elements. Many of these elements overlap and solving all relevant issues necessary to site, 
operate and decommission a disposal facility should be done with knowledge of each 
element’s requirements and impacts. Performance confirmation is one tool that can help to 
coordinate many of these elements into a program that actively investigates what is thought to 
be adequately understood about the system and what information is lacking. A performance 
confirmation program is used to determine ways to challenge and verify those areas that are 
thought to be understood and to find ways to understand those areas that are not well 
understood.  

Prioritization of parameters for the monitoring program should be traceable back to the safety 
and feasibility statements (and hence, the FEPs of the disposal system) in terms of their 
importance to barrier capability and waste isolation. These relationships can be derived by 
statistical post processing of the computations comprising the safety PA. A performance 
confirmation program evaluates information used as input to models, or evaluates whether 
observed behavior is consistent with expected or modeled performance. It is understood that 
such a testing and monitoring program should remain as consistent as possible with the 
license application baseline information. To achieve that goal, the performance confirmation 
plan would continue to be reviewed, evaluated, and updated as needed to reflect new 
technical, programmatic, and regulatory information. 

Performance confirmation programs have been used twice at WIPP, first during site 
characterization and PA development and later in a compliance monitoring program. At first, 
only certain technical aspects of the system were deemed important because it was a 
scientifically-based, government project. Early site characterization work was designed to 
gather information about the geology and hydrology of the area and the mechanical 
properties of the natural barrier. The information would be used in a PA to determine the 



long-term containment performance of the disposal system. A performance confirmation 
element identified experimental and analytical programs that could be used to reduce 
uncertainty, confirm sensitive assumptions, and provide useful data. The performance 
confirmation program provided data to justify the adequacy of the information used in PA to 
demonstrate compliance with EPA’s containment requirements. 
 
Performance confirmation will continue to be used in the WIPP’s post-closure period for at 
least 30 years and likely up to the end of the 100-year institutional controls period. As the 
technical documentation for the repository matures throughout the operational period, the 
currently planned post-closure monitoring program will need to be reassessed prior to 
implementation. However, the intent of the program will be the same as it was for the 
previous programs, to ensure the ultimate goal of the repository. This goal is to safely isolate 
waste from the accessible environment and ensure public and environmental safety. 
 
All repository post-closure analyses will have a number of models developed from FEPs 
analyses. Models, parameters, and processes used for the Yucca Mountain license application 
were evaluated in advance of the license application. Parameters were identified whose 
uncertainties have significant effect on dose to the reasonably maximally exposed individual 
over the regulatory periods. The parameters in PA models that are most significant were 
identified and then weighed against planned testing and monitoring activities [8]. Model 
results derive from particular parameter distributions and other assumptions. Therefore, the 
testing and monitoring details, including justification, parameter ranges and condition limits, 
can be gleaned from the PA baseline. These and other analyses provide the foundation for a 
transparent selection of confirmation parameters. 

Once parameters are selected, expected ranges, condition limits, and other related information 
can be developed using the risk-informed knowledge base and documented in specific test 
plans. The principal investigator develops expected ranges to capture the input set provided to 
the PA, as documented in analysis/model reports and technical data input packages. The 
expected ranges allow for natural or measurement-related variability and include values used 
for the PA analyses. These considerations assure that results remain acceptable if the 
measured values remain within these ranges. A substantial margin is likely to exist between 
condition limits outside the expected range and values influencing barrier functionality or 
compliance with performance objectives. The condition limits are based on the PA model, 
validity conditions, importance to barrier capability, the results of uncertainty and sensitivity 
analyses, and evaluation of available data. 

6. Conclusions 
 
There are many categories of testing and monitoring programs required to design, construct, 
operate, and close a nuclear waste repository. These include: performance confirmation 
testing and monitoring; design construction and operations testing; licensing specification 
testing; security, safeguards, and emergency testing; regulatory directed testing; natural and 
engineered systems testing and evaluation; health and safety effluents monitoring; and 
elective science and technology testing. Documented results of many of these testing and 
monitoring programs will be required to satisfy the regulatory requirements for the 
repository. The criteria by which activities will be evaluated for inclusion into a given 
category of the testing and monitoring programs, the functions each category addresses, and 
the current list of activities in each category will be developed at the appropriate time and for 
the intended purpose. Performance confirmation is a specific element among these many 
programs. 





geologic repositories in the United States has the potential to guide other such work if the 
lessons are indeed learned and applied.  
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Summary 
After having concluded a feasibility study of deep geological disposal for high-level 
and long-lived radioactive waste in 2005, Andra was charged by the Planning Act 
n°2006-739 to design and create an industrial site for geological disposal called Cigéo, 
which must be reversible for at least a century-long period. Within the framework of 
this geological repository project, the monitoring system must obtain the information 
required to run the disposal operation and ensure waste reversibility. Concepts are 
concordant with steps of progressive construction, emplacement and closure of disposal 
cells.  

 
To achieve monitoring objectives and needs, an overall monitoring strategy has been 
completed, which includes waste package characterization prior to emplacement and 
monitoring of disposal structures and the surface environment. To develop adaptive 
solutions, studies and evaluations have been undertaken on (i) the monitoring strategy 
with respect to global distribution of instrumented structures within the repository and 
design of monitoring units, (ii) research and development to adapt, complete and 
qualify the sensing devices, and (iii) specific tests and large-scale experiments in an 
underground research laboratory.  

 
This paper will detail the first two points, especially in the context of reversibility, 
which have been ranked following a Failure Modes, Effects and Criticality Analysis 
methodology (FMECA). The FMECA consisted of identification and ranking of each 
perturbation that may occur during waste retrievability, through a step-by-step 
procedure to reveal each potential weakness. The FMECA also involved feasibility and 
performance of sensors. Examples will be presented to illustrate this methodology. 

 
The monitoring system design is then developed, considering each perturbation and 
based on a combination of in-situ instrumentation and non-destructive methods, in order 
to obtain a high degree of confidence in measurements. To optimize sensor distribution, 
we take into account both the repetitive design of disposal cells and the homogeneity of 
the rock properties. The technology selection partly relies on classical and proven 
approaches, which have been adapted to the specifications of geological repository, by 
taking into account available feedback in the monitoring of tunnels, confinement areas 
of nuclear power plants and dams. To complete the requirements of this system 
(robustness, non-invasiveness, and above all reliable functioning over relatively long 
periods of time), that present substantial challenges for most available monitoring 
equipment, we are carrying out specific R&D actions, based on more recent and 
innovative technology. Main R&D results will also be illustrated. 

 







identified that does not require detection of the malfunction and has no impact on the removal 
progress or on the operational lifetime. A seriousness of 5 means that removal is considered 
to be impossible. 

In the second stage, the feasibility of detection of these failures (before the failure occurs) 
was also quantified. To do this, Andra refers to the progress in the qualification of the 
measurement technology. A difficulty of detection (D) of 1 is allocated when the means of 
detection is developed and hardened, then tested under various conditions including the most 
extreme. A D value of 5 indicates that no means of detection exists regarding to disposal 
facility monitoring needs.  

The approach can be refined by envisaging two levels of detection: continuous detection (D1) 
using monitoring devices permanently located in the cell or a periodic detection in 
preparation for removal (D2), which corresponds to selective (temporally) monitoring by 
“mobile means” for example, i.e. instruments that can be shared amongst several 
installations.  

Once the scores have been allocated, two products, referred to as criticality indices, were 
calculated for prioritization. The product P x S characterizes the intrinsic criticality of the 
failure mode. The product P x D x S characterizes the criticality of the failure mode given its 
ability to be detected before it happens. These values were then used to prioritize the various 
failures envisaged in terms of their level importance: “maximum” (shown in red), 
“significant” (orange), “moderate” (yellow) and “low” (white). This importance could then 
be described in the form of a grid. The highest scores indicate failure modes for which, in the 
solution currently presented as a reference, progress in the definition of a counter-measure 
should be made a priority. The comparison between the P x S and P x S x D classifications 
shows the usefulness of early detection. It helps to evaluate the importance of the associated 
monitoring objective. 

 

3.2 Parameters for HLW cell considering reversibility 

Table 1 shows the list of parameters that will be completely monitored in witness cells.  

Table 1: List of parameters to be monitored and observed for evaluation of reversibility 
conditions in HLW cells 

Monitoring requirements  Parameters of influence 

Mechanical integrity of metallic liner 
 

Thermo/hydraulic/mechanical loading by clay rock 
(depending on the thermicity of the package)  
Corrosion condition (external and internal) and the 
extent of corrosion products 
Deformation of the gallery with respect to the liner 

Handling clearance: Residual vacuum 
level  

Accumulation of corrosion products 
Presence of foreign bodies (pad fragments) 



Monitoring requirements  Parameters of influence 

Characterization of the atmosphere in the 
case of return with respect to explosion 
risk 
Characterization of the atmosphere in the 
case of return: Presence or not of liquid 
water  

Speed of corrosion 
 
Hydraulic conditions; nature of liner joints 

Integrity of gripping surfaces (e.g. pads, 
handling neck) 

Speed of corrosion 
Mechanical loads during installation and disposal 

Integrity of waste containers Conditions favourable to low corrosion speeds: 
Absence of water and/or oxygen 

 
 
Table 2 shows the results of the prioritization analysis, performed based on the hypothesis of 
Andra 2009 design, both for the architecture and the monitoring system. It only includes the 
most critical failures (maximum to moderate importance) that have an impact on the 
monitoring system. Thus, for example, the metallic liner becoming oval was envisaged but 
the criticality of this failure proves to be low. 

Table 2: Prioritization of monitoring objectives based on the results of a risk analysis 
performed on the recoverability of HLW packages. 

Failure factor 
P x S Monitoring method 

envisaged 
PxDxS 

D1 D2 
Presence of water in the cell 16 Sampling lines 64 64 
Presence of H2 in the cell 16 Sampling lines 32 32 
Accumulation of corrosion products 12 Sacrificial cell 48 48 
Blocking of the hatch be a foreign body (pad 
fragment or corrosion products) 

10 Sacrificial cell 50 50 

Loss of means of environment monitoring 
(taps) 

8 Maintenance of sampling 
lines 

40 40 

Presence of H2 in the head of the cell 10 Sampling lines 20 20 
Deformation of the gallery with respect to the 
insert – potential misalignment of the cover 
bracket on the insert (monitoring reference) 

10 Submerged extensometers 10 10 

The most important monitoring requirements are (i) monitoring of liquid water, (ii) 
characterization and management of hydrogen, (iii) detection of corrosion products, (iv) the 
capability of characterizing the packages after their extraction from the cell (condition of 
pads and corrosion products) and (v) mechanical monitoring of the gallery and its position 
with respect to the liner.  

The monitoring system allows the importance to four envisaged failures to be reduced, two 
whose importance is “significant” and two “moderate”. We envisage that only these 
parameters will be measured in the “echelon 2” disposal cells. However, certain redundancies 
will be allowed in the instrumentation to ensure measurement quality.   



On the other hand, a few processes identified as being of major importance but their 
importance could not be reduced, since monitoring technology are not yet commercially-
available. For instance, results showed that sacrificial cells were mandatory for corrosion 
process monitoring, and maintenance, visual inspection, sampling are therefore planned in 
such structures. In parallel, Andra is carrying out an intensive R&D programme aimed at 
developing and supplying sensing devices for identified important parameters.  
 
3.4 Example of a highly instrumented structure: HLW “witness” cells 

Several instrumentation possibilities are being examined in designing the monitoring system 
for ‘witness” HLW cells: (i) equipping the cell liner with monitoring devices, (ii) monitoring 
the behaviour of the rock by means of nearby boreholes or (iii) moving the monitoring to the 
sealing plate. The design of the overall monitoring system would then look like the schematic 
illustrated below. Instrumented HLW cells would take advantage of all these technical 
possibilities. This type of disposal cell, containing such an intensive monitoring approach 
would need to be distributed at different strategic locations in the repository section dedicated 
to this type waste. 

 
Figure 2: Monitoring system in a highly instrumented HLW cell (echelon 1 or witness 
structure).  
 
 
4. Distribution of instrumented structures within the repository: the example of 
implementation of witness cells inside a module to characterize thermal processes 

The operating period is characterized by a succession of relatively short periods of activity 
(construction, loading, closure) separated by waiting phases of variable durations cadenced  by 
the decision milestones included in  the pre-closure management of the disposal process, the 





Figure 3: Thermal simulation on the scale of a module taking into account (left) the possible 
influence of the filling scenario, here a module filled over 10 years from the bottom to the edge 
and (right) edge effects (here seen 10 years after the end of filling of the same module). 
Simulations were performed under the hypothesis of HLW characterized by moderate 
production of heat. 
 

 
 
Figure 4: Thermal simulation taking into account interactions between the thermal effect due 
to the containers and the ventilation in a HLW module (assuming wastes with moderate 
production of heat) 

Cell instrumentation would be supplemented by monitoring in the galleries. For example, an 
optical fibre providing distributed temperature measurements would contribute to monitor 
gallery ventilation, and the expected 4°C temperature increase along the access gallery 
(depending on ventilation direction). Concrete liner monitoring is also planned.  

22

23

24

25

26

27

0 80 160 240 320 400 480 560 640

p
 

 (
)

    

Evolution spatiale de la température d'air dans un 
module HA-C0 une dizaine d'années après son 

chargement

Entrée d'air Retour d'air

Temperature along the gallery in a HLW module a 
decade after the first waste was placed into a cell 

 
 

Distance along access gallery (m) 
 
 

Air 
temperature 
(°C) 
 
 

Fresh air inlet   Stale air return 
 
 

T(x) in mid-cell t = 10 years t = 20 years T(x) in mi-cell 

x 

y 

t = 0: positioning of the first wastes in 
disposal 



 

Figure 5: Example of the distribution of the instrumentation in an HLW module. 

 
5. Sensing devices: selection and on-going R&D 

Given the potentially harsh conditions which will exist in an underground repository (e.g. 
radiation levels, temperature, water pressure, pH… in an HLW disposal cell) and certain less 
common specifications for monitoring technology, in particular durability and non-
disturbance of barrier performance, we know that many of the off-the-shelf monitoring 
technologies will rapidly fail to provide reliable measurements.  

This is why Andra has implemented a qualification procedure for commercially-available 
monitoring technologies, and carries out R&D when no sensor seems to be available.  





 

Figure 6: Pictures of the Andra URL (left) when extensometer and optical fiber sensors 
(right) were installed inside a borehole. 
 
5.3 Research example: corrosion process monitoring 

Complementary approaches are under development in order to monitor metal corrosion rates. 
The first technique makes use of corrosion monitoring specimens which must be (i) produced 
from the same materials as the target component and (ii) installed on the sacrificial structure 
in such a way as to simulate realistic behaviour of the investigated structural component 
surface. At the present time,  a series of corrosion specimens is planned to be placed in 
sacrificial cells, and to be periodically withdrawn for physical (mass evaluation) inspection.  

 
 

Figure 7: corrosion specimen support with samples 
developed in Andra URL in the MCO experiment. 

Figure 8: Wavemaker Pipe Testing 
Equipment is used in a wide variety 
of industrial environments and 
applications. 

For all the other components, the use of non-destructive and non-intrusive technique is 
promising. The Guided Waves Ultrasonic Technique provides an attractive solution to this 
problem because they can be excited at the cell entrance and will propagate many metres 
along the liner therefore allowing screening corrosion detection. The technique is now 
applied for pipeline monitoring. Andra is leading development on such method to provide 
measurements on cells. 
 



6. Conclusion 

Examples have been given for the design of a monitoring system in a deep geological 
radwaste repository in a clayrock formation. They will be adapted to structure design 
evolutions and increasing knowledge (acquired in URL for instance).  

Several important features have driven the design:   

Monitoring system design is based on expected underground repository evolution, both short 
and long term. This is mandatory in order for the monitoring system to be efficient: 
positioning sensors where variations will occur and to make sure that the instrumentation will 
be able to resist aggressive environmental conditions for decades. For the latter, qualification 
procedures are developed based on known environmental conditions. 

We illustrated why it is mandatory to design a monitoring system which takes into account a 
variety of scales, both temporal (long term versus operational scale) as well as spatial (focus 
on disposal cells then on disposal units). 

We also illustrated the limits of monitoring technology and propose some solutions to bypass 
them, with the concept of “sacrificial cells” which is very similar with the “pilot facility” of 
other underground repository concepts. In addition, recommendations developed within this 
Case study provide arguments in favour of distributing instrumented structures over the entire 
repository, to ensure that representative information is provided for performance 
confirmation. The overall strategy proposes to decrease instrumentation density with 
increasing knowledge and assurance gained from available performance confirmation. 
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Summary 
 

In March 2011 SKB (The Swedish Nuclear Fuel and Management Company) 
submitted license applications according to the Act on Nuclear Activities and the 
Environmental Code for a final repository for spent nuclear fuel at Forsmark, and a 
licensing review is currently being undertaken by Swedish authorities. The repository 
will be constructed according to the KBS-3 method. The application is, among other 
things, based on comprehensive site investigations of the candidate area at Forsmark 
in the municipality of Östhammar, Sweden.  

 
As an essential part of these investigations a monitoring programme, covering both 
geoscientific and ecological parameters, was initiated. A primary objective of this 
programme is to establish the baseline by defining a reference against which the 
changes caused by repository development can be recognised and distinguished from 
natural and man-made temporal and spatial variations in the repository environment. 
Monitoring the impact of repository construction will be an integral part of the 
detailed investigation programme [2] that will be implemented once the underground 
excavation activities commence. The objective of the monitoring will be to study how 
repository construction and operation affects the geosphere and the biosphere. These 
observations will also provide data for the updating and verification of the 
hydrogeological and hydrogeochemical models, as well as for meeting the needs of 
the environmental control programme and control of repository construction. 

 
In Sweden there are no legal requirements for monitoring the repository after closure, 
and monitoring is planned to continue as long as the repository is inoperation, i.e. 
until all canisters with nuclear waste has been emplaced and closure of the repository 
facility is commenced. At closure the monitoring systems will be successively 
decommissioned. However, at that time it must be considered to what extent the 
closure process itself needs to be monitored. 

1. Introduction 
 
In March 2011 SKB submitted license applications according to the Act on Nuclear 
Activities and the Environmental Code for a final repository for spent nuclear fuel at 
Forsmark. A comprehensive licensing review is currently being undertaken by the Swedish 
Radiation Safety Authority and the Environmental Court. Construction of the repository 
cannot begin until the necessary licenses have been granted which is expected to occur four 
to five years into the future. 
 
The repository will be constructed according to the KBS-3 method, i.e. where copper 
canisters with a cast iron insert containing spent nuclear fuel are surrounded by bentonite clay 
(Figure 1) and deposited at approximately 500 m depth in saturated metamorphic rock with 



granitic composition. In each deposition tunnel, which is about 300 m long, there is space for 
about 30 canister deposition holes. After completed buffer installation and canister 
emplacements, the deposition tunnel is backfilled with bentonite blocks and sealed with a 
concrete plug. When a deposition tunnel is plugged, the groundwater seeping into the tunnel 
will gradually saturate the bentonite. There will be no further control of the evolution of the 
buffer and backfill. The stepwise construction and deposition of the nuclear waste contained, 
in approximately 6,000 copper canisters, is illustrated in Figure 2.  
 

 
Figure 1: The KBS-3 concept (right), and a general three dimensional overview of three 
major underground functional areas of the final repository, (Access area, Central area and 
Deposition area) 
 

 
 
Figure 2: General layout showing the location of the underground layout for the repository 
for spent nuclear fuel and the surface facilities. The footprint area of the underground facility 
is c. 4 km2.  



 
The purpose of the KBS-3 repository is to isolate the nuclear waste from man and the 
environment by containing the waste for very long times. The license applications include a 
wide ranging documentation to support that a KBS-3 repository at Forsmark will meet 
requirements in laws and regulations, including a full evaluation of long term safety [1]. 
Among other things this application is based on comprehensive investigations of the 
candidate site Forsmark in the municipality of Östhammar in Sweden [2]. As an integral part 
of these investigations a monitoring programme, covering both geoscientific and ecological 
parameters and states, was included. 

2. Monitoring at different stages of the repository development 

2.1 Monitoring for the baseline description 
Many of the investigated site parameters, like meteorological parameters and groundwater 
levels, show a pattern of more or less pronounced temporal variation. Such variations are for 
example seasonal fluctuations in temperature and precipitation. Climate change may cause 
long-term changes or trends in meteorological parameters, which secondarily may be 
reflected as time-dependent changes also of other monitored parameters, primarily those 
within the hydrological, hydrogeological and hydrogeochemical disciplines. Furthermore, 
human activities like investigations and underground excavations themselves may give rise to 
changes or variations in values of some parameters. 
As set out in the overall SKB strategy for monitoring [3] and further detailed in the 
programme for detailed investigations [4], the purpose of establishing the baseline conditions 
during the site investigations performed from the ground surface is to define a reference 
against which the changes caused by the construction of the repository can be recognised, 
quantified and distinguished from natural and man-made temporal and spatial variations in 
the repository environment. 
 
The description of the baseline conditions is essentially identical to the site descriptive model 
of the Forsmark site [2] and is based on the data obtained from the site characterisation 
programme. However, part of this characterisation concerns properties that vary with time. 
Therefore, a monitoring programme covering both geoscientific and ecological parameters 
was initiated during the site investigations, see Section 2.4 of the Site description Forsmark 
[2]. With a few changes and updates, this programme has continued after the completion of 
the surface-based site investigations at Forsmark and will also continue once underground 
excavation work starts. 
 
Given the fact that the system for groundwater monitoring at Forsmark was established 
during the period 2002–2007, the period of undisturbed monitoring data will cover many 
years before the start of construction of the final repository. As regards meteorological 
parameters, groundwater levels/pressures, groundwater flow and the chemical composition of 
the groundwater as well as the status of some ecological parameters, this means that natural 
(unaffected) variations will be recorded for many years. The bulk of resulting data represents 
the baseline, i.e. an extensive body of comparison material, enabling identification of changes 
related to the impact of the facility, once construction works are initiated. 

2.2 Monitoring the impact of repository construction 
Monitoring the impact of repository construction will be an integral part of the detailed 
investigation programme [2] that will be implemented once the underground excavation 
activities commence. The objective of the monitoring will be to study how repository 



construction and operation affects the geosphere and the biosphere. These observations will 
also provide data for the updating and verification of the hydrogeological and 
hydrogeochemical models, which are in turn based on the geological models.  
 
The monitoring during construction and operation of the repository is planned to build on the 
existing monitoring programme [5] as the starting point, and to elaborate the monitoring 
activities further based on that. However, before implementation of the detailed 
investigations, the adequacy of the existing monitoring programme will be assessed and 
revised if needed. Particular focus will be on the fact that the programme is intended to 
operate over a very long time while still being adequate for its main purpose of capturing the 
impacts from construction and operation on the environment, but also possible natural long-
term changes of geoscientific and ecological parameters. The main change of the monitoring 
programme after start of the construction works is that the monitoring will be extended to a 
number of new parameters and objects, mainly in the underground facility.  
 
At the start of construction, monitoring will already have been in progress for some time. The 
monitoring programme that will be implemented is largely a continuation of the programme 
that started during the site investigation and is still in operation. In addition, monitoring will 
be extended to a number of new parameters and objects, mainly in the underground facility. 
 
Monitoring includes a broad spectrum of investigations with the common denominator that 
the time-dependent variation of the observed parameter is of primary interest. One principal 
purpose is to identify whether and how the facility impacts the parameter in question. Other 
principal purposes are to provide detailed data for adaptation of the facility to the bedrock 
and to verify that the design premises are fulfilled. 
 
Groundwater monitoring (mainly groundwater levels/pressures, flows and chemistry) 
comprises a large part of the monitoring programme. Seismic monitoring is another vital type 
of monitoring, already ongoing at Forsmark, but planned to be supplemented with a local 
high-sensitive seismic network. Monitoring is foreseen to be a continuous activity during 
construction of the final repository and as long as the repository is in operation.  
 
As construction and operation proceeds, there will be a need to regularly reassess the 
selection of monitoring parameters, monitoring objects and measurement frequencies. The 
monitoring must also meet the needs of the environmental control programme and control of 
repository construction. Just as important, as adding monitoring parameters and objects as 
needed, is removing of monitoring objects when they are no longer warranted. 

2.3 Monitoring after waste emplacement 
Repository closure is a stepwise process from consecutively closing a deposition tunnel to 
closing one or several deposition areas, after which the entire repository is closed. Monitoring 
is planned to continue until all canisters with nuclear waste have been emplaced and closure 
of the repository facility is commenced. At closure the monitoring systems will be 
decommissioned successively.  
 
A fundamental requirement on the final repository is that it should fulfil its safety function 
without surveillance (further description in Section 3). Consequently, monitoring of the 
engineered barrier system, i.e. canister, buffer and backfill, is not intended for finally 
disposed waste because emplacement of instrumentation and the necessary sensor cabling is 
likely to impair the safety functions of the engineered barriers. 



 
In Sweden there are no legal requirements for monitoring the repository after closure. When 
planning closure, consideration must be given to what extent the closure process itself needs 
to be monitored. The extent of the post-closure monitoring programme will essentially be 
determined by decisions made at, or shortly before, closure and it is appropriate that any 
decisions on post-closure monitoring are made by the decision-maker at the time of the final 
closure of the repository. 
 
However, if monitoring after closure is considered, the applicable regulations by SSM should 
be considered (SSMFS 2008:21 8§). “The impact on safety of such measures that are adopted 
to facilitate the monitoring or retrieval of disposed nuclear material or nuclear waste from the 
repository, or to make access to the repository difficult, shall be analysed and reported to the 
authority”. Furthermore, the recommendation to this paragraph states: “The safety report for 
the facility, in accordance with 9 § should show that these measures either have a minor or 
negligible impact on repository safety, or that the measures result in an improvement of 
safety, compared with the situation that would arise if the measures were not adopted.” Since 
there are currently no plans for post-closure monitoring, and since such monitoring would not 
be needed to ensure safety, SR-Site gives no consideration to monitoring after closure, and it 
is also assumed that such monitoring, was it to be performed, would not have any detrimental 
impact on long-term safety. 

3. Confirming the initial state 

The analysis of post-closure safety is based on ensuring the quality of barriers and other 
structures where this can be controlled and monitored, i.e. throughout the course of 
manufacture and disposal. Repository evolution after deposition is assessed by the tools 
developed for post closure safety assessment. Ensuring quality control and verification of the 
actual measures taken during construction and operation are input conditions in the safety 
analysis. 
 
In order to ensure that the engineered barriers are designed and constructed such that they 
enhance long term safety, design premises have been developed [6]. Design premises 
typically concern specification on what mechanical loads the barriers must be able to 
withstand, restrictions on the composition of barrier materials, or acceptance criteria for the 
various underground excavations.  
 
The design application of these requirements are described in a number of Production reports 
covering the spent fuel, the canister, the buffer, the tunnel backfill, the repository closure and 
the underground openings [6]. Each report gives an account of:  
 

i) the design premises to be fulfilled 
ii) the reference design selected to achieve the requirements 
iii) verifying analyses that the reference design does fulfil the design premises  
iv) the production and control procedures selected to achieve the reference design 
v) verifying analyses that these procedures do achieve the reference design 
vi) the achieved initial state, which is the key input to the safety assessment 

 
A control programme will be developed prior to excavation, with the objective of ensuring 
that the design premises and other requirements on the construction work and on the 
operations are fulfilled. The control programme with its documentation and quality control is 
the basis for assessing whether the construction and operational work conform to the stated 



design premises and requirements on efficiency and quality. The objectives and contents of 
the control programme will evolve and be adjusted in response to experience gained. 

4. Discussion and conclusions 

During construction and operation, the final repository will affect the site’s soil, bedrock and 
environment in different ways. Monitoring of changes contributes to continued, systematic 
and more detailed site characterisation, which in turn serves as a basis for detailed adaptation 
to the properties of the bedrock, for updated safety assessments and for determination of 
environmental impact. In order for the monitoring results to be used in this way, monitoring 
must have been done for a sufficiently long time before the start of construction of the 
repository in order to obtain a baseline for a number of parameters expected to be affected by 
the repository. Monitoring is planned to continue as long as the repository is in operation. 
The content and scope of the monitoring programme will vary in time and space as new 
deposition areas are constructed, at the same time as deposition is under way in other parts, 
and deposition tunnels have already been backfilled and closed in yet other parts of the 
repository. 
 
To ensure that the repository barriers meet the design premises related to safety is a key 
element in the operation of the repository. It should be noted that compliance with 
requirements that connect to the safety is not only a question of the non-destructive testing to 
measure barrier properties at a given time. An equally important component of a quality 
programme is to ensure that the production, handling and installation of the engineered 
barriers as well as rock excavation and choice of deposition positions take place within the 
allowable process window. This quality-management and -control may need to be validated 
by destructive testing on a sample of manufactured barriers. However, given the longevity of 
the repository evolutionary processes, the additional understanding, which could be achieved 
through a post closure monitoring programme, implemented to follow the evolution of the 
barriers over time, is actually quite limited. 
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monitoring programme and those areas where development of monitoring techniques 
have the potential to enhance monitoring capabilities.  These issues were discussed in a 
number of international workshops which lead to the establishment of the EC MoDeRn 
project.  

 
1. Introduction 
 
This paper provides a summary of the approach taken in developing a monitoring programme 
for geological disposal in the UK.  Monitoring was recognised by all stakeholders as an 
important consideration in developing geological disposal design and has often been linked 
with the potential for retrievability of wastes.  This paper provides some detail to the 
approach taken in the UK to address monitoring activities; this has been addressed in the 
following stages: 

1. Understanding stakeholder requirements from monitoring; 
2. A better understanding and development of state-of-the-art monitoring techniques; 
3. Providing a basis and framework for discussing and developing monitoring 

programmes with stakeholders. 
 
It summarises the steps taken in developing these three specific stages and discusses the 
wider value of consultation and collaborative work programmes to help bring more definition 
to monitoring programmes.  It highlights some of the challenges in monitoring for geological 
disposal and describes the basis of the EC MoDeRn project (http://www.modern-fp7.eu). 
 
2. UK programme for geological disposal 
 
In October 2006, the UK Government and the devolved administrations3 accepted 
recommendations from the Committee on Radioactive Waste Management (CoRWM, 2006) 
that geological disposal, preceded by safe and secure interim storage, was the best available 
approach for the long-term management of higher activity radioactive wastes.  A framework 
for managing higher activity radioactive waste in the long-term through geological disposal 
was set out in a Government White Paper published in June 2008 (Defra 2008), known as the 
Managing Radioactive Waste Safely (MRWS) White Paper.  This included an approach to 
identifying and siting a geological disposal facility (GDF) based on voluntarism and 
partnership with local communities. 
 
The White Paper specified that the Nuclear Decommissioning Authority (NDA) would be the 
implementing organisation for the geological disposal facility. Within the NDA, the 
Radioactive Waste Management Directorate (RWMD) is responsible for delivering the 
geological disposal programme.  RWMD, which took over the role previously held by UK 
Nirex Ltd (Nirex), is the implementing organisation and is independently regulated by the 
Office of Nuclear Regulation (ONR) of the Health and Safety Executive (HSE) and the 
environment agencies. 
 
The MRWS White Paper includes within the framework, NDA’s technical approach for 
developing a geological disposal facility, including the use of a staged implementation 
approach and ongoing research and development to support delivery. 
 

                                                           
3 The Scottish Executive was not a sponsor of the 2007 MRWS consultation on the framework for geological disposal of higher activity 

radioactive waste.  It continues to support long-term interim storage and an ongoing programme of research and development. 









stages of repository development including after closure.   It also recognised the need for a 
monitoring programme to be defined across the stages of development from baselining the 
natural conditions of the site through construction, operations and closure.   All studies 
recognised the importance of monitoring programmes including engagement with regulators, 
the public and other stakeholders in the development and progression of a monitoring 
programme.  They also recognised the need for transparency in monitoring as a basis for 
developing confidence and trust in monitoring information.  
 
The potential to utilise non-intrusive monitoring techniques was recognised as a means of 
meeting the particular needs of remotely monitoring geological disposal.  This was a 
particularly important factor in providing methods for monitoring without affecting the 
passive safety of intact repository barriers.  Non-intrusive, remote monitoring avoids the 
problems associated with the failure of monitoring sensors located within the engineered 
barrier system which isolates the wastes.  A programme addressing non-intrusive monitoring, 
lead by Nirex/NDA was initiated within a large-scale EC demonstration project ESDRED 
(http://www.esdred.info).  This programme assessed a range of non-intrusive monitoring 
techniques, including wireless technology before deciding to use cross-hole seismic 
tomography to monitor a disposal cell mock-up (Nagra HG-A experiment) developed by 
Nagra in Opalinus clay at Mont Terri underground research laboratory (URL) in Switzerland.  
This technical programme, managed by the Swiss Federal Institute of Technology in Zurich 
(ETHZ), included a PhD study.  NDA, Nagra (Switzerland), Andra (France), Solexperts 
(Switzerland) and ETHZ also partnered in a further collaborative project entitled ‘Testing and 
Evaluation of Monitoring Systems’ (TEM) in granite at the Grimsel Test Site (GTS) in 
Switzerland.  This project utilised a mock-up of a disposal barrier developed under the 
ESDRED and the project gave a unique opportunity to monitor the saturation behind a low 
pH shotcrete plug using three different monitoring systems (seismic tomography, wireless 
transmission and conventional wired systems).  ETHZ have now completed 2 PhD 
(Manukyan 2011, Marelli 2012) studies addressing the development of seismic tomography 
at the 2 Swiss URLs, copies of which can be found on the MoDeRn website 
(http://www.modern-fp7.eu).  These studies have helped in understanding how seismic 
tomography techniques can be applied to support non-intrusive monitoring of geological 
disposal.  The experiences of using both seismic tomography and wireless sensor networks at 
URLs are discussed in more detail in papers to be presented at this conference (Maurer et al, 
2013) and (García-Siñeriz et al, 2013).   
 
These technical testing and demonstration programmes utilising mock-ups of disposal cells 
assist the implementer in both developing state-of-the-art monitoring technologies and in 
understanding the capabilities and limitations of these techniques.  The value of progressing 
these studies at this stage is that they assist the implementer, regulators and other 
stakeholders in understanding what can be achieved in monitoring and assist in providing a 
basis for dialogue on monitoring programmes, which can help in ensuring that monitoring 
requirements are suitably accounted for when developing designs.  As designs for geological 
disposal develop it will be necessary to continue to develop and refine monitoring systems 
and analysis techniques.  The approach of initial trialling in disposal mock-ups helps the 
implementer to test and understand the capability of the specific technique; to advance the 
capabilities and to understand the performance of both individual barriers and composite 
barrier designs prior to applying these in a repository system.  The research, development and 
demonstration at mock-up facilities also provide an improved basis for stakeholder 
understanding of what techniques might be employed; what information would be obtained 





 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Flowchart illustrating key monitoring activities undertaken in the UK; their 
relationship to each other and to key regulatory/guidance documents 
 
Regulation and guidance 
In the UK, regulation of geological disposal is the responsibility of the Health and Safety 
Executive (HSE) and the environment agencies.  The HSE regulates nuclear and radiological 
safety of nuclear installations through its Office for Nuclear Regulation (ONR).  The 
Environment Agency (EA) is responsible for the enforcement of environmental protection 
regulation in England and Wales.  Equivalent bodies are the Scottish Environment Protection 
Agency (SEPA) in Scotland and the Northern Ireland Environment Agency (NIEA) in 
Northern Ireland.    
 
The principals under which the NII regulates nuclear facilities are outlined in its Safety 
Assessment Principles (SAPs) (NII, 2006).  
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Summary 
Repository monitoring is now widely seen as a necessary part of programmes for the 
geological disposal of radioactive waste. However, we find competing perspectives on 
how to specify the significance of monitoring. Among technical experts monitoring is 
viewed firstly as a matter of “performance confirmation”, a tool for validating the safety 
case underlying repository construction.  A second view we find among lay 
stakeholders is that of monitoring as enabling the “critical assessment” of safety, an 
instrument for detecting uncertainties and emergent problems in a repository. After 
presenting these differing perspectives on monitoring in connection to the questions of 
“whether”, “why”, “what”, “where” and “for how long” to monitor we discuss 
monitoring in light of Alvin Weinberg’s identification of “tireless vigilance” as a 
combined technical and moral principle of nuclear safety. We suggest that questions 
about “how much monitoring constitutes sufficient vigilance” and “how should it be 
organised” are of a societal nature and as such need to be broadly discussed and 
debated. We can also expect significantly different resolutions to these issues to inform 
the design and development of repository programmes in different contexts.  
 

1.  Introduction 
 
Geological disposal of higher activity radioactive waste presents many technical and societal 
challenges, not least because of the timescales involved. Research on geological disposal has 
been carried out in different countries for about half-a-century but it is only in the past decade 
or so that monitoring has become a specific focus of political, policy and research & 
development activity. Monitoring can refer to a range of different activities and 
arrangements, which raises the questions of what is meant by monitoring and what is its 
purpose?  
 
In this paper, drawing on original research conducted as part of an international research 
project and involving the analysis of key documents, expert interviews and stakeholder 
workshops, we explore the views of professional experts in the field of radioactive waste 
management and of community stakeholders on the nature and role of monitoring in 
geological disposal.5 We find that monitoring has different meanings for different people, and 
that expectations of monitoring differ between groups in society, and even between 
individuals belonging to the same group or organisation.  We point to a tension between two 

                                                           
5 A full description of the project and copies of published reports can be found at: http://www.modern-
fp7.eu/home/.  



perspectives on how to assess monitoring. The first we find among technical experts, who 
tend to view monitoring in terms of “performance confirmation”; that is, as a tool for 
validating the repository design concept and its construction. The second view we find among 
lay stakeholders, many of whom see monitoring in terms of the ‘critical assessment’ of 
safety; that is, as a form of surveillance that acknowledges uncertainties and can detect 
unanticipated problems in a repository. We first outline the different views on monitoring that 
we have identified, structured as a series of questions about “whether”, “why”, “what”, 
“how/where” and “for how long” to monitor. We conclude by considering the role of 
monitoring in the governance of geological disposal and in particular in relation to the 
exercise of societal vigilance. 
 

2.  Empirical data  
 
The findings summarised here are based on several data sources: an analysis of strategic and 
technical documents on repository monitoring; interviews with 18 specialists in European 
radioactive waste management organisations; observation of technical workshops on 
repository monitoring; workshops involving volunteers from communities which host 
existing nuclear facilities who have had varying degrees of engagement with radioactive 
waste management projects in Belgium, Sweden and the United Kingdom; and a visit to two 
underground research laboratories (URLs) in Switzerland with a subset of these volunteers. 
Where possible, interviews and group discussions were recorded and fully transcribed to 
facilitate thematic content analysis. Interpretation of the results was supported by reference to 
relevant research literature from the field of social studies of science and technology.  
 
The research methods employed generated qualitative data the analysis of which cannot be 
claimed to provide a representative categorisation of different opinions regarding monitoring 
in relation to geological disposal, either at a national or a European level, but which provide 
insight into the understandings, concerns, reasoning and preferences of experts and affected 
citizens.  

3.  To monitor or not to monitor 
 
One thing on which all of our respondents agreed was that monitoring should be an integral 
part of repository development and design.6 Two reports are referred to by waste 
management experts as being decisive in the way their community looks at monitoring today. 
The first of these is an International Atomic Energy Agency (IAEA) Technical Document on 
monitoring of geological repositories for high level radioactive waste (IAEA 2001). In this 
report we find the first explicit definition of monitoring for geological disposal. The second is 
the report of a European Thematic Network (ETN) on the role of monitoring in a phased 
approach to the geological disposal of radioactive waste (EC 2004). The structural integration 
of monitoring activities into the geological disposal process is therefore a relatively recent 
development. This has been marked at the international level by the inclusion of safety 
requirements relating to repository monitoring strategies in an IAEA Safety Standards 
document (IAEA 2006). This document states that safety should be ensured ‘by passive 
means inherent in the characteristics of the site and the facility and those of the waste 

                                                           
6 There are nevertheless evident national differences in the attention given to monitoring by radioactive waste management organisations 

and regulators, a point to which we return further on in this paper. This is often associated with different disposal concepts: in France, 
for example, where reversibility has become a policy requirement, monitoring has been the focus of research and development, whereas 
in Sweden, where the proposed concept does not envisage retrievability of wastes, monitoring is not viewed as the same challenge. 





Belgium, the argument was made by participants that monitoring is needed ‘to know what 
happens in reality’. Confidence building through compliance monitoring and quality control 
thus seems to be the key reason for monitoring put forward by implementers, regulators and 
citizens confronted with a geological repository programme. However, some subtle but 
significant differences can be detected between the viewpoints of these different actors. 
An important difference in the positions taken by regulators and implementers and their 
monitoring experts on the one hand, and (potentially) affected citizens on the other hand, is 
the emphasis put by the former on performance ‘confirmation’, while the latter comes in from 
the angle of quality control and ‘checking’ expected behaviour. This difference in view is 
particularly evident where the question of long-term safety is concerned. 
 
During an ‘expert stakeholder workshop’ with implementers and regulators11, it was stressed 
on several occasions that the focus should be on performance confirmation, and not on 
checking performance (see Harvey, White 2011). Because these actors rely heavily on the 
safety case as ‘the principal method for demonstrating confidence in the safety of the disposal 
system’, they consider that checks on whether or not the system provides adequate safety 
come from the development of the repository design, and from the site selection and site 
characterisation activities. Obtaining a licence for constructing and operating a repository, 
they argued, is proof of a high degree of confidence in the safe performance of a repository, 
and hence ‘there would not be reliance on monitoring as a basis for ensuring safety’ 
(recorded in Harvey, White 2011, p.18, emphasis added).  If monitoring is dedicated to 
helping stake out a path to inherently safe waste packages, facilities and sites then it must be 
dedicated to progressively reducing the need to repeatedly ‘check-up’ on safety. It must be 
dedicated to verifying the needlessness of continuing to look. 
 
However, drawing on research on risk and trust (e.g. Luhmann 1979, Zucker 1986, Shapiro 
1987, Wildavsky and Dake 1990, Giddens 1991, Simmons and Wynne 1993, Irwin 2008) and 
on an analysis of published accounts of the relationship between stakeholders and monitoring 
activities focussed on the field of radioactive waste management, it seems clear that in many 
situations, stakeholders expect a more critical assessment of safety. For that reason, they do 
not only require operator and expert assurance of safety, but also the additional assurance of 
(independent) monitoring for any evidence of exposure to harmful releases. They may not 
expect the monitoring activity in itself to contribute to the safety of the repository, but do 
expect it to assess, or check that safety is ensured. This distinction between “checking” and 
“confirming” may therefore seem to be largely a question of semantics. As we argue below, 
however, there is more to it than that.  
 
The only “lay” participant in the ‘expert stakeholder workshop’ referred to above observed 
that the focus on confirmation, rather than on checking, of expected behaviour came across as 
‘rather arrogant, since the system might not perform as expected’. He furthermore pointed out 
that ‘implementers should not assume that monitoring will only confirm their expectations’ 
(cited in Harvey, White 2011, p. 18). Similar arguments were made by participants in the 
Belgian, Swedish and UK workshops with community stakeholders. In the Swedish 
discussions, the idea that the performance of, for example, waste packages could be 
confirmed through experimental monitoring in an underground research facility, distant from 
the actual repository site, was questioned12. When discussing this point with the Belgian 
group, the use of the term ‘performance confirmation’ in a presentation by a waste 

                                                           
11 MoDeRn ‘Expert Stakeholder Workshop’ – Oxford – 4-5 May 2011. 
12 MoDeRn Exploratory Engagement Exercise – Swedish Workshop – Östhammar – 16 March 2012. 



management organisation representative was questioned, as participants considered it 
inappropriate to take as a starting point the assumption that no problems can occur in future. 
They pointed out that in the case of geological disposal one will never be able to reach full 
certainty that all will go well in future before starting implementation13. Monitoring was thus 
considered a necessary action to remain ‘on guard’, but was only seen as effective if 
accompanied by a proper ‘response plan’ or what UK stakeholders referred to as a ‘Plan B’ 
should anything unexpected be detected14. This raised the concern that designing monitoring 
programmes for performance confirmation is likely to lead to implementers prioritizing 
different measures to those which might be most appropriate for registering more unlikely 
and unexpected events.  

4.  What, where and how to monitor? 
 
The IAEA and ETN documents identify a number of different types of monitoring: 
monitoring related to occupational health and safety during the operational phase; monitoring 
the surrounding environment for environmental protection; monitoring repository processes 
for a variety of technical reasons and to support staged decision making; and Safeguards 
monitoring to prevent nuclear proliferation (EC 2004; IAEA 2001; IAEA 2006). From an 
implementer’s perspective, monitoring the behaviour of the repository system at close range, 
so within the repository itself, for the purpose of verifying design elements supporting the 
long term safety of the facility is considered especially advantageous during the phase of 
construction and operation, when changes in the design remain possible. It does, however, 
present two important challenges.  
 
The first challenge is whether or not there are processes that can be measured in the relatively 
short period before closure which would conclusively validate the accuracy of predictions of 
(very) long term system behaviour. Today, discussion continues about what exactly should be 
measured, and which parameters are important. However, the general position taken by the 
technical specialists interviewed was that it will be possible to identify measurable 
parameters that would enable them to validate (and if need be calibrate or adjust) the models 
on which they build their safety cases, but that for both technical and financial reasons the 
parameters selected are likely to be few in number. 
 
The second is how to organise such monitoring without comprising fundamental safety 
barriers. This is seen as particularly problematic after closure of the facility (see below), but 
already plays a part during the stages before closure. Hence the focus on investigating options 
for non-intrusive monitoring techniques, such as wireless sensor networks and wireless 
through-the-earth data transmission, fibre-optic technologies and geophysical techniques, 
monitoring of groundwater and chemistry, geotechnical monitoring, or air-based and satellite-
based monitoring. But although some of these techniques look promising and are likely to be 
of relevance for repository monitoring, several of them (e.g. wireless data transmission, fibre-
optics and geophysics) still require quite some further research to adapt them to the specific 
repository monitoring requirements (White et al 2010). 
 
Based on the impressions of lay-stakeholder concerns expressed by the experts that we 
interviewed, it seems that there is a widely held perception in the expert community that 
public and stakeholder expectations are likely to focus on environmental monitoring in order 
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14 MoDeRn Exploratory Engagement Exercise – Belgian Workshop 1 – Mol – December 15th 2011 and UK Workshop 1 – 19th April 2012. 



to protect against human health impacts. A review of literature on citizen and stakeholder 
engagement with monitoring, within the nuclear sector and in other contexts, seems to 
corroborate this perception, as most of the activities reported did involve some sort of 
environmental monitoring. In several cases this monitoring was commissioned or conducted 
by local institutional stakeholders, particularly local governments, including some examples 
that integrate this with monitoring of the socioeconomic environment (e.g. Conway et al 
2009). Dissatisfaction with or distrust of institutions has also led members of some 
communities to demand or even initiate participatory environmental monitoring, which 
involves local citizens in data collection (e.g. Vari, Ferencz 2007; NEA 2009). In the field of 
radioactive waste and other nuclear industry facilities, there is considerable evidence of 
stakeholder and citizen involvement in facility monitoring activities (e.g. NEA 2003, 2010). 
This demonstrates the desire of citizens and communities in many different contexts for 
active engagement with facility monitoring programmes. 
 
From our own engagement exercises, we learned that local citizens were less concerned about 
the “what” and “where” questions in terms of which parameters or at which exact location to 
monitor. What they did insist upon, was that a monitoring programme for geological disposal 
should be as comprehensive as possible (including but not restricted to monitoring of the 
socioeconomic environment), and should have a broad scope, including both near-field and 
far field-monitoring. Both the Belgian and UK groups acknowledged the potential tension 
between potentially intrusive near-field monitoring and the integrity of barriers and seals that 
is required for passive safety. It was also considered to be important, most notably by the 
Belgian group, to continue searching for alternative parameters or techniques for processes 
that would be difficult to monitor with current technology, and to consider laboratory 
simulations as alternatives to near-field monitoring (e.g. in a post-closure situation)15.  

5.  How long to monitor? 
 
On the question of how long to monitor, the views of technical specialists and concerned 
citizens again tended to differ. Post-closure monitoring is something that was considered by 
technical experts to be unnecessary, as they did not expect anything to be detected once a 
situation of passive safety had been ensured by properly closing a facility. For them, 
monitoring is an activity dedicated to advancing and facilitating repository closure and 
confirming that the conditions outlined in the regulatory safety case have been achieved. 
Near-field monitoring in particular was said by many of them to be unrealistic and even 
potentially counterproductive insofar as the techniques used could contribute in any way to 
compromising barrier integrity. Nevertheless, many experts interviewed thought that there 
could be value in post-closure monitoring if it were needed to reassure other actors such as 
local communities, a position that was also expressed in technical opinion documents (e.g. 
IAEA 2006). It was furthermore noted by our respondents that although there may be little 
evidence of statutory requirements for post-closure monitoring for reasons of radiological 
protection, it seemed likely that they would be introduced in some countries in the future in 
response to societal demands. 
 
Evidence from the Belgian, Swedish and UK workshops confirmed that constructively 
engaged citizens do have expectations and concerns regarding post-closure monitoring, and 
are not likely to accept the issue being ignored. What was less clear is the type of monitoring 
(near-field, far-field or the surface environment) they would be expecting in the post-closure 
                                                           
15 Conclusion drawn by the participants during the final workshop in Belgium (MoDeRn Exploratory Engagement Exercise – Belgian 

Workshop 4 – Mol – May 24th 2012). 



period. In the Swedish workshop it was pointed out that even if post-closure monitoring is 
considered desirable, the technological innovation required to enable such monitoring is 
hardly likely to take place without the purposeful allocation of funds to related research and 
development.16 Community stakeholders were therefore concerned about post-closure safety 
but, unlike the technical experts, tended to see continued monitoring of some sort as being 
necessary not merely to confirm that the evolution of the repository system conforms to 
technical expectations but to ensure that it continues to do so and is not affected by 
unanticipated events or evolutions, a concern to which we return in our final section.  

6.  The role of monitoring in the (risk) governance of geological repositories 
 
For several decades now, one of the key principles informing the management and regulation 
of nuclear safety has been that of constant surveillance. This is firstly a political and moral 
principle which informs the practical design and development of nuclear activities: this 
principle is therefore an expression of what societies interpret nuclear safety to mean. 
Monitoring programmes focused on different types of nuclear activity are therefore ways of 
putting the moral principle of tireless vigilance into technical practice. This is particularly the 
case for nuclear installations such as power plants, fuel production or reprocessing plants, and 
storage facilities, as pointed out by nuclear scientist Alvin Weinberg, when he referred to the 
unusual degree of vigilance which of necessity had to be exercised over all programmes of 
nuclear power generation during the entire course of their development in order to guarantee 
safety (Weinberg 1972). Deep geological repositories, incorporating the technical - and moral 
- principle of passive safety, can be understood as a way of trying to renegotiate the need for 
unremitting vigilance by delegating responsibility for safety to an engineered geological 
disposal system. The question then is how should the gradual transition from active human 
vigilance to passive safety without human intervention be organised?17 Weinberg believed 
that effective geological disposal reduced the need for vigilance to a minimum, in line with 
current expert thinking that all that will be needed of society to ensure safety is surveillance 
to avoid intentional or unintentional human intrusion into the repository system. However, 
our exploratory engagement with community stakeholders from three European countries 
suggests that more is expected by many citizens.  
 
These are, as Weinberg reminds us, societal questions that cannot be answered from a 
technical-expert perspective alone (Weinberg 1972). Society will therefore have to decide 
what kind of human vigilance is needed and for how long it should continue. Nevertheless, 
for society to relinquish direct control of the wastes will require confidence in the repository 
system and trust in those responsible for designing, implementing, overseeing and regulating 
it. It may therefore be easier for national and local decision-makers – and the communities 
that they represent - to commit to taking successive steps in repository siting, development, 
licensing, construction and operation if the contingent nature of their trust and commitment18 
at each and every stage is acknowledged and the opportunity to re-evaluate or even veto plans 
is upheld. 
 
In addition to providing confirmation of the models upon which the safety case is based, 
therefore, there is another way in which monitoring can support public confidence. This is by 
                                                           
16 MoDeRn Exploratory Engagement Exercise – Swedish Workshop – Östhammar – 16 March 2012. 
17 This is excepting, of course, any external safeguards monitoring, most likely involving remote sensing technology, against human access 

in order to prevent the proliferation of nuclear materials. 
18 On the provisional nature of social trust see, for example, Lewis and Weigert 1985; Giddens 1991; Jones and George 1998; Walls et al. 

2004. 



helping to demonstrate that the implementer of a disposal programme is aware that there are 
always systemic uncertainties involved and that it is necessary to take a precautionary 
approach19, although this potential role of monitoring was not emphasised explicitly in our 
workshops. Such open acknowledgement of uncertainty is not without its risks, of course, in 
that it may appear to bring into question the premise of passive safety as the technological 
solution to the socio-technical problem of guaranteeing unflagging vigilance over long-lived 
high-level radioactive waste. By introducing the notion of retrievability or reversibility into 
law, however, countries such as Switzerland and France are already moving towards an 
adapted socio-technical solution, one still directed towards achieving passive safety, but 
which recognises that this end point may be further away than initially planned, subject to a 
longer chain of socio-technical decision-making, and may not be final.20 Such evolutions 
remind us that we may inevitably pass the burden of decision about final closure to 
subsequent generations. Acknowledging this requires that we think more specifically about 
the type of information, knowledge and skills that need to be passed on to future generations, 
and the role that monitoring might play in meeting the needs of future operators, regulators, 
decision-makers and affected citizens.  
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Summary  
This paper/presentation is an attempt to describe the scope and objectives of 
monitoring in different stages of siting, design, preparation, operation and follow up 
of a geological repository for high-level long-lived radioactive/nuclear waste. 
In all stages, monitoring should assist in building confidence of all the stakeholders, 
including not only high level skilled specialists of authorities and regulatory bodies 
but also concerned political authorities and non-technical stakeholders, e.g. the 
population of the region around the repository. This is extra important if a repository 
has to be built and used in a (densely) populated region. In the later stages, monitoring 
shall guarantee early warning and if necessary eventually indicate the need for 
remediation. 
Confidence in the planned repository has to be created early in the design and 
preparation and maintained during the whole lifetime of the repository, also after 
closing. This means that monitoring has to begin early in the stage of 
design/preparation, and the results of this monitoring have to be communicated 
efficiently to all stakeholders, appropriate to their needs and wishes. The monitoring 
techniques and objectives will evolve in time as the repository will evolve from a 
potential location, through the preparation of the installation, the use and finally the 
closure of the installation. 
As our normal engineered equipment and barriers have a limited lifetime, measured in 
decades, maximum in centuries, and the required timescale for a repository of this 
type is much longer, approaching eternity, it could be wise to also consider, in 
addition to the well-known classic barriers and techniques, the properties of naturally 
occurring materials known to be stable during the geological timescale. 

 

1. Introduction  

 
This paper does not represent the viewpoint of the Stora or Mona partnership but of 
individual members, volunteering in the Stora partnership from the community of Dessel, 
Belgium. It is based on their experience in Stora with monitoring for the cAt-project (disposal 
of the Belgian low-level and short-lived waste) and on the participation in the Modern 
project. The Belgian local partnerships Mona and Stora were invited to participate in the 
Modern Workshops. Several volunteers of both partnerships participated and exchanged their 
views on different aspects of monitoring. 
 
2. Scope 
 
This presentation tries to highlight the view of (local) stakeholders on the different 
monitoring activities that have to be considered in the frame of the siting, design, preparation, 
construction, operation and closure of a geological repository for high-level long-lived 
radioactive and nuclear waste. 
 



3. Objectives 
 
Confidence building in the system, and maintaining it, is one of the main objectives of 
monitoring through all stages of the setting up, operation and follow up of the repository. In 
the later stages, operation and follow-up, monitoring should be able to provide early warning 
if something unexpected happens and to initiate remediation, if appropriate.  
  
In the early stages of preparing a repository for high-level long-lived waste, monitoring 
should be established in order to verify that the behaviour of site geology and conditioned 
waste is as predicted/foreseen. This is essential for the building of confidence in the whole 
system. 
 
During construction of the repository, monitoring shall also ensure that safety and security of 
workers, population and environment is maintained and guaranteed, in order to further 
support and maintain the confidence of all stakeholders, including the local population. 
 
After closure, monitoring should be able to guarantee that safety and security of population 
(also at distance) and environment is maintained, also for the future. If  measurements should 
detect an evolution that indicates potential risk for people or environment, necessary 
corrective actions, including resettlement of population if necessary, shall be taken in due 
time if appropriate. Renewing, maintaining and extension of confidence will be necessary as 
there will be an evolution in stakeholders in the future centuries. 
 
4. Confidence Building 
 
Confidence building and maintenance is vital from the early stages of siting and design of the 
repository in order to avoid NIMBY reactions and actions, and therefore it has to be initiated 
very early in the process. A very important mechanism to achieve this can be the monitoring 
in the successive stages, and the appropriate communication of the results of this monitoring 
to all the different stakeholders. This communication has to be adapted to the specific needs 
of the different stakeholders. Involvement of ALL stakeholders including also the residents of 
the region where the repository will be built (”local stakeholders”), for instance through an 
organized partnership, can be an important step in building confidence. There can be a lot of 
important know-how present among these stakeholders that can be used e.g. in the framing of 
a certain level of co-design (e.g. civil construction, corrosion and ageing effects in other 
installations, …).    
 
The information transmitted to the technically responsible authorities will be very technical 
and the justification of conclusions will be on a very specialized level, whereas the 
communication to the politically responsible people and the locals living in the vicinity of the 
repository has to be such that it can be understood also by people who are not technical 
specialists. Although the content and the form of the information, shared with the different 
stakeholders will not be identical, there should not be any contradiction between them. 
 
5. Design and preparation 
 
Man-made barriers, even using modern, highly technological techniques and materials, will 
have a limited guaranteed lifetime measured mainly in decades or, exceptionally, centuries. 
In the case of a repository for long-lived high-level radioactive and nuclear waste, safety and 
security has to be maintained and guaranteed over thousands of years. Other than for a 



repository of short-lived low-level waste, we cannot rely exclusively on manmade barriers. 
These barriers should be complemented with natural barriers that, through archeological and 
geological investigations, have been demonstrated to be stable for the required period, taking 
into account foreseeable short, medium and long term evolutions (climate changes!?) .  
 
In the early stages of preparation of a repository (site investigation and preparation, 
conditioning of the waste) monitoring of the behaviour of the geological environment and of 
the conditioned waste can be started up. Evaluation/comparison of these monitoring results 
with the predicted long term properties and evolution should be performed. If substantial 
discrepancies or malfunctions appear, corrective actions have to be taken and preventive 
actions established (proper management principles) in order to minimize consequences in the 
near and further future. This should be communicated and explained in due time to the 
respective stakeholders in an adequate fashion.  
 
If  monitoring is based on measurements of e.g. physical or chemical properties, it should be 
decided as far as is reasonable what actions will be undertaken if the results of this 
measurements are different from what is normally expected. If through monitoring, a 
situation appears that is not predicted or an evolution appears completely different from what 
was expected, a reevaluation of this situation will be mandatory. The new situation has to be 
discussed and evaluated with all stakeholders, including politicians and inhabitants of the 
region and the consequences of this situation have to be communicated clearly to them.  
 
6. Construction and Operation 
 
In addition to the monitoring established in the previous phases, supplementary monitoring 
has to be implemented in order to guarantee safety and security of workers, population and 
environment during construction and operations of the repository. Immediately prior to 
loading the conditioned waste receptacles in the repository, a detailed investigation should be 
undertaken in order to guarantee, so far as is realistic, the proper behaviour of the material in 
the past and in the future. Probably, there will be a time lapse of several decades between the 
start of the siting and design of such a repository and the start of placing the waste in the 
repository. It should be a waste of resources if monitoring equipment, deemed to be necessary 
only several decades further in the future, is installed too early, as we can expect a substantial 
progress in techniques and know-how. Nevertheless it should be feasible, with the knowledge 
and techniques available at that moment, to build and operate the equipment, deemed 
necessary at that time and to take the necessary corrective and preventive measures if 
monitoring conclusions require it. There should be sufficient flexibility in the system to 
respond to unexpected, unfavorable events that occur. Retrievability and possible reversibility 
could be a requirement during this phase of the process.  
 
Confidence building and maintenance will remain an important issue, as the complete process 
of siting, design, building and using the repository will extend over several (6-10) decades, 
and therefore also over several (3-4) generations. Adapted techniques should be developed 
and implemented to overcome this difficulty. This phenomenon is much more important for a 
geological repository for high-level long-lived waste than it is for low-level short-lived waste, 
where the whole process can be finished in a few decades – one or two generations. 
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Summary 
 
The Waste Isolation Pilot Plant also known as WIPP is a transuranic (TRU) waste 
repository operated by the U.S. Department of Energy (DOE). The repository is 
emplacing defense-related TRU wastes in the Salado Formation, a bedded salt 
formation. Emplacement takes place at approximately 655 m (2150 ft.) below the 
surface of the Earth. Located near Carlsbad, New Mexico, an area with fewer than 
30,000 people, the WIPP facility is the world’s first underground repository licensed to 
accept TRU waste, with activity concentrations of alpha-emitting isotopes >3700 Bq/m3 
(>100 nCi/g) and half-life >20 years.  The upper waste acceptance criteria are <0.85 
TBq/liter (<23 Ci/liter) of total activity and <10 Sv/hr dose rate on contact with 
unshielded waste containers. The repository, which opened in March 1999, will 
eventually contain the equivalent of ~176,000 m3 of TRU waste. Many factors 
contribute to the success of this project; an important one being environmental 
monitoring in the vicinity of the WIPP, both before and after WIPP began receiving 
nuclear waste.  
 
The monitoring is being conducted by an independent agency, the Carlsbad 
Environmental Monitoring and Research Center (CEMRC), which is associated with 
the New Mexico State University system. CEMRC is funded by DOE through a grant 
process that respects its independence. During the operational phase of WIPP, the 
primary focus is on airborne radioactive particulate, however other pathways are also 
monitored.  The collected pre-operational baseline data of various anthropogenic 
radionuclides present in the WIPP environment either from global fallout as a result of 
nuclear weapons testing or Chernobyl type accidents are essential for the proper 
evaluation of the WIPP’s integrity. These data can be compared against disposal phase 
data to assess the radiological and ecological impacts, if any, of radiation on workers, 
and on the general public that lives and works near WIPP. The program has capabilities 
to detect radionuclides rapidly in case of accidental releases from the repository or the 
site during operations. 
 
Under the CEMRC monitoring program, air, drinking-water, surface water, soil, 
sediments, vegetation and the local population around the WIPP facility, as well as air 
entering and exiting the WIPP underground, are regularly analyzed. This paper will 
present an evaluation of more than ten years of environmental monitoring data that 
inform the public that there is no evidence of increases in radiological contaminants in 
the region that could be attributed to releases from the WIPP. CEMRC’s independence 
and its extensive monitoring program and constant public engagement provide a model 
for nuclear waste repositories elsewhere in the world. 
 



 
1. Introduction 
 
The Waste Isolation Pilot Plant is an underground nuclear waste repository located in the 
remote Chihuahuan desert of southeastern New Mexico near Carlsbad. The facility is 
designed to dispose of transuranic (TRU) wastes that were generated from research and 
production of nuclear weapons at various DOE sites. The WIPP facilities consist of above 
ground buildings and underground mined areas. The underground part of the WIPP is located 
665 meters (2,150 feet) below the surface and is divided in two main areas. The northern part 
is a research area and is open to the scientific community, while the much larger southern 
part is the Waste Disposal Area. As shown in Fig. 1, the WIPP repository has eight panels, 
each consisting of seven waste disposal rooms approximately 300 feet (91 meters) long and 
33 feet (10 meters) wide. Seven of the planned panels have been excavated and the first five 
have been closed and sealed from ventilation air. Waste disposal is in progress in the sixth 
panel. Usually three panels are in operation with one already filled with waste and being 
closed (closure mode), the second panel already excavated with waste disposal in progress 
(waste disposal mode), and the third panel being mined (mining mode). Panel 5 is in closure 
mode, Panel 6 is in waste disposal mode and Panel 7 in mining mode at this time. 
 

    
Figure 1. Layout of WIPP 

 
Two types of TRU wastes are currently stored in the WIPP repository: (1) mixed transuranic 
waste (MTRU), meaning there are also hazardous waste components present, and (2) non-
mixed waste that contains only radioactive elements, mostly plutonium. The TRU waste is 
subdivided into contact-handled (CH) and remote-handled (RH) waste on the basis of the 
dose equivalent rate at the surface of the waste container. If the dose is < 200 mrem/h (2 
mSv/h) the waste is categorized as CH-TRU waste; otherwise, the categorization is RH-TRU 
waste. The WIPP became operational in March 26, 1999 for the disposal of TRU waste, and 
the WIPP first received mixed waste shipments on September 9, 2000. The WIPP mission is 
to dispose of 176, 000 m3 (6.2 million cubic feet) of contact-handled waste and 7,080 m3 
(250, 000 cubic feet) of remote-handled waste which is equivalent to about 800,000 55-gallon 
drums. The radionuclides of greatest concern in the WIPP are 239+240Pu and 241Am, which 
account for more than 99% of the total radioactivity in the disposed inventory. In this context, 
the variation in concentrations of these two radionuclides in the WIPP environment is 
important, not only because they are the main component of the WIPP wastes, but also 
because of their global background activity.  

 
The radiological environment near the WIPP site includes natural radioactivity, global fallout 
from nuclear weapons test and potentially, a local source of anthropogenic radioactive 
contamination remaining from Project Gnome.  In 1961, the surface area of the Gnome site 



was contaminated with fission radionuclides when an underground test of a 3.3-kiloton 239Pu 
device vented radioactive materials to the surface [1]. The site was decontaminated in 1968-
1969 and again in 1978 . However, despite these clean-up efforts, an elevated level of 137Cs 
and plutonium has been detected in some of the surface soil samples collected at the Gnome 
site [2]. These contaminated soils are of practical concern because they are a potential source 
of wind-blown contamination for environmental samples being collected to monitor release 
of radionuclides from the WIPP.  So awareness of this potential source is necessary to 
maintain the integrity of the WIPP monitoring program.  
 
In this paper the current trend of the radionuclides, specifically Pu and Am, are evaluated in 
the vicinity of the WIPP. The data reported were generated by an independent oversight 
organization, the Carlsbad Environmental Monitoring & Research Center (CEMRC). Results 
from this program are accessible to the public and are used here in evaluating the long-term 
history of these radionuclides to assess the impact of WIPP (if any) on the local environment, 
and to let the public know what effect WIPP operations have on their environment. This type 
of information is important for assessing the impact of WIPP on the local environment, but 
also provides an independent basis for the public to use in judging their willingness to 
initially accept and then continue to support such projects.  
 
2. Methodology 
 
Public surveys of the region around Carlsbad showed that the main public concern for 
contamination was first air, second drinking water, and soil and other environmental media a 
distant third. Based on an evaluation of various release events, it has been established that the 
atmospheric pathway is the most credible exposure pathway to the public from the WIPP, 
because that is the pathway by which radioactive or chemical contaminants released from the 
site would likely be most rapidly and widely dispersed throughout the environment.  
 

Sample location and pretreatment  

WIPP exhaust air: The major potential effluent stream at the WIPP facility is exhaust air from 
the underground repository. For monitoring of the WIPP exhaust air, Fixed Air Samplers 
(FAS) collect particulates from the effluent air stream on a Versapore filter at a collection site 
known as Station A. The effluent studies at Station A are a major component of CEMRC’s 
WIPP Environmental Monitoring (WIPP-EM) program. The airflow through the FAS is 
approximately 170 liters per minute. Samples are typically collected daily except for 
weekends. Weekend samples run from Friday to Monday so the coverage is continuous. Air 
filters from station A are counted for gross alpha/beta activities for 1200 minutes using a low-
background Gas Proportional Counter (Protean MPC 9604) and then filter samples are 
composited on a monthly basis. The monthly composites are analyzed first for the gamma 
radionuclides and then spiked with appropriate tracers and routinely analyzed for 238Pu, 
239+240Pu, 241Am, and 235, 234, 238U.  
 
Ambient air: Ambient aerosols are collected using high volume samplers (flow rate ~1.13 m3 

min-1) from three monitoring stations: (1) OnSite, which is about 0.1 km northwest (down 
prevailing wind) of the WIPP exhaust shaft, (2) Near Field, about 1 km northwest of the 
facility; and (3) Cactus Flats, about 19 km southeast (up prevailing wind) of the WIPP site. 
These sites were selected based on an analysis of the most probable scenario for radioactivity 
release if there was an accidental release during the operation of the WIPP. The aerosol 
samples were collected on 20x25 cm A/ETM glass fiber filters (Pall German Laboratory, Ann 



Arbor, MI) taken over a period of 3 to 6 weeks depending on the levels of particulate matter 
that accumulate on the filters. For radiochemical analyses, filters are ashed in a muffle 
furnace at 500oC for 6 hours and then each filter is digested with strong acid mixtures and 
subsequently the actinides are separated as a group by co-precipitation with Fe(OH)3.  
 
Drinking water samples are collected from the major drinking water supplies used by 
communities in the WIPP region. The sources include the community water supplies of 
Carlsbad, Loving, Otis, Hobbs, and the water supply for the WIPP site (Double Eagle). 
 
Soil samples were collected at two sampling sites, including the Near Field air sampling site, 
which includes the set of sampling locations within the WIPP site boundary. The second site 
is the Cactus Flats site approximately 19 km southeast of the WIPP facility. At both sites a 
grid was established with sixteen undisturbed soil sampling locations. At each sampling spot, 
soil was collected to a depth of approximately 2-cm. Individual sampling sites were selected 
on the basis of relatively flat topography, minimum surface erosion and minimum surface 
disturbance by human or livestock activity. 
 

In addition to the environment, the people working at WIPP as well as the people who live 
and work close to the facility in Eddy and Lea counties are at risk of potential exposure from 
any releases of contaminants at WIPP. The Internal Dosimetry (ID) and Whole Body 
Monitoring of citizens living within a 100-mile radius of WIPP was established as part of the 
WIPP-EM program to obtain baselines concerning aspects of human health and citizen 
concerns, which change with time. 
 

All the analyses of the WIPP environmental samples are performed according to methods 
detailed in CEMRC standard operating procedures. In short, gamma analysis was conducted 
using a high purity (HPGe) detector, while alpha emitting isotopes of Pu and Am were 
measured for at least 5 days on alpha spectrometers (Oxford Oasis System, Oxford 
Instruments Inc.) with 72 vacuum chambers (PIPS detector with 22% efficiency, 20 keV Full 
Width-Half Maximum (FWHM), and 450 mm2 active areas) after radiochemical 
separation/purification and micro-coprecipitation. In order to ensure the high quality of 
analytical results, blank, duplicate, and spiked samples were analyzed periodically according 
to an internal quality assurance program. Periodic checks of the background and the 
efficiency were performed for the measurement systems. Periodic checks of performance with 
an appropriate calibrated standard solution are made as part of the QA/QC program, which 
also included participation in the national MAPEP (DOE Mixed-Analyte Performance 
Evaluation Program) and NIST-NRIP (NIST-Radiochemistry Inter-comparison Program) 
performance evaluation programs.  
 
3. Results 
 
The daily gross alpha and beta activity concentrations in the WIPP exhaust air samples 
measured using a low-background Gas Proportional Counter are shown in Fig. 2. The gross 
alpha and beta activity in air filters prior to arrival of TRU waste at WIPP were used as a 
baseline concentration. The baseline concentrations of gross alpha and gross beta activities 
were 1.49x10-3 Bq/m3 and 4.90x10-3 Bq/m3, respectively. Average concentrations of 239+240Pu, 
238Pu, and 241Am measured in the WIPP exhaust air during the period from 1998 to 2011 are 
shown in Fig.3. Gamma radionuclides (137Cs and 60Co) were not detected in any of the WIPP 
exhaust air samples while 40K was detected occasionally. Average air concentrations of 



actinides in the aerosol samples during the period from 1998 to 2011 are summarized in Table 
1 and the time-series of annual 239+240Pu activity concentrations in aerosol filters collected 
from On Site, Near Field and Cactus Flats stations in the period from 1998 to end of 2011 are 
shown in Fig. 4. 
 
The concentrations of radionuclides in regional drinking water samples from 2011 are listed 
in Table 2. The 238Pu, 239+240Pu, and 241Am were not detected in any of the drinking water 
samples since monitoring commenced in 1997. The soil sample analysis data for the gamma 
radionuclides and actinides show that 137Cs, 40K and 239+240Pu were detected frequently,  
241Am was detected in all but four of the samples, whereas  238Pu was not detected in any of 
the samples. 
 

4. Discussion 
 
The gross alpha and beta activities in the samples collected prior to the receipt of the first 
waste shipment represent the pre-disposal background and the bulk of the activity in those 
samples results from naturally occurring radioactive materials, specifically radon daughters. 
As shown in Fig.2, both gross alpha and beta activities exhibit clear seasonal variability with 
peaks occurring in the winter. The two samples with elevated gross beta activity 
concentrations ca. 0.058 Bq/m3 observed in early 2001 are because of contamination by 
material released from an underground fire extinguisher. Follow-up measurements verified 
that the fire retardant containing 40K was the cause of the elevated results and that WIPP 
waste had not been released. Overall both alpha and beta activities have remained consistent 
over the years. The average concentrations of 239+240Pu and 241Am measured in the WIPP 
exhaust air samples from 1998 to 2011 are presented in Fig. 3. The concentrations of 239+240Pu 
in 2003, 2008, 2009, and 2010, and that of 241Am and 238Pu in 2008 and 2009 are higher than 
the rest of the years. In all these years, one of the composite samples was observed to have Pu 
and Am concentrations greater than the minimum detectable concentrations (MDCs). 
However, these activities were extremely low and well below (approximately 6-7 orders of 
magnitude) the action level of 37 Bq/m3 that triggers the Continuous Air Alarms (CAMs) that 
are distributed throughout the WIPP. The mean 238Pu to 239+240Pu activity ratio of 0.025±0.004 
in these samples are consistent with the source being largely global fallout. The naturally 
occurring isotopes of U were detected in all monthly WIPP exhaust air composite samples. 
The average 234U/238U activity ratio of 1.57±0.30 indicates the presence of natural U [3].  
 

 

 
 
Figure 2. Average activity concentration of 239+240Pu, 238Pu and 241Am in the WIPP exhaust 
air 
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