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IAEA NUCLEAR ENERGY SERIES PUBLICATIONS 

STRUCTURE OF THE IAEA NUCLEAR ENERGY SERIES 

Under the terms of Articles III.A.3 and VIII.C of its Statute, the IAEA is 
authorized to “foster the exchange of scientific and technical information on the 
peaceful uses of atomic energy”. The publications in the IAEA Nuclear Energy 
Series present good practices and advances in technology, as well as practical 
examples and experience in the areas of nuclear reactors, the nuclear fuel cycle, 
radioactive waste management and decommissioning, and on general issues relevant 
to nuclear energy. The IAEA Nuclear Energy Series is structured into four levels: 

(1) The Nuclear Energy Basic Principles publication describes the rationale 
and vision for the peaceful uses of nuclear energy. 

(2) Nuclear Energy Series Objectives publications describe what needs to 
be considered and the specific goals to be achieved in the subject areas at 
different stages of implementation. 

(3) Nuclear Energy Series Guides and Methodologies provide high level 
guidance or methods on how to achieve the objectives related to the various 
topics and areas involving the peaceful uses of nuclear energy. 

(4) Nuclear Energy Series Technical Reports provide additional, more 
detailed information on activities relating to topics explored in the 
IAEA Nuclear Energy Series. 

Each publication undergoes internal peer review and is made available to 
Member States for comment prior to publication. 

The IAEA Nuclear Energy Series publications are coded as follows: 
NG – nuclear energy general; NR – nuclear reactors (formerly NP– nuclear power); 
NF – nuclear fuel cycle; NW – radioactive waste management and 
decommissioning. In addition, the publications are available in English on the 
IAEA web site: 

 

www.iaea.org/publications 
 

For further information, please contact the IAEA at Vienna International Centre, 
PO Box 100, 1400 Vienna, Austria. 

All users of the IAEA Nuclear Energy Series publications are invited to 
inform the IAEA of their experience for the purpose of ensuring that they continue 
to meet user needs. Information may be provided via the IAEA web site, by post, or 
by email to Official.Mail@iaea.org. 
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FOREWORD
The IAEA’s statutory role is to “seek to accelerate and enlarge the contribution of atomic energy to 

peace, health and prosperity throughout the world”. Among other functions, the IAEA is authorized to 
“foster the exchange of scientific and technical information on peaceful uses of atomic energy”. One way 
this is achieved is through a range of technical publications including the IAEA Nuclear Energy Series. 

The IAEA Nuclear Energy Series comprises publications designed to further the use of nuclear 
technologies in support of sustainable development, to advance nuclear science and technology, catalyse 
innovation and build capacity to support the existing and expanded use of nuclear power and nuclear 
science applications. The publications include information covering all policy, technological and 
management aspects of the definition and implementation of activities involving the peaceful use of 
nuclear technology. While the guidance provided in IAEA Nuclear Energy Series publications does not 
constitute Member States’ consensus, it has undergone internal peer review and been made available to 
Member States for comment prior to publication. 

The IAEA safety standards establish fundamental principles, requirements and recommendations 
to ensure nuclear safety and serve as a global reference for protecting people and the environment from 
harmful effects of ionizing radiation. 

When IAEA Nuclear Energy Series publications address safety, it is ensured that the IAEA safety 
standards are referred to as the current boundary conditions for the application of nuclear technology. 

This publication is intended to support the sharing of knowledge and provide a platform for 
initiating well planned and focused site investigations in the large number of Member States with a 
need for disposal facilities for radioactive waste. Site investigation is a series of coordinated activities 
undertaken to understand and describe the nature of a site. In the context of this publication, it is a critical 
component of a siting process intended to discriminate between potential sites, with an ultimate goal 
to identify a suitable site for a repository and acquire the necessary authorizations for construction and 
disposal operations.

A particular objective of the publication is to ensure that site investigation efforts are founded on 
a clear understanding of data and information requirements. The data and information requirements 
are derived from many sources, including international obligations, national policy, legislation and 
regulations, stakeholder expectations and the nature of the proposed disposal concept. They also stem 
from the specific needs of specialists within a radioactive waste management organization, particularly 
those involved with safety assessment, repository design and environmental impact studies.

In addition the publication provides practical guidance on strategic and operational management for 
planning and implementing a site investigation project, including criteria that might be used to conclude 
a site investigation project. The publication also includes examples of established tools and techniques 
that might be used to acquire data and provide interpretations relevant to the production of an integrated 
understanding of a site for a prospective disposal facility. These examples are derived from several 
disciplines, with a focus particularly on geology, hydrogeology and hydrogeochemistry.

The IAEA is grateful to the experts listed at the end of the publication for their contributions to 
the drafting and review of this publication, in particular P. Degnan and R. Chaplow (United Kingdom) 
for substantially developing the initial draft as well as providing iterative updates based on the input of 
international experts.

The IAEA officers responsible for this publication were S. Mayer and H. Jung of the Division of 
Nuclear Fuel Cycle and Waste Technology.



EDITORIAL NOTE 

This publication has been edited by the editorial staff of the IAEA to the extent considered necessary for the reader’s 
assistance. It does not address questions of responsibility, legal or otherwise, for acts or omissions on the part of any 
person. Although great care has been taken to maintain the accuracy of information contained in this publication, neither 
the IAEA nor its Member States assume any responsibility for consequences which may arise from its use. Guidance and 
recommendations provided here in relation to identified good practices represent expert opinion but are not made on the 
basis of a consensus of all Member States. The use of particular designations of countries or territories does not imply 
any judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and 
institutions or of the delimitation of their boundaries. The mention of names of specific companies or products (whether 
or not indicated as registered) does not imply any intention to infringe proprietary rights, nor should it be construed as an 
endorsement or recommendation on the part of the IAEA. The IAEA has no responsibility for the persistence or accuracy of 
URLs for external or third party Internet web sites referred to in this book and does not guarantee that any content on such 
web sites is, or will remain, accurate or appropriate.
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1.  INTRODUCTION

1.1.	 BACKGROUND

Radioactive waste is produced during all stages of the nuclear fuel cycle, as well as during the 
manufacture and use of a wide range of nuclear materials and as a result of the decommissioning of 
nuclear facilities. At the time of writing, there are 31 Member States operating approximately 440 nuclear 
power reactors for electricity generation. These reactors and associated nuclear fuel cycle activities 
produce a wide range of radioactive waste materials, including spent nuclear fuel (SNF) where this is 
declared as waste. Three countries have nuclear power plants under construction for the first time and 
more newcomers are expected over the coming decade. In addition, several countries have inventories of 
radioactive waste derived from the previous use of nuclear power in electricity generation programmes. 
Other countries use nuclear energy for applications in research, industry, medicine and agriculture. 
Where recycling, reuse, exemptions, export, and decay storage are not feasible end‑of‑life management 
options, the IAEA encourages all Member States that generate radioactive waste to have in place policies, 
strategies, infrastructure and resources to safely and securely dispose of all of the waste generated within 
the country as this is a fundamental national responsibility.

There are many alternative disposal concepts that might be employed to deal with radioactive waste, 
and the choice of a particular option will depend on a number of factors. But in all cases the overriding 
objective with respect to radiological safety is to protect people and the environment from the harmful 
effects of ionizing radiation [1]. That said, the hazard posed by radioactive waste varies greatly depending 
on its characteristics. Consequently, where waste is segregated and to be disposed of in dedicated facilities 
for a particular category or group of categories of waste, safety measures may not need to be applied with 
the same stringency for every type of repository. For example, the way in which safety measures are 
applied for the disposal of very low level waste (VLLW) in a near surface repository with a very low 
associated radiological hazard to facility staff, the public and the environment, would be very different 
from the way in which measures would be applied for disposal in a deep geological disposal facility for 
high level waste (HLW). A self‑evident corollary of this fact is that the degree of effort required to apply 
and demonstrate safety during the planning, construction, operation and closure of a disposal facility 
would vary and this should be commensurate with the level of hazard posed by the waste, both now and 
in the future. This position is termed a graded approach; it is important to appreciate its significance when 
planning and implementing site investigations for disposal facilities.

Where disposal is selected as an endpoint in the management of radioactive waste, it will be 
necessary to ensure the inventory of concern is well characterized to determine a suitable disposal concept. 
However, knowledge of an inventory alone is not sufficient when deciding on the design of a disposal 
facility as it is also imperative that detailed site investigations be undertaken to provide a comprehensive 
understanding of the environment in which the facility will be situated.

Site investigation is used in this report as a general term for an activity or series of activities 
undertaken to understand the nature of a site, and site characterization means the investigative process 
used to more precisely describe the attributes of a site [2].1 In this sense, while both terms involve data 
acquisition and interpretation activities, site characterization is considered a particular aspect of site 
investigations that is focused specifically on describing the detailed nature of a site and its physical 

1	 Site investigations and site characterization are terms that are often used synonymously in the literature. Site 
characterization alone has a clearly defined meaning in the IAEA Safety Glossary [2]: “Detailed surface and subsurface 
investigations and activities at a site to determine the radiological conditions at the site or to evaluate candidate disposal 
sites to obtain information to determine the suitability of the site for a repository and to evaluate the long term performance 
of a repository at the site.”

1



processes, at the present time and in the relevant past. Typically, the characterization of a site is sufficient 
to address a particular purpose. For a disposal programme, this is ultimately to confirm whether or not the 
site is suitable for constructing and operating a repository and to support an evaluation of the long term 
performance of a disposal facility at the site.

Previous IAEA publications have separately addressed the issue of site investigations for near 
surface [3] and geological disposal facilities [4–6] and have also provided information about the use of 
nuclear geophysical techniques [7] and hydrogeological methods for site investigations [8]; this includes 
the most recent IAEA report on the subject, dated 2001 [9]. Since then, there have been significant 
developments in the science and technology associated with site investigation data acquisition and 
interpretation, as well as a deepening of management experiences in Member States. Of particular note, 
several radioactive waste management organizations (RWMOs) have now designed and undertaken 
extensive multidisciplinary and strategically focused site investigation projects for geological disposal 
facilities, for example: Ontario Power Generation and Nuclear Waste Management Organization in 
Canada; Posiva in Finland; Andra in France; the Federal Company for Nuclear Waste Management 
in Germany; Nuclear Waste Management Organization of Japan (NUMO); the Swedish Nuclear Fuel 
and Waste Management Company (SKB) in Sweden; Nagra in Switzerland; Nuclear Waste Services 
(NWS) in the United Kingdom (UK) (formerly Radioactive Waste Management, or RWM); and the US 
Department of Energy and Sandia National Laboratories in the United States of America (USA). The 
challenges and successes that arose as a result of these experiences are highly informative for others 
who are yet to undertake their own investigations. It is therefore timely for the IAEA to provide this 
compilation of lessons learned on the management of site investigations as part of an overall repository 
development process.

1.2.	 OBJECTIVE

This publication is intended to support the sharing of knowledge between Member States and 
provide a platform for initiating well planned and tightly focused site specific investigations in the 
numerous Member States with a need for disposal facilities for radioactive waste.

In advance of any decisions about the use of particular investigation technologies and techniques, 
it is essential that Member States considering the planning and implementation of site investigations 
go about the task in a strategically oriented manner, with a clear understanding of the reasons why site 
data and information need to be collected and how they will be used. Without this clear understanding 
and without sufficiently detailed planning, resource use (human effort, equipment, funding and time) is 
unlikely to be optimized, the rationale for decisions will be unclear and confidence in the implementing 
organization may be significantly diminished. There may also be safety implications. Thus the principle 
aim for this publication is to provide guidance to Member States on the need for an approach to the 
planning and implementation of site investigations that is requirements driven and to highlight the 
significance of key management issues to be addressed in designing and undertaking site investigation 
projects that are required to characterize sites for radioactive waste disposal facilities.

A second objective is to provide interested readers with relatively high level information on a 
range of data acquisition and interpretation technologies and techniques that are currently potentially 
available to support site investigations. It is emphasized that decisions concerning the choice of particular 
technologies and techniques will depend on specific national and local circumstances such as the data 
and understanding required (including the levels of accuracy and precision needed), the availability 
of equipment and personnel, the costs involved and the degree to which alternative and equally 
viable methods may exist. In all cases, suitably qualified experts should be used in the planning and 
implementation of the data acquisition and interpretation activities.

Guidance and recommendations provided here in relation to identified good practices represent 
experts’ opinions but are not made on the basis of a consensus of all Member States.
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1.3.	 SCOPE

This publication is primarily concerned with the provision of guidance concerning the strategic 
and operational management of site investigations for radioactive waste disposal facilities. As such, the 
discussion relates to a range of issues and circumstances, including:

(a)	 Disposal concepts: The management of site investigation activities described in this publication is 
particularly oriented towards applications for the underground disposal of radioactive waste in a 
geological repository. The rationale for this is that the site investigations required for near surface 
repositories can generally be considered as a subset of the investigations required for a mined 
geological repository. This reflects the fact that many of the activities undertaken to characterize the 
surface environment and the type of information required will be similar whether for near surface or 
geological disposal concepts. But for a near surface repository concept, the subsurface investigation 
needs will be much less than those necessary for a geological disposal facility in most cases. 
Furthermore, although the scope of site investigation technologies and techniques covered in this 
publication are principally focused on addressing requirements associated with geological disposal 
concepts, the strategic and wider management considerations that will be necessary in the planning 
and implementation of site investigation projects for geological and near surface repositories may be 
very similar. Therefore, the guidance is intended to be widely applicable and the reader is encouraged 
to consider the relevance of the information provided here for one’s own national situation, which 
might only be considering a near surface disposal concept at the current time.

(b)	 Characterization of the natural environment: Site investigations as part of a disposal facility siting 
process are necessary to describe the natural environment at a site (e.g. the topography, the nature 
of groundwater flow, the rock types and structures present, their geometrical relationships, etc.) 
and the socioeconomic features of a site (e.g. land use, local transport infrastructure, human habits, 
etc.). Furthermore, and depending on the stage and detail of the investigations, the concentrations 
and distribution of natural and artificial radioisotopes present at the site may also be required for 
establishing baseline radiological conditions. This publication pertains solely to the management of 
site investigations relating to the study of the natural environment. Consequently, site investigations 
related to socioeconomic factors and radiological monitoring are outside of the scope of the 
publication, as are issues concerning stakeholder engagement and societal consent (whilst strongly 
acknowledging the importance of this topic for effective strategic planning and for ensuring the 
successful implementation of site investigations [10]).

(c)	 Site investigations as part of the siting process: In this publication the distinction is made between 
site investigation activities to be undertaken as part of the siting process prior to an authorization 
for repository construction and any continued environmental monitoring and other site investigation 
activities that might continue once repository construction commences (i.e. that might be required 
to contribute to ongoing modelling efforts and enhanced confidence building for emplacement 
operations, closure and beyond). Post‑siting environmental monitoring and other site investigation 
activities are therefore excluded from the scope of this publication.

(d)	 Investigations at coastal sites: In some Member States, disposal programmes are being developed 
where a repository may be located at a coastal site, either under the land or under the seabed (but 
importantly, conceptual designs need to include underground access to a sub‑seabed repository from 
surface works on land to ensure conformance with international agreements and conventions). In 
such situations, extensive characterization of the marine environment and the sub‑seabed may be 
required. It is anticipated that much of the guidance provided in this publication will be applicable 
for repository programmes focused on inland and coastal settings. However, it is appreciated that 
additional specialist guidance beyond that available here may be required in relation to management 
issues and the tools and techniques to be applied in coastal settings where seabed and sub‑seabed 
characterization is anticipated.
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(e)	 Investigations in challenging environments: It is also recognized that site investigations may be 
required in particularly challenging environments. A challenging environment may be technically 
demanding and could include regions displaying a relatively high degree of geological complexity 
or a tectonically active terrain characterized by neotectonic faulting and/or volcanism. Whilst these 
situations are acknowledged and there are active site investigation projects currently under way in 
these types of environments, the challenges and solutions associated with them are not specifically 
addressed in detail here as each case should be appraised individually. Challenging environments 
may also reflect difficult operational climatic conditions, distance from labour markets and sparse 
transport infrastructure, etc. The choices and the consequences of logistical decisions to be made in 
such situations are not addressed here.

(f)	 Repository depths: Geological disposal is considered to take place in intact rock formations at depths 
greater than several tens of metres, with mined deep geological repositories (DGRs) for HLW typically 
considered to be located at depths between a few hundred metres to a thousand metres. The tools and 
techniques for use in site investigations for deeper repository concepts beyond 1000 m, including a 
deep borehole disposal concept with a disposal zone that may extend 5 km below the surface, are not 
specifically addressed in this publication. However, much of the management guidance provided is 
expected to be equally applicable.

(g)	 Emphasis on total system understanding: The principle scientific disciplines employed during 
site investigations for disposal facilities are related to the Earth sciences. More specifically, they 
include geology, hydrogeology, hydrogeochemistry, geophysics, rock mechanics, climatology and 
environmental studies. Information from all of these disciplines needs to be integrated to provide a 
holistic 3‑D and dynamic understanding of a site and its evolution, as well as an appreciation of the 
potential for natural disturbances to impact on the performance of engineered or natural barriers that 
may be part of a future repository system. This integrated system understanding is the basis for site 
specific radionuclide transport modelling that will ultimately determine the calculated dose and risk 
associated with a specific waste inventory and disposal concept.

(h)	 End user requirements: The data and understanding derived from site investigations are key inputs 
for developing a safety assessment and for confidence in the wider safety case. Site specific data 
and information are also critical for developing the detailed design of the engineering components 
of a disposal facility. The guidance on the management and use of data and information from a site 
investigation project in this publication is oriented especially towards satisfying the requirements 
for both of these areas. Although partially addressed, it does not focus in such great detail on site 
investigation data needs for supporting environmental impact assessments (EIAs). This is because 
such assessments may or may not be required in different Member States and, where they are required, 
the information needs are potentially highly variable. Furthermore, there are commonalities in the 
data and information needed to satisfy an EIA and for use in characterizing the biosphere to support 
a safety assessment.

(i)	 Management vs technical focus: This publication is primarily concerned with the management of 
site investigations for supporting safety assessment and repository design studies, with respect to 
strategic planning and for designing and controlling implementation activities. However, certain 
technical aspects of a site investigation project cannot be ignored as RWMO staff responsible for 
investigations need to be sufficiently knowledgeable about the availability and use of technologies 
and techniques so they can make informed decisions. There are often several alternative methods 
available to determine and describe physical properties at the surface or underground such as 
remote sensing, surface mapping, and subsurface in situ measurements on various scales and from 
measurements on samples in a laboratory. All such measurements provide data that have variable 
accuracy and precision and they are representative of natural conditions on varying length scales. 
Examples of some of the principle tools used in site investigations to date are provided, but the 
listing is not intended to be definitive or exhaustive and the choice of a particular method is expected 
to be selected on a site specific basis to reflect data requirements and resource availability.
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(j)	 Specialist topics: Lastly, concerning the scope of the report, it is recognized that the technical topics 
to be addressed during site investigations are very wide ranging and in a publication such as this it 
will not be possible to include equal consideration of every facet of a major site investigation project 
(e.g. one that might be developed to address the disposal needs of HLW and SNF from a nuclear 
power generating programme). Consequently, specialist planning and operational management of 
activities involving site specific research into colloidal transport, gas migration and the presence and 
impact of microbes, to name but a few topics, are not explicitly mentioned. It is, however, expected 
that most of the management guidance in this report is provided at a sufficiently high level that it 
would be broadly applicable in many technical areas.

1.4.	 STRUCTURE

After this introductory section, Section 2 provides an overview of site investigations for repository 
development, focusing on the evolution of understanding associated with management issues and their 
place in the overall waste disposal process.

Section 3 highlights a requirements driven approach as a key imperative for directing the planning 
and implementation of site investigations. Data and information are required from site investigations 
to support different aspects of a repository programme, such as the operational and post-closure 
safety assessments, repository engineering design studies and EIAs. Each of these will place various 
requirements on the data and information to be collected from a site investigation project and these 
requirements are addressed here. Section 3 also clearly sets out high level objectives and the broad scope 
of the various site investigation disciplines associated with a site investigation project, in relation to the 
geology, hydrogeology, hydrogeochemistry, rock mechanics, and the biosphere research topics.

An outline of the strategic planning process, as well as the various management planning activities 
and considerations that will be necessary to achieve a successful site investigation project are set 
out in Section 4.

In Section 5, information is provided on alternative ways to organize and structure a site investigation 
project to facilitate planning and the communication of activities.

The following two sections deal with data acquisition and processing (6) and with data analysis, 
interpretation and integration (7). Examples of tools, techniques, management approaches, issues, 
challenges and solutions are provided, as well as guidance on the development of conceptual and 
descriptive models.

Prior to Section 9, which provides a series of conclusions, Section 8 briefly suggests the basis 
for a decision to conclude site investigations undertaken as part of the siting phase of a repository 
development programme.

Finally, several case studies are provided in the Annexes as examples of where various issues 
and challenges associated with the management of site investigations have been recognized and dealt 
with in Member States with experience of mature site investigation projects. These experiences are 
complementary to the main body of the report and provide essential lessons learned for others.

1.5.	 USERS

There is a wide spectrum of capabilities and experience in organizations responsible for radioactive 
waste disposal across the globe. The level of maturity of a disposal programme generally reflects the 
nature of the nuclear infrastructure present within a country and the length of time a nuclear programme 
has been in place, as well as the availability of resources and the degree of government support. Different 
radioactive waste inventories will require different disposal solutions to be available at different times, 
typically reflecting the hazard posed by the characteristics of the waste and its volume. This publication 
is intended to have value in Member States with developed and less well‑developed programmes and for 
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all types of radioactive waste and for near surface and geological disposal concepts (although primarily 
oriented towards site investigations for geological disposal, as noted above).

Regardless of the nature of the inventory for disposal and any preference for a particular disposal 
concept, this publication will be of interest to senior decision makers, scientists and engineers working 
within organizations charged with the planning and implementation of site investigation projects 
intended to lead to the disposal of radioactive waste (i.e. working within RWMOs). Other organizations 
may be charged with responsibility for initial planning in advance of a dedicated RWMO being 
established (e.g. waste producers or scientific and nuclear research institutes) and this publication is also 
intended for their use.

In addition to aiding staff within RWMOs responsible for the planning and implementation of site 
investigations, professionals in technical support organizations and those working within regulatory 
authorities will also benefit from accessing the report. The report is also expected to have relevance for 
decision makers in national and local governments as well as academics and other stakeholder groups 
including students and interested members of the public.

Although the publication deals with many specialist technical areas that involve the use of 
sometimes complex data acquisition technology and interpretation methods, it is intended to be readily 
understandable by anyone with a basic interest in site investigations and geoscience. 

2.  SITE INVESTIGATION: AN OVERVIEW

2.1.	 INTRODUCTION

The IAEA, through its Safety Standards Series, sets out fundamental safety principles [1], specific 
safety requirements [11] and related guidance relevant to the disposal of radioactive waste in dedicated 
facilities [12–14]. These Safety Standards are complemented by various IAEA technical publications 
including the Nuclear Energy Series which, at the highest level, present the nuclear energy principles [15] 
and radioactive waste management objectives [16]. In addition to these references, which provide a basic 
framework for developing any radioactive waste disposal programme, the IAEA provides a generalized 
radioactive waste classification scheme that relates the activity and half‑life of the radionuclides in a 
waste inventory to broad disposal options [17]. This defines six classes of waste: exempt waste (known as 
EW), very short lived waste (known as VSLW), VLLW, low level waste (LLW), intermediate level waste 
(ILW), and HLW.

Radioactive waste arises from the generation of electricity in nuclear power plants, from nuclear fuel 
cycle operations including the reprocessing of SNF, from other activities in which radioactive material is 
produced or used (e.g. sealed radioactive sources), from the decommissioning of nuclear facilities and 
from the remediation of contaminated sites.

Depending on its origin, radioactive waste occurs in a variety of physical and chemical forms with 
different characteristics including radioactivity content and the rate of decay of the radionuclides present. 
A common characteristic of all radioactive waste is its potential to present a hazard to people and the 
environment. It is imperative, therefore, that radioactive waste is to be safely managed to reduce any 
associated risks to acceptable levels. Effective radioactive waste management considers the complete 
chain of activities from waste generation to ultimate waste disposal. These activities successively cover 
the processing and handling of each waste stream to produce stable and solid waste forms, reduced in 
volume and immobilized as far as practicable and placed in suitable casks, drums or other containers to 
facilitate their storage, transport and ultimate disposal.
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The preferred strategy for the management of all radioactive waste destined for disposal is to contain 
(i.e. to confine radionuclides within the waste matrix, the packaging and the disposal facility) and isolate 
it from the accessible biosphere. However, it is important to note there are a number of possible endpoints 
in the management of radioactive waste, of which disposal is only one. These end points also include 
decay storage, exemption and clearance, recycling and reuse, as well as the possible export of waste under 
certain circumstances. It is also important to stress that storage of radioactive material not suitable for 
clearance is not a permanent management option, because it can only ever be an interim solution and not 
an endpoint in itself.

Different disposal options exist for radioactive waste, which may broadly be classified into:

	— Near surface disposal suitable for VLLW and LLW;
	— Geological disposal suitable for ILW, HLW and SNF declared as waste (note however that to reflect 
national preferences, VLLW and LLW may also be disposed of in geological disposal facilities).

While there is no precise numerical value that allows to group a disposal facility as either a near 
surface disposal or a geological disposal, the depth of disposal relative to the surface is an obvious 
indicator. Near surface disposal facilities are typically sited on or above the surface or in trenches 
excavated into the ground or located underground in natural caverns or engineered facilities constructed 
at depths of up to several tens of metres from the surface. Consequently, a definition of geological 
disposal would be waste emplacement at depths in excess of about 30 to 50  m from the surface in 
consolidated rock environments. Geological repositories can be subdivided into facilities that are situated 
at intermediate or deep depths. The subset of geological disposal facilities termed DGRs are typically 
constructed at several hundred metres deep (generally considered between 200 to 300 m to a maximum 
of 1000 m, although this could, in principle, be deeper if required, depending on the nature of the rock 
environment and the engineered system). Consequently, intermediate depth disposal facilities would be 
located at depths of between approximately 30 to 50 m and 200 to 300 m. It is important to note, however, 
that depth alone is not sufficient to demonstrate the adequate containment and isolation of a specified 
radioactive waste inventory intended for disposal. Rather, it is the overall performance of the disposal 
system that is important, reflecting the collective behaviour of engineered and natural barriers, as well as 
distance from the surface.

VLLW and LLW inventories contain low activity and relatively short lived waste, although they 
may contain small quantities of longer lived waste dispersed over a large repository volume. They present 
a potential hazard for durations generally not exceeding a few centuries and so can safely be contained 
within a suitable near surface facility. Approximately 140 near surface disposal facilities have been 
successfully sited worldwide and are in operation or already closed. ILW, HLW and SNF declared as waste 
present a greater potential hazard than found in waste acceptable for disposal in near surface repositories 
(i.e. LLW) due to higher activity levels and the presence of radionuclides with longer half‑lives. They 
therefore require disposal in a geological environment capable of ensuring long term safety without 
human intervention (i.e. demonstrating passive safety) for thousands or even hundreds of thousands of 
years. Several geological disposal facilities for LLW and ILW are in operation worldwide (e.g. Germany, 
Republic of Korea, and USA) and a few countries (Sweden, Finland, and France) are well advanced in the 
development and licensing of deep geological disposal facilities for HLW and SNF.

Despite these successes, and despite scientific consensus that indicates we have the technology 
and understanding required to safely site, construct, operate and close a geological disposal facility, the 
implementation of geological disposal strategies for HLW and SNF declared as waste remains one of the 
greatest ongoing challenges in the management of radioactive waste in many Member States. There are 
several explanations for the difficulty and delay in implementing geological disposal solutions for these 
waste types at a suitable site and in a timely manner. In many instances the key reasons are generally 
accepted to relate to sociopolitical concerns, especially societal acceptance and political will, but the 
fact that the costs and infrastructure requirements for developing a mined geological disposal facility are 
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appreciable is also an important factor hindering progress in many Member States, especially those with 
relatively small volumes of high activity and long lived radioactive waste.

Figure 1 illustrates the relationships between the key factors that influence the choice of a potentially 
suitable disposal concept and site. It is to be recognized that the waste inventory characteristics are the 
starting point for considerations of a suitable disposal concept and may have a significant bearing on the 
nature of the conditions required from a site, as well as impacting on the repository design. At the same 
time, a preference for a specific type of repository design may be an important consideration in selecting 
appropriate biosphere and geosphere conditions for siting a repository, while the site itself would dictate 
some of the detailed design elements of an engineered facility, such as the locations of buildings and 
roads on the surface and the layout of disposal arrangements. Disposal concept choices that take into 
account these three factors (inventory, site conditions and repository design) will also be affected by 
wider sociopolitical considerations and expectations, as well as regulatory requirements that would stem 
from national policy choices and safety and security considerations.

Various rock types are potentially suitable for hosting a repository, and safety cases have been 
developed for disposal in crystalline (e.g.  granite and metamorphic rocks in Sweden and in Finland) 
and sedimentary (e.g.  indurated clay rocks in France and Switzerland and salt rock in the USA and 
Germany) environments. Table 1 presents illustrative rock types2 and some of the properties associated 
with them (relevant for investigating, constructing, operating and closing a geological facility and for 
limiting radionuclide transport), noting that there may be a wide variation in some of these properties and 
characteristics even within a single rock type and over time. 

It should be noted the rock categories listed in Table 1 are general and may contain a high degree of 
variation in terms of properties, especially clays (from very plastic to indurated claystone) and sandstones. 
For example, the degree of consolidation, cementation, deformation history and weathering in a sandstone 

2	 Other rock types have also been considered for hosting a repository, such as basalt, volcaniclastic and various 
metamorphic rocks.
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may significantly alter rock strength, flow mechanism and hydraulic conductivity (e.g. fractured sandstone 
may display matrix flow and fracture flow).

It is also noted that all rock types can have less than ideal individual attributes (properties) associated 
with them, but the suitability of a rock to host a repository does not generally depend only on a single 
property or even a group of characteristics. Rather, it is essential to consider the performance of the 
disposal system in its entirety, including the nature of any surrounding rocks, as any deficiencies in one 
or several individual properties associated with a particular type of rock may be more than adequately 
compensated for by other physical attributes or by engineered solutions.

It is emphasized that it will never be possible to find ‘the best’ or ‘the safest’ site on the basis of 
rock properties, because it will be impossible to investigate and determine the detailed nature of every 
possible site, as would be necessary to allow such an absolute comparison. Instead, the key will be to 
find a site that provides assurance that the required level of system safety and performance can be met 

9

TABLE 1. ILLUSTRATIVE PROPERTIES AND CHARACTERISTICS OF ROCK TYPES

Sedimentary Crystalline

Clay Salt Sandstone Granite

Hydraulic conductivity 
(including dominant 
flow mechanism to be 
expected and degree of 
uniformity)

Very low to 
negligible 
(matrix); 
Homogeneous at 
DGR scale 

Very low to 
negligible 
(through 
intercalated 
sediments only); 
Homogeneous at 
DGR scale 

Moderate to very 
high (matrix); 
Heterogeneous at 
DGR scale

Very low to negligible 
(matrix); 
Very low to very high 
(fracture); 
Heterogeneous at DGR scale

Dominant solute 
transport mechanism

Molecular 
diffusion

Molecular 
diffusion

Advection–
dispersion  
(matrix flow)

Advection–dispersion 
(fracture flow)

Dissolution potential Very low High Very low Very low

Geochemical stability 
at depth & likely redox 
conditions

Stable;
reducing

Stable;
reducing

Stable; 
reducing

Stable; 
reducing

Sorption capacity Very high Low Low to moderate Low to moderate

Thermal conductivity Low High Moderate Moderate

Rock strength Low to high Low Moderate to high High to very high

Deformation behaviour Plastic to brittle Visco-plastic Brittle Brittle

Construction 
experience at DGR 
depths

Low to moderate High Low High

Post-closure safety 
dependence on 
engineered barriers

Low Low Depends on host 
rock

Low to high

Note:	 Clay, salt and granite are examples of rock types typically considered for hosting a geological disposal facility. 
Sandstone properties are also provided as an example of a rock type that might be found above or surrounding 
a host formation.



(e.g. by meeting regulatory safety requirements) and is acceptable to decision makers and the majority 
of stakeholders.

Lastly in this introduction, four principal areas where data and information derived from site 
investigations are to be used within a disposal programme are introduced, namely: (i) in safety 
assessments; (ii) in repository design and engineering studies; (iii) for use in EIAs; and (iv) more widely, 
to demonstrate scientific understanding and promote confidence in the safety case for a disposal facility 
and for supporting dialogue with stakeholders (Fig. 2). The application of data and information in each 
of these areas will reflect specific needs, but much of the data and information to be collected from a site 
investigation programme will have multiple uses (shown by the overlapping domains in Fig. 2). Section 3 
presents in more detail the information requirements established by the end users of the information.

2.2.	 EVOLUTION IN THE MANAGEMENT OF SITE INVESTIGATION PROJECTS

This publication emphasizes a requirements driven approach to site investigations, reflecting data 
collection and interpretation for a specific need that advances a repository development programme. This 
approach has been gradually gaining momentum since the 1990s as research requirements to support a 
demonstration of safety have become better understood and the need for the efficient and effective use of 
scarce resources has become even more pronounced.

During the initial development of nuclear power programmes and the growing use of nuclear 
applications in medicine, research and industry during the 1950s and 1960s, considerations about what to 
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FIG. 2. The relationships among the four principle areas in which data and information from site investigations are to be 
used (according to end users).



do with radioactive waste were typically secondary to ensuring that the benefits of nuclear energy were 
being made available. Waste management, and in particular disposal, were often afterthoughts to be dealt 
with later. Consequently, numerous problems arose such as:

	— Radioactive waste was not properly characterized as it was generated;
	— Waste generation and tracking were not controlled;
	— Solid and liquid waste accumulated without adequate conditioning;
	— Loss of control (ownership) of disused sealed radioactive sources;
	— Waste stored on an ad hoc basis under unsuitable conditions;
	— Waste processed without consideration of waste acceptance criteria for disposal;
	— Unlicensed or unsafe disposal;
	— Unclear links and responsibilities among the institutions involved in waste generation and 
management;

	— Financial liabilities not defined and insufficient allocation of funds for waste management;
	— Political ambiguity and lack of commitment;
	— Difficulty to obtain social consent for the construction of new nuclear power plants and other 
facilities because no suitable endpoint solutions defined for existing waste.

In relation to planning for disposal facilities, the earliest advisory committees charged with studying 
disposal options recognized that finding suitable geological conditions would be required to contain, 
delay or retard any radionuclides that might potentially migrate from disposal facilities in harmful 
concentrations to people and the environment. However, details in terms of relating engineered and 
natural barrier safety functions and performance with other system components were generally poorly 
defined. Furthermore, regulatory guidance and oversight was often sparse or missing. Consequently, in 
early site investigations there was a tendency to collect all the natural system data that could be collected, 
in anticipation of it having some use in the future.

Experience highlights another feature of early radioactive waste disposal programmes. It is now well 
appreciated that a RWMO responsible for undertaking site investigations for a repository development 
programme will need to have an appropriate level of competence and capability in the earth and physical 
sciences available to be able to act as an intelligent client for geoscientific and wider research services. 
In the past, in cases where the detailed planning and implementation of site investigations had to be 
undertaken by, or outsourced to, academic institutes and research oriented technical support organizations 
(sometimes called TSOs), the entity responsible for disposal sometimes did not have sufficient internal 
competence or experience in the production of technical specifications nor for managing field operations 
and reviewing results. Consequently, there was a danger that the work would not be sufficiently focused 
on meeting the direct requirements of the disposal programme. As a result, data and information of 
marginal value was sometimes collected, resulting in an inefficient use of resources.

The key to limiting the potential for unfocused research during site investigations and to avoid the 
collection of data for its own sake, is to ensure the following:

	— Site investigation projects are well planned and driven by specific requirements;
	— The RWMO has a sufficient body of competent and experienced staff to enable it to act as an 
intelligent client for outsourced services (i.e. sufficient to define the work that needs to be done, 
discriminate between alternative approaches, and to critically manage and review the work as it 
proceeds).

Another major development in the evolution of radioactive waste disposal programmes, especially 
since the 1980s, is the recognition of the need for an iterative and intimate relationship between the 
planning, acquisition and interpretation of site data on the one hand, and their use in safety assessments 
and repository design studies on the other. As an example, in the past it was sometimes the case that 
geoscientists would presume what data and information would be needed to complete a safety exercise that 
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examined the consequences of postulated radionuclide migration through the geosphere, based on their 
experience of what data was available, what could feasibly be acquired, what was geologically of interest 
and what was relevant. Consequently, they would decide what data to collect in the field, often without 
regard for parameter uncertainty evaluations or quality control (QC) and then undertake interpretations 
as needed. Conversely, radiological consequence modellers would develop safety assessment methods 
with incomplete knowledge about the type and quality of data they required, what was feasible or the 
nature of geological processes that could impact on risk and their interactions. Therefore, on the one hand 
requests made by safety assessment modellers for information from geoscientists were often incomplete 
or otherwise unsatisfactory and, on the other hand, data provided by the geoscientists were sometimes 
delivered, but not wanted or of limited value, or sometimes not delivered at all (Fig. 3). It is apparent that 
these dangers still exist with regards to immature disposal programmes.

Today, data are typically acquired during site investigations by specialists working in the Earth 
sciences. That data are then processed and interpreted to provide secondary data and information. Process 
models are often employed to address specific questions and evaluate the significance of observations 
and data. At some stage, the data and information derived from a site needs to be provided to safety 
assessment specialists who further analyse the significance and meaning of the site data and information 
with a view to evaluate the dose or risk of harm arising from the release of radionuclides from a repository. 
A simplified illustration of the links from data collection through data processing and interpretation to 
their use in the derivation in dose and risk estimates via risk assessments is provided in Fig. 4. However, 
the simplified process shown in Fig. 4 is not a one time or one‑way activity and Fig. 5 better illustrates 
the actual process for data acquisition and interpretation in more detail, as observed in mature repository 
development programmes today.

The starting point for a site investigation programme at a specific site is an initial hypothesis 
regarding site conditions, generally based on a literature survey or expert judgement, and the definition 
of information requirements derived from regulatory requirements together with any additional needs 
relating to safety assessment, environmental impact studies and repository design studies. Based on 
these defined needs and an initial hypothesis, a gap analysis is undertaken, comparing the required site 
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FIG. 3. Data provision and requirements specification between geoscientists and safety assessment modellers in immature 
repository development programmes (adapted from information provided by Nagra).



data and understanding to the current state of knowledge. This results in a data acquisition plan that in 
turn leads to the implementation of the various site investigation surveys and other activities. Relevant 
data are acquired, processed and interpreted and the results are compared against the initial hypothesis 
and any predictions established prior to the start of investigations. It is essential that the reasons for 
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FIG. 4. Simplified illustration of the links between data acquisition during site investigations and their use in the derivation 
of dose and risk as end points in safety assessment.

FIG. 5. The life cycle of a site investigation project showing the interactions among components of the iterative loops 
that need to be established as part of a site investigation project for the provision of data and understanding and the 
identification of remaining uncertainties and knowledge gaps [18] (reproduced courtesy of NDA, UK).



the identification of any poor fits between data and predictions are explained in terms of parameter 
uncertainty and/or a deficiency in process understanding. Depending on the strength of correspondence 
between data and predictions, and the reasons for a mismatch, the initial hypothesis and an assessment 
of site understanding are updated. Additionally, supporting process models would be revised to support 
further predictions of system behaviour. These comparisons of data against predictions and model updates 
would generate a recognition of remaining or new gaps in knowledge and this would be used to drive 
another round of data acquisition activity. This circular and iterative process may be followed any number 
of times until there is sufficient understanding to allow completion of the site investigations. A decision 
about when it would be possible to exit the iterative loop would be based on sufficient data being available 
and satisfactory site understanding existing to address repository design needs and demonstrate whether 
or not site construction and performance would conform with any regulatory requirements (see Section 8 
for further discussion of criteria that might be used to define completion).

There should be close ongoing collaboration between site investigation and the safety assessment 
personnel throughout the investigations to transfer data and agree on the significance of outstanding 
uncertainties,3 as well as the nature of, and interactions between, physical processes that might impact the 
engineered and natural system barrier safety functions and the potential migration, retardation and uptake 
of radionuclides. Safety assessment modellers would also be closely involved with site investigation 
personnel to agree and refine conceptual models of site behaviour and evolution. After the periodic and 
formal transfer of data and information, safety assessment calculations should be updated in parallel with 
the site investigation activities to assess the impacts of the enhanced understanding on dose and risk. As 
part of this effort, the site investigation and safety assessment personnel should collaboratively establish 
where missing and uncertain data may have to be obtained from further site investigation efforts, by 
seeking expert judgement or from research undertaken at other sites (e.g. field experiments or the use of 
natural analogue studies).

It is emphasized that it is not sufficient for site investigation personnel to simply transfer data 
without context, nor for safety assessment personnel to request additional site data without explaining the 
need. A close working relationship is also necessary between site investigation staff and those involved in 
developing the wider safety case and, more specifically, with repository design personnel. Some RWMOs 
have developed dedicated processes and permanent coordination teams to ensure close collaboration 
among the various groups.

In relation to the development of scenarios for the future evolution of a repository system and the 
potential impact of dynamic biosphere and geosphere conditions on engineered and natural barriers, and 
on potential radionuclide migration pathways, the importance of demonstrating geosphere stability and 
identifying possible system perturbations (natural and human) has become much more apparent since 
the 1970s and 1980s. It has long been an established geological axiom that the past is the key to the 
present; past and present conditions at a site are also a key to understanding possible future conditions. 
The practice of predicting geological trends on the basis of observations and interpretations of the past 
is critical for the development of time varying conceptual and long term numerical models based on 
alternative, but plausible, site evolution scenarios required for post‑closure safety assessments. There has 
been tremendous progress in this area in recent decades as understanding of the natural environment has 
grown and computational power has multiplied. A summary of some of the natural long term processes 
and events that might impact scenario development for a DGR system in the UK is provided in Ref. [19].

The use of underground research laboratories (URLs, or underground research facilities, URFs) is 
another area that has grown as their potential to support repository development programmes has become 
apparent. Ever since early URLs were constructed, such as Whiteshell in Canada (operational in a 
crystalline rock environment between 1985 and 2010), Stripa in Sweden (constructed in crystalline rock, 
operational from 1976 to 1992), and Tono in Japan (sedimentary rock, 1986 to 2004), URLs have been 

3	 There will likely be many uncertainties recognized during site investigations, but not all of them will be significant 
and hence lead to further site investigation work. For example, if a large uncertainty has a negligible effect on the performance 
of the system in terms of safety, it may not be necessary to gather more data.

14



used not only to investigate the 3‑D in situ characteristics of a rock mass, but also to identify and improve 
suitable equipment and demonstrate the development of novel techniques and operational processes. Over 
time, experiments and demonstrations have become more sophisticated as the tools for data collection 
and the use of interpretation methods have advanced in line with understanding of natural safety relevant 
processes. These have not only increased confidence in the safety of repository systems but have also 
in many cases enhanced cost effectiveness. A further development has been the recognition that URLs 
may have an important role to play in generating wider stakeholder confidence and acceptance, well 
exemplified by the success of the Äspö visitor centre in Sweden and the Bure visitor centre (at the Meuse 
& Haute‑Marne Centre: CMHM) in France.

The last significant evolutionary factor to mention has been the recognition of the need for more 
detailed and strategically focused planning and management of site investigations regardless of the 
magnitude of the task, while remaining aware of the need for a graded approach. This development has 
been driven by a greater emphasis on the demonstration of the safety of a repository system, but it is 
also a response to the need to ensure the optimal use of scarce resources and to reflect the growth in 
stakeholder requirements and expectations, especially those originating from the public, regulators and 
funding bodies.

2.3.	 SITE INVESTIGATIONS WITHIN A RADIOACTIVE WASTE DISPOSAL PROGRAMME

A programme for radioactive waste disposal begins as soon as a decision making entity (e.g.  the 
national government) formally commits as a matter of policy to dispose of radioactive waste as a 
management end point. However, a repository programme can be considered to truly begin only once 
an organization has been established and charged with the authority and responsibility to dispose of the 
radioactive waste. In addition to having a suitable mandate, sufficient resources are essential to enable the 
organization to carry out its mission.

At its simplest level, a repository programme comprises three stages (Fig. 6): (i) the preoperational 
period prior to waste emplacement; (ii) the operational period which begins as soon as first waste 
emplacement commences; and (iii) the post‑closure phase, the period after a repository has been 
backfilled and sealed.

Siting is the process of selecting a suitable site for a disposal facility and it begins as soon as a 
decision is taken to investigate potential regions or sites to host a repository. Siting terminates when the 
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FIG. 6. Timeline in the development of a repository programme [12].



suitability of a site has been confirmed, an authorization has been provided by a regulatory body for the 
construction of a repository and a final decision is taken to construct the facility at the chosen site. The 
goal of siting is therefore to select a suitable site for hosting a disposal facility and to obtain the necessary 
authorizations to construct a disposal facility. This requires the provision of evidence to demonstrate the 
suitability of a site in the following three areas.

(1)	 Safety and environmental suitability:
	— Demonstrate, through the application of the concepts of passive safety and defence in depth, 
that the site has characteristics which, when combined with the facility design and the nature of 
the waste inventory, adequately isolate and contain the waste or otherwise limit the occurrence 
in the biosphere of any radionuclides derived from the repository that might be released in 
potentially hazardous concentrations, for a period of time that is appropriate to that posed by 
the waste hazard due to its toxicity and half‑life;

	— Demonstrate that the complexity and stability of the geology and hydrogeology of a site would 
not adversely affect confidence in interpretations;

	— Demonstrate that the proposed development would have acceptably low environmental 
impacts.

(2)	 Construction and operational suitability:
	— Demonstrate an appropriate level of resource availability for the duration of the repository 
development programme (human, financial and equipment);

	— Demonstrate that there is or would be satisfactory access to a site (in terms of land ownership 
and transport infrastructure) and adequate space for operations at the surface;

	— Demonstrate that the nature of the site would not present unreasonable demands on construction;
	— Demonstrate that the site would not present unreasonable demands on emplacement operations;
	— Demonstrate that the repository could be successfully sealed at the end of emplacement 
operations.

(3)	 Societal and political acceptability:
	— Demonstrate local community acceptance;
	— Demonstrate national approval and acceptance.

The main tool used to present evidence of site suitability and to demonstrate confidence in the 
safety of the disposal concept is the safety case [20]. A safety case may be supported by a complementary 
environmental impact statement or the two might be combined into one overall environmental safety case 
for presentation to regulators.

The starting point for siting can be anywhere on a continuum ranging from the full national map to 
one or a short list of a priori preferred sites. For further reference, these two end members for the siting 
strategy are labelled as: 

	— Site screening starting from a national map;
	— Preferred site (or list of sites) with a priori favourable characteristics.

The first approach (Fig.  7) comprises initial desk based studies that consider the potential for 
large regions (possibly countrywide) to host a repository. Using a range of predetermined and agreed 
exclusionary criteria and possibly also using avoidance and suitability criteria, prospective search areas 
within those regions would be identified and subject to further studies.4 After a comparison against 
discriminating criteria, search areas would be successively screened out until a relatively small number 
of areas containing prospective sites are identified. In turn, these sites would then be considered for 
their potential suitability to host a repository based on preliminary ground based investigations. Once an 

4	 These further studies would likely comprise more detailed desk based studies and possibly limited field surveys 
and other data acquisition methods.
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acceptable level of data and site understanding has been established for each site,5 the criteria, possibly 
supported by preliminary safety assessment modelling, which is recommended, would be used to screen 
out more sites from further consideration.

The number of sites selected at each stage and the number of rounds of screening depend on national 
circumstances and decisions, not least of which would be a siting effort proportionate to the hazard posed 
by the waste (i.e. application of a graded approach). This would lead to a choice to characterize in detail 
only one or at most a few of those remaining sites until the final choice of disposal facility location is 
made through site confirmation.

The other siting approach begins with one or a short list of sites with a priori favourable characteristics 
such as volunteerism, land ownership, the presence of existing nuclear facilities (potentially strengthened 
by proximity to storage of a major part of the national waste inventory), or takes advantage of a site 
that was previously investigated well. The preferred site is then characterized in detail and evaluated to 
ensure it meets safety and other requirements for disposal. Application of this approach allows one to 
move straight from the conceptual planning stage to detailed site characterization at the preferred site. It 
is important to bear in mind that the field investigations in this case would be progressively advanced, 
as described elsewhere in the publication (i.e. prioritized and carried out in phases). In particular, any 
indicators that suggest the site may not be suitable should be investigated early on.

For many large scale geological disposal programmes the siting approach iteratively focusing on 
smaller areas from an initial countrywide or regional search area has often been used), while especially for 

5	 Section 8 provides some discussion on when sufficient data and understanding might exist for site screening. 
During a site comparison process, it is generally accepted that the level of understanding between sites should be comparable 
prior to an assessment of potential suitability. However, it is recognized that under some circumstances the selection process 
may allow for deviation from this assumption.
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FIG.  7. A screening strategy involving desk studies of large regions to identify search areas of promise for hosting a 
repository (A), then focusing in on these areas (B) and, in turn, identifying several sites for preliminary investigation (C). 
Finally, one or a very small number of sites are selected for detailed site characterization (D).



near surface repository programmes, the targeted approach identifying a preferred site has been followed. 
It is noteworthy that there are several variants on the two approaches illustrated above and the choice as to 
which should be followed would be based on national decisions.

In the second half of the twentieth century, site selection for a radioactive waste disposal 
facility was typically part of a decision making process that did not necessarily involve the public or 
other key stakeholders until very late in the process, if at all. Sites were selected without widespread 
consultation, the decision on a site was declared (or in some cases kept secret) and if and when concern 
was voiced, the siting decision was strongly defended with little opportunity offered for finding an 
alternative. This strategy has been termed the decide–announce–defend approach. It has been found to 
be counterproductive in a number of Member States. As a result, a more open and inclusive approach 
evolved whereby, on the basis of preliminary studies and technical criteria, regions or large areas were 
identified as being potentially suitable to host a repository. Then, prospective communities within those 
regions were approached to enquire whether or not they would be willing to consider hosting a facility, 
should suitable site conditions be established. This approach, termed the techno–socio approach to siting, 
has been successful in some Member States, but has not resulted in the approval of sites in other States 
where it has been tried. Consequently, a further step has been taken in some Member States whereby 
all communities in a country are invited to consider their willingness to host a repository, regardless 
of any initial assessment of technical suitability. On the basis of a community expressing an interest, a 
full discussion of the implications of hosting a repository and a review of the suitability of the local site 
characteristics ensue, leading to an informed decision by the community as to whether or not to move 
forward in collaboration with the proponent. The host community is commonly provided with resources 
to enable independent technical advice to be provided and has designated veto rights. This siting approach 
has been termed full volunteerism and, under the right conditions, it can result in a comprehensive 
partnership between the RWMO and a host community. However, there is no guarantee that a ‘suitable’ 
host community might come forward. Furthermore, at some point, relinquishing veto rights is inevitable.

The above presentation of siting approaches and the range of considerations is a gross 
simplification of the actual process adopted in Member States that have carried out such studies. Many 
examples of successful and unsuccessful siting approaches can be found in the literature. The Nuclear 
Decommissioning Authority (NDA) in the UK has published a useful report comparing the various siting 
approaches adopted in a number of countries [21].

Regardless of the siting strategy and the decision making process adopted, a structured approach 
that has widespread support should be agreed on in advance. The various countries that have undertaken 
siting exercises have tended to follow a phased approach involving stages separated by key decision 
points. Figure 8 illustrates the four main stages in a siting process using a screening approach [12]. After 
initial concept development and planning, one or more large regions of interest are selected to identify 
smaller candidate areas with potentially many sites (area survey stage). These sites are in turn screened 
on the basis of predefined criteria, mainly through desk studies and possibly some limited field surveys, 
to leave a manageable number of sites that could be investigated more thoroughly by surface based 
investigations and possibly through limited borehole investigations (site investigation stage). After further 
screening, more detailed surface based and subsurface studies are then carried out on a single site or a 
small number of sites (typically up to three sites, but no maximum is prescribed) during the detailed site 
characterization stage until a single site is chosen and an application is made to authorize construction of 
a repository. The following subsections presents more information about the stages that could be used in 
such a phased screening approach to siting.

2.3.1.	 Conceptual planning stage

The first phase of any siting programme is the conceptual planning stage, shown in Fig. 8. This 
involves the identification of potentially suitable disposal concepts, in line with defined boundary 
conditions such as the nature of the waste inventory and national policy, and also high level strategic 
planning for the site investigations. It is also during this phase that criteria should be established to assess 
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the potential for a site to host a repository. The organization charged with defining the site selection 
criteria might be the RWMO or might be an independent body selected by government.

In a progressive screening approach to siting, the initial selection criteria would typically include 
regional considerations that would exclude an area or a site from receiving further attention at an early 
stage, such as one with a risk of major seismic activity compromising activities during construction or 
emplacement operations or impacting the long term containment function of natural and engineered 
barriers. Other factors that could be of early concern include potential volcanic activity or the presence 
of other natural hazards such as flooding, tsunami and rock fall, or the presence of exploitable resources 
that might prevent a site from hosting a geological disposal facility. Socioeconomic criteria may also 
be used for high level screening, such as proximity to population centres, the lack of existing transport 
infrastructure and an embargo on investigating areas of special cultural, scientific or ecological interest. 
In addition to deciding on exclusionary criteria, ‘preferential’ criteria might also be developed during the 
conceptual planning phase of a siting effort, relating to favourable geology, hydrogeology and topography. 
General siting criteria for a geological disposal facility are provided in [12].

The site selection criteria that are chosen should be developed in accordance with national regulatory 
requirements and take into account wider stakeholder interests and needs. The choice of criteria is 
generally best undertaken in an open and transparent manner and it may be appropriate, depending on 
the national context and the particular circumstances of the disposal programme, to include a wide range 
of stakeholders in the decision making process. It is also to be noted that exclusionary criteria based on 
quantitative threshold values for single parameters (e.g. hydraulic conductivity, fracture frequency, etc.) 
are generally best avoided as the safety of a site never depends on the value of a single property, rather it 
reflects the behaviour of the total integrated engineered and natural repository system.

2.3.2.	 Area survey stage

For a siting strategy that focuses in on smaller areas, from large regions to specific sites, the next 
phase would comprise a review of one or more areas within a country. In this context, an area might be 
an administrative unit or it might be defined by natural characteristics. Consequently, the size of an area 
is not defined, but it would generally be large enough to contain several prospective sites. These areas 
would be determined largely on the basis of desk studies involving a review of existing information. The 
information collected at this stage would have to be sufficient to allow: (i) a fair comparison between 
the areas; and (ii) the screening out (exclusion) of some areas plus the identification of smaller areas and 
specific sites that show promise and that would be suitable for more detailed investigations.
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FIG. 8. The four main stages in a siting process [12].



At some point, literature surveys and a review of archived information will have to be supplemented 
by additional data and understanding that can only be collected in the field at a specific site. This can 
formally be considered the start of operational site investigations and it may occur during the area survey 
stage if existing information is scarce. As a result of work during this stage, some regions will be screened 
out as being unsuitable to host a repository, while a smaller number of areas and specific sites within 
those defined areas would remain as prospective candidates to be taken forward to the next stage. Such 
sites might all be located within the same general region or might be widely dispersed across a country.

2.3.3.	 Site investigation stage

The number of sites remaining at the start of this stage is not defined, but might typically number 
three to ten. This is when ground operations begin in earnest. If not already obtained, remote sensing 
data are acquired and preliminary surface based geophysical and mapping surveys are planned in detail 
and carried out. A limited number of boreholes are also likely to be drilled during this phase to collect 
subsurface information that does not already exist as a result of previous studies.

The objective of the continued screening undertaken now is to reduce the number of prospective 
sites to one, two or possibly three sites, each of which would be characterized in more detail during 
the next and final stage to demonstrate site suitability to host a repository and to allow a final choice of 
site to be made.

It is useful to note here that the nature of the waste, preferences concerning the engineered system 
and the characteristics of the geological and surface environment collectively make up what is termed the 
disposal system. Therefore, it can be appreciated that a more detailed description of the disposal system 
will become evident during site investigations and repository design and safety assessment studies would 
be able to advance significantly.

2.3.4.	 Detailed site characterization stage

The final stage in an idealized siting strategy that focuses in from large regions of interest is termed 
the detailed site characterization stage. During this phase of siting, a small number of candidate sites 
(typically one to three) are intensively investigated through further surface based surveys and underground 
through the use of boreholes.6 If required, a site specific URL might also be constructed now to more fully 
understand the nature of the 3‑D characteristics of a rock mass at a site. Sections 6 and 7 describe in detail 
the types of site investigation activities that could be undertaken at a site during this stage or earlier (data 
acquisition and its interpretation and integration).

On the basis of the knowledge acquired during site investigations, as well as results from the safety 
assessment studies and detailed repository design efforts that would occur in parallel, this stage concludes 
when a single site is chosen by the proponent to host a disposal facility, when all of the siting studies 
have been integrated into a comprehensive safety case (and an environmental impact statement has been 
prepared if required), when an application for authorization to construct a repository has been submitted, 
and when the licence has been provided by the designated authority.

6	 If a preferred site approach has been used, the detailed site characterization efforts could start immediately once 
appropriate plans and approvals have been made (i.e. the area survey and site investigation stages described above could be 
omitted).
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3.  A REQUIREMENTS DRIVEN APPROACH 
TO SITE INVESTIGATIONS

3.1.	 INTRODUCTION

For the purposes of safety, security, environmental responsibility, efficiency of resource use and 
for focus, a site investigation project for a radioactive waste disposal facility should be founded on a 
clear understanding of data and information requirements. This is termed a requirements driven approach. 
Without a clear understanding of what data and information needs to be obtained and why, there is no 
rational basis for designing or implementing the site investigations. Furthermore, it cannot be known 
when and how to optimally collect the data and information, nor in what level of detail.

This requirements driven approach to the planning and management of site investigations has 
been developed and refined by several RWMOs since the 2000s (e.g.  SKB [22, 23], Ontario Power 
Generation [24], Andra [25], NUMO [26], and Nagra [27]). As a result, a general requirements framework 
has been created for site investigation projects (Fig. 9).

As can be seen from Fig. 9, there is a hierarchy of needs led, at the highest level, by international 
obligations and commitments, followed by national policy and strategy choices that in turn determine 
national legislation and regulations.7 National policy decisions based on the radioactive waste inventory 
to be disposed of will also influence the range of disposal concepts that might be considered. As soon 
as decisions have been made about viable disposal concepts, generic engineering studies and generic 
safety assessments can commence. An early start to these studies, even in the absence of knowledge from 
specific sites, builds up internal competencies and capabilities in these key areas and begins to focus in 
on organizational strengths and weaknesses, including technical limitations and knowledge gaps that will 
have to be addressed in due course. Note that there is an iterative loop shown in Fig. 9 by red arrows 
and also note that international obligations, national policy and regulatory requirements may change at 
any time and these may alter the disposal system’s research, development and demonstration (RD&D) 
requirements (shown by dotted arrows). Section 8 discusses criteria to establish exit conditions.

Based on a preliminary disposal concept and regulatory requirements, which will evolve in parallel 
with a repository programme, knowledge gaps can be identified. These will define a framework for 
RD&D activities. Safety assessment, preliminary repository engineering design studies and investigations 
to support environmental impact studies can all be considered forms of RD&D and they will all be 
informed by data and information to be collected at a site. In many disposal programmes there is also 
a generic RD&D portfolio of activities in place. This is for collecting and analysing information that 
may not be readily available from a prospective site, to contribute to safety assessment and repository 
design efforts and to enhance confidence in the repository concept. An example of such generic studies is 
research into natural analogues of repository‑related processes that are not be feasible to investigate at a 
site (also see Section 3.5). 

Leading on from international obligations, national policy decisions and supporting legislation and 
regulations, the RD&D programme, in turn, identifies specific data and information requirements for 
use in safety case development, comprising safety assessment, repository design studies and EIAs. This 
also contributes to more general confidence building. The process is then taken further to relate these 
requirements to the natural system parameters that need to be measured and the geosphere and biosphere 
processes that need to be understood. For each data set identified for a particular use, it will be important 

7	 It is noted that national policy decisions should logically dictate the underpinning legislation and regulatory 
requirements. However, the reality is that in many cases legislation and regulation may already exist (reflecting previous 
policy choices) and these may in fact significantly influence subsequent policy considerations and choices.
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to specify the accuracy, precision and representativeness required from parameter measurements to 
reduce or manage uncertainty and deal with spatial variability. On this basis, the suitability of various data 
acquisition tools and techniques can be assessed for their prospective use in site investigation surveys, as 
can appropriate interpretation processes and modelling tools. Dependent on which surveys are required 
and which tools and techniques are considered appropriate, a detailed work programme can then be 
developed which can be used as the basis for cost estimates and requests for budgets and other resources.

Figure 9 shows that by defining initial requirements and exploring how they might be addressed 
as a result of knowledge concerning the inventory for disposal and site conditions, a suitable site 
specific disposal concept can be proposed. This will, in turn, define more detailed data and information 
requirements — to be collected through another iteration within the site investigation project to further 
refine and strengthen engineering, environmental and safety assessment studies.

It is to be emphasized that due to the project timescales typical for site investigations, which have 
been measured in decades in some major national disposal programmes, the requirements underpinning 
data acquisition and interpretation efforts are considered dynamic and likely to evolve. Consequently, it is 
essential to closely monitor and amend requirements as necessary.

Based on these considerations, it can be appreciated that as part of the planning process for any site 
investigation project, it will be important to document as fully as possible the requirements and other 
information needs and preferences associated with each of the following:

	— International obligations: Responsibilities and requirements stemming from, for example, 
commitments associated with the Joint Convention on the Safety of Spent Fuel Management and 
on the Safety of Radioactive Waste Management or other international conventions, treaties and 
agreements.

	— Legislation and regulatory requirements arising from national policies and strategies: A listing 
should be established of specific requirements relating to national policy and acts of law, both 
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national and local, if appropriate. These might include environmental, nuclear, radiation protection, 
building, mining and transport acts and ordinances. In addition, regulatory authorities may issue 
additional regulatory requirements stemming from legislation in other areas and these should be 
well appreciated. The RWMO may have to respond to the needs of one or several regulatory bodies 
and there should be regular communications and reviews to ensure appropriate guidance is provided 
in interpretation of the regulations, whilst maintaining a strict division of roles and responsibilities 
between the implementer and regulator(s).

	— Disposal system requirements: Laws and regulations cannot easily be used directly to define the 
detailed requirements necessary to be demonstrated by the disposal system and its various parts. 
Consequently, it is best for the RWMO to translate regulatory requirements into functional system 
requirements and preferences, to be demonstrated by the repository and its surrounding environment 
on the basis of (i) established safety principles and preferences, such as the need for containment 
and isolation of the waste, passive safety, the use of multiple barriers, etc. and (ii) any requirements 
related to the construction and operation of a disposal facility, such as the availability of a satisfactory 
volume of rock with characteristics amenable to construction.

	— Site data and information requirements: Laws, ordinances and regulations cannot readily be used 
to stipulate the detailed requirements associated with components of the natural system, such as 
rock properties and groundwater characteristics. However, by carefully defining the functional 
requirements associated with barriers and understanding the need to study in detail the nature of 
pathways from the source of a hazard to the potential receptors in the biosphere, through the use of 
performance and safety assessment approaches, more specific requirements and preferences can be 
generated to inform the implementer about the parameters that will be required to be measured and 
the ranges of acceptability associated with those parameters, recognizing that there will be process 
feedbacks involved and deficiencies in one parameter may be compensated by another (i.e. need to 
consider total system performance and safety).

	— Data and interpretation tools and techniques: On the basis of the identification of requirements 
and functional analysis associated with the repository system, that in turn establishes the data and 
information to be collected in the geosphere and biosphere, the next stage is to establish the range 
of equipment and other tools and techniques that can be used to obtain the information required. 
Sections 6 and 0 provide more details in this regard.

	— Programme of activities: The site investigations should be developed step by step, with clear 
programming of activities based on the appropriate allocation of time frames for surveys, reviews, 
stakeholder interactions, etc. and separation of the various phases by milestones and decision points. 
A complex site investigation project will require sophisticated programming to be undertaken on 
several levels, following a hierarchical approach to reflect the needs of different users (e.g. using 
a Gantt chart, programme evaluation reviews, and other tools). As much as is possible, activities 
should be carried out in parallel. Critical paths in the programme should be established through the 
identification of potential challenges and critical activities that can impact other areas. Clearly, the 
specification of a comprehensive, logically and optimally structured, and defensible programme is a 
major endeavour that calls upon the need for established project management skills.

	— Resource and budget requirements: Only once the range of tools and techniques to be considered for 
use is decided on and a programme of activities developed can reliable cost estimates be established 
to allocate budgets and evaluate workforce needs. There are many alternative approaches to cost 
estimation; specialist guidance will be required in this area as it is not dealt with further in this 
document, although it is addressed further in other IAEA reports [28].

In following a requirements driven approach, it should be possible to clearly demonstrate that 
only information needed to support a disposal programme has been collected, ensuring the effective use 
of resources and establishing an appropriate level of confidence and quality associated with the data 
and information, for example in terms of sufficiency, fitness for purpose, accuracy, precision and how 
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representative it is. The first case study (Annex I) illustrates the approach adopted by NWS in the UK for 
identifying information requirements associated with a site investigation project.

The remainder of the report expands on several of the above issues, but first general data and 
information requirements in relation to their end use within a RWMO are considered. In this context, 
end use relates to post‑closure safety and environmental assessments and repository engineering and 
design (Sections  3.2 to 3.4). There are also implicit requirements that relate to addressing external 
stakeholders’ expectations and promoting confidence in the safety and viability of the disposal concept 
(Section 3.5). Then key objectives and requirements in terms of disciplines are looked at in more detail in 
Section 3.6. It is important to recognize in this discussion that the data and information required by end 
users specifies and is directly reflected in the data and information requirements to be delivered by the 
discipline oriented activities. It is also reiterated, by reference to Fig. 2, that there are overlaps in the uses 
to be made of the data and information by each of the end user groups. Thus, for example, some of the 
geological information to be provided responds to end user needs in all three areas of safety assessment, 
repository design studies and environmental impact studies, as well as providing additional confidence 
for external stakeholders.

3.2.	 REQUIREMENTS FOR POST‑CLOSURE SAFETY ASSESSMENT

The fundamental safety objective set out in the IAEA Safety Standards [1] is to protect people and the 
environment from the harmful effects of ionizing radiation. In the context of radioactive waste disposal, this 
is to be achieved primarily through the containment and isolation of the waste. Post‑closure safety assessment 
is the principal tool employed to illustrate the expected performance of a sealed repository and its safety, in 
terms of quantified potential radiological consequences arising from the hazard posed by radioactive waste 
(i.e. radiation dose and risks).

Experience and skills in designing and carrying out safety assessments within a RWMO should be 
initiated early on in the disposal programme and should ideally start before or at least during the concept design 
stage, at the same time as the site investigation effort is being planned. From generic first steps in the absence 
of site specific data, the capability to develop robust safety assessment models should increase significantly 
as data and information from a site become available. Regular updating of a safety assessment should occur 
over the lifetime of the siting studies (and beyond into operations) and, as shown in Section 2, there needs to 
be close and iterative collaboration between the site investigation team and the safety assessment modellers 
to specify requirements, identify outstanding uncertainties, develop and test predictions, and design further 
stages of the investigation efforts.

During a post‑closure safety assessment exercise there are essentially five key questions to be answered: 
(i) What are the conditions under which radionuclides might be released from a repository into the wider 
environment? (ii) How will the engineered and natural barriers perform under a range of plausible future 
conditions and what pathways could be exploited? (iii) Over what timescales might radionuclide migration 
to the biosphere occur. (iv) In what form and concentrations might potentially hazardous radionuclides return 
to the biosphere? and (v) What would be the consequences for humans and the environment? In addressing 
these questions, it can be appreciated that the broad natural system information needed to prepare a site safety 
assessment includes the following:

	— Geological framework of the site including the distribution of geological units and structural features 
that might act as barriers to radionuclide migration or as fast pathways;

	— Hydrogeological framework including the nature of groundwater flow in terms of flow mechanisms 
and solute transport retardation processes, potential radionuclide migration pathways, flow velocities 
and hydraulic gradients;

	— The hydrogeochemical framework, describing the nature and distribution of groundwater bodies, 
their evolution over time and their potential to affect barrier safety functions and potential pathways 
in the future;
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	— Nature of the driving forces that influence the potential migration of fluids through the geosphere 
(groundwater, gas) such as topography and groundwater density;

	— Descriptive models of the site in relation to geology, hydrogeology, hydrogeochemistry and 
geotechnical properties that define the 3‑D geometry of units and the parameters and parameter 
values that describe the properties of those units and their impacts in terms of, for example, solute 
migration and retardation processes, potential pathways, flow velocities, among others;

	— An understanding of the regional stress and thermal regimes;
	— Understanding of the effects of repository construction and design on the nature of the zone 
surrounding a repository (i.e. the volume of rock that is damaged or disturbed during excavation and 
drilling (termed an excavation damaged zone or an excavation disturbed zone (sometimes referred 
to as an EDZ))).

In the context of safety assessment studies, site investigation experts should place special emphasis 
not just on collecting robust measures of parameters and quantifying their uncertainty but also on 
understanding, in an integrated manner, the evolution of the site and its potential for change in the future, 
as a result of natural phenomena and also anthropogenic influences.

For geological disposal facilities intended to contain long lived waste, processes that might occur in 
or at the Earth’s surface due to the impacts of climate change, volcanism, tectonics and seismicity have 
to be considered over long times scales (certainly tens of thousands of years for deep geological disposal 
concepts involving long lived waste) due to the potential for these processes to affect radionuclide release 
and migration in the geosphere and at the geosphere–biosphere interface (through sea level rise and fall, 
permafrost development, glaciation, faulting and land uplift, among other processes). Conversely, the 
timescales of concern for a near surface disposal facility would be measured in terms of centuries or a few 
thousand years.

Projections exploring the effects of climate variability have been developed over a wide range of 
timescales. They take into account natural Milankovitch (astronomical) forcing and consideration of our 
impact on climate [19, 29]. Confidence in near‑term climate projections is greater than for those made 
at timescales measured in tens or hundreds of thousands of years, but justified scenarios involving the 
effects of climate change and associated exogenic processes can be developed and the range of uncertainty 
associated with the potential impacts on a repository system can be evaluated.

In some cases, data and information required for populating safety assessment models cannot always 
be readily obtained from site investigations. In these circumstances generic information may suffice in the 
absence of reliable site data and in other cases, especially those concerning processes that operate over 
long timescales, the use of natural analogues may be required [30]. Furthermore, by applying a graded 
approach to site investigations, other generic data may be suitable for use on a site specific basis where 
the effort and costs involved would not be commensurate with the hazard posed, being aware at all times 
that safety considerations are paramount and that cost alone is never the prime consideration.

3.3.	 REQUIREMENTS FOR REPOSITORY DESIGN

The mechanical properties of the prospective rock mass being considered for a disposal facility 
influence the containment and isolation characteristics of the repository, but also strongly affect the 
detailed design of the repository, including its dimensions, the disposition of shafts, tunnels and disposal 
vaults and the construction methods to be employed. In addition to the geotechnical attributes of the 
rock mass (e.g.  in terms of rock quality, in situ stress and other properties), it is critical to evaluate 
information derived from other disciplines in the context of the engineering design — especially geology 
and hydrogeology — but also including the hydrochemistry where groundwater composition may have a 
bearing on the long term integrity of engineered materials and barriers that are part of the repository design.

There are two complementary approaches commonly used to support engineering design and 
construction: the use of empirical rock quality indices and numerical modelling. The data and information 
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to be obtained from a site investigation project should support the data needs for both approaches as they 
relate to the following site aspects:

	— Topography;
	— Geological succession;

	● Rock units;
	● Depths to boundaries.

	— Geological structures;
	● Faults and fractures;
	● Other discrete geological features and their disposition (e.g. folds, dykes, sills).

	— Rock mass quality;
	● Weathering and alteration;
	● Geotechnical units;
	● Rock quality ratings (e.g. Q, RMR).

	— Engineering properties of soils;
	— Engineering properties of rocks;
	— Temperatures;
	— In situ stresses;
	— Groundwater conditions;

	● Predicted inflows (mechanisms, fluxes and locations);
	● Predicted pressures.

	— Hydrochemistry;
	● Dissolution potential;
	● Precipitation potential;
	● Mineralogical alteration.

	— Construction materials;
	— Presence and nature of gases;
	— Rock deterioration (e.g. spalling or creep).

Seismic hazard analysis will also need to be taken into consideration as earthquake activity may impact 
on some of the above properties and features. During site investigations, information from the above areas 
are used to support decisions concerning the design of the engineering components of the disposal facility, 
for example to define the following activities and features of the facility and inform the proposed method 
of construction:

	— Surface layout of works, including access to underground (drifts and shafts);
	— Design of surface works;
	— Repository volume and layout;
	— Repository footprint (plan area at the surface reflecting the disposition of the underground components 
of the repository);

	— Depth of waste emplacement vaults;
	— Dimensions of waste vaults and access ramps, tunnels, shafts, etc.;
	— Excavation methods for underground openings;
	— Support requirements for underground openings;
	— Identification of geotechnical and environmental hazards (such as gases, water, in situ stresses and creep, 
etc.) and other risks;

	— Identification of surface hazards (e.g. landslides, alluvial flood risk and tsunami, pyroclastic and lava 
flow, etc. with the potential to affect construction, existing buildings and operations);

	— Risk management strategy for minimizing risk and dealing with identified hazards;
	— Interactions between engineering structures and groundwater (concrete, bentonite, steel, etc.);
	— Materials for construction use;
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	— Strategy for dealing with excavation and construction wastes.

Although there are a number of aspects of the information requirements that appear similar to those 
required for safety assessment purposes, it is important to recognize that the methods of satisfying the 
information needs may vary depending on the use that will be made of the data. Thus, for example, 
construction engineers may require different types of information on groundwater flow (for example to 
evaluate likely inflows into underground openings and to design appropriate ground treatment to reduce 
inflows should that be necessary) than would be required by the hydrogeological modelling team seeking 
to evaluate the long term transport of radionuclides through the geosphere. The length scales and spatial 
distribution of information related to engineering design and construction is also likely to be somewhat 
different from that required for other purposes, namely geoscientific understanding and safety assessment.

Much of the information necessary to assist in the early repository design effort can be obtained from 
surface based investigations (e.g. surveys of surface outcrop and investigations on core from boreholes, 
as well as wireline logging in boreholes). However, for geological repositories, it is generally the case 
that more accurate and representative data will need to be obtained from underground investigations in 
a generic or site specific URL or from surveys undertaken as part of the underground exploratory phase 
of a siting programme where, subject to regulatory approvals, an underground tunnel or vault might 
later become part of the repository development, as demonstrated for example from Posiva’s repository 
programme in Finland.

3.4.	 REQUIREMENTS FOR ENVIRONMENTAL IMPACT ASSESSMENT

Where required by national legislation and regulations, a consequence analysis is to be undertaken 
to establish the likely effects of a proposed development on the environment. This exercise is commonly 
called an EIA and its main drivers are to:

	— Avoid serious and irreversible damage to the environment through the identification of potential 
impacts and the application of measures for avoiding or mitigating them;

	— Ensure efficient resource use;
	— Enhance social aspects of a development;
	— Inform decision making and establish conditions for approval.

The type of information required for an EIA comprises not only a description of the proposed 
disposal facility, including the construction methods and operational activities to be undertaken, but also 
consideration of possible impacts in terms of, for example, the following:

	— Air quality;
	— Noise;
	— Surface water bodies;
	— Groundwater;
	— Land use;
	— Flora and fauna;
	— Socioeconomic factors.

An important aspect of an EIA is that when there are alternative options for facility design and 
construction, operation and closure methods, they are to be reviewed to assess the cost–benefit in terms 
of environmental degradation or improvement. Where damaging environmental impacts are unavoidable, 
mitigation measures are to be established.

An EIA for a radioactive waste disposal facility would not only have to consider conventional 
impacts arising from typical development activities (e.g.  excessive noise during construction of a 
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building), but also the potential for harmful radiological impacts on people and the natural environment 
during operational and post‑closure periods.

An assessment of possible environmental impacts would be underpinned by field surveys, 
monitoring and other methods, largely relating to investigations of the surface environment. As much of 
the data and information required to support EIAs is essentially similar to that needed to inform biosphere 
studies for use in safety assessment and repository design purposes, it can be readily appreciated that 
there would be significant overlaps between the two approaches. Consequently, site investigations should 
be optimized by ensuring that activities address data and information acquisition needs in all three areas 
without unnecessary duplication of effort.

A particular area of overlap in the use of site data for EIA and safety assessments relates to the 
establishment of baseline conditions. Baseline can be defined as a description of the condition of a system 
prior to some form of disturbance. Due to the natural temporal variability associated with some key 
parameters (e.g. groundwater pressure), baseline conditions are generally not established at a particular 
moment in time but over a specified period. By understanding the environmental situation at a site prior 
to repository construction, any significant impacts arising as a result of that construction and the later 
operation of a facility should be readily recognizable, provided that a suitable monitoring programme 
is in place. Consequently, to establish the baseline condition at a site, a series of measurements are 
required prior to construction, for comparison with a series of measurements undertaken during or 
after construction.

Confidence in observations and their meaning are dependent upon ensuring data and information 
that is sufficient quality assured are available to adequately describe the undisturbed conditions at a site 
and to understand the potential for any subsequent disturbance. Such data would be used to develop 
hypotheses and to populate and test models of the site so that cause and effect can be confidently 
distinguished. Monitoring data to be compared against baseline data would therefore need to reflect 
periodic measurements of specified parameters, with sampling frequency and resolution established on 
the basis of a precise definition of requirements and scientific reasoning. The parameters to be monitored 
might be defined by the regulatory authority, but in the absence of any such requirements, monitoring 
related to the baseline would, at a minimum, typically require periodic measurements of groundwater 
pressures and hydrochemistry, surface water flows and water chemistry, meteorological conditions and 
environmental concentrations of selected radioisotopes. Other parameters relevant to the baseline might 
also be required by the regulator.

An example of one of the main environmental impacts that might be expected to result from 
repository construction is a local change in groundwater levels and a wider groundwater pressure 
response. This could have relevance for a situation where, for example, groundwater is being abstracted 
in proximity to a potential repository for drinking or the irrigation of crops, with the potential impacts 
being either groundwater pollution or a reduction in groundwater yield. In order to distinguish the effects 
of repository construction on groundwater levels and pressures, it would be necessary to ensure spatial 
and temporal pressure fluctuations due to any other human activities in the area have been adequately 
identified and that the occurrence and impact of natural processes are sufficiently understood. For 
example, natural groundwater pressure fluctuations are observed due to episodic variations in recharge 
and due to minute crustal deformations arising from changes in atmospheric pressure and the gravitational 
effects of the Moon and Sun (Earth tides). They can also result from a seismic event.

Numerical modelling is typically used to evaluate the likelihood of impacts and their magnitude. 
To support the construction, testing and use of numerical models, site data8 may be used in one of the 
following three ways:

(i)	 For the initial population of models;

8	 For some models it may also be appropriate to use generic data; for example, where it is not possible to obtain site 
data of sufficient quality.
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(ii)	 To improve the match between model results and observations by adjusting input parameters to 
reflect data or conceptual uncertainties (calibration);

(iii)	 By comparing model output with measurements and observations that have not previously been used 
to populate and calibrate the models (validation).

In this manner, data and models are used to increase confidence in understanding the processes that 
might affect radionuclide transport at a site.

Any environmental monitoring system put in place for establishing baseline conditions or otherwise 
supporting an EIA would be implemented during the siting phase, but more specifically would have to be 
put in place during the detailed site characterization stage or earlier. Typically at least a year is needed to 
establish baseline seasonal meteorological effects, but several years of data might be expected for a major 
development reliant on populating and calibrating advanced numerical groundwater flow and transport 
models where there might be a large degree of seasonal variability.

The case study in Annex V is based on the experiences of Andra in France and contains a summary of 
the approach adopted and lessons learned concerning the design and implementation of an environmental 
monitoring system to support site investigations and the use of site data in safety assessment, EIA, and 
repository design and operation.

3.5.	 ADDRESSING ADDITIONAL STAKEHOLDER NEEDS

This section is concerned with identifying and responding to additional site investigation needs, 
especially for establishing and strengthening stakeholder confidence and acceptance of a safety case. 
In this discussion, the term confidence [31]9 is used in its everyday meaning and not in relation to 
statistical concepts of a confidence interval or confidence level. Consequently, confidence, as used here, 
is entirely subjective.

A safety case includes a collection of arguments and evidence in support of the safety and viability 
of a disposal facility [2, 18]. It is also an important vehicle for engaging in dialogue with regulatory 
authorities and other stakeholders. It evolves in parallel with advances in other areas of the repository 
development programme and at any stage in this process the ‘current’ safety case is intended to support 
decisions during and at the end of that stage.

Safety assessment is an integral part of a safety case as one of its key roles is to inform, guide 
and support decisions that have a radiological or wider safety consequence. Therefore, it is important 
to recognize that a safety case is much broader than the safety assessment alone. As such, safety case 
documentation can present supplementary data and information beyond that strictly needed for safety 
assessment calculations leading to dose and risk. Taken together with safety assessment results and the 
specifics of a repository design, this additional data and information not only justifies the feasibility of a 
proposal to a regulator, but is also intended to enhance wider stakeholder confidence in the RWMO and 
its work in implementing a disposal concept.

It is obvious that to promote wider confidence and, in turn, acceptance of a repository development 
programme, it is important the RWMO demonstrates that the disposal concept defined by the site 
conditions and repository design is capable of providing a degree of safety and security commensurate 
with the hazard posed by the waste inventory. This is evidenced primarily by the safety assessment results, 
the repository design and a security plan. However, it is also important to recognize that reliance on broad 
acceptance of the results of safety assessment and engineering calculations is not necessarily sufficient 
to generate confidence in an overall safety case, as a viable disposal concept needs to be demonstrably 
feasible (e.g.  in terms of construction, operation and closure) and also demonstrate an efficient and 
effective use of resources in comparison to other potentially available solutions. Furthermore, another 

9	 The OECD/NEA has defined confidence as “to have reached a positive judgement that a given set of conclusions 
are well-supported” [31].
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part of the confidence building effort requires a convincing and defensible demonstration of the overall 
understanding of a site and knowledge about the processes operating at a site, beyond that strictly 
necessary for the safety assessment or engineering purposes. Consequently, in addition to robust site 
specific data intended to inform models and designs, additional data and information might be fortuitously 
or deliberately collected and used to support confidence in the disposal concept and the wider safety case. 
These data and information obtained from the proposed repository site may be supplemented by research 
that draws on wider data and information derived away from the proposed disposal site. When such data 
and information are to be used, it is important to clearly establish that they are applicable in the context of 
the site specific repository proposal and, hence, appropriate for use in a safety case.

Studies providing potentially useful data and information obtained from sites other than where the 
site investigations for a disposal facility are ongoing are termed generic. Generic studies include field 
observations and measurements at sites that could be considered representative of repository conditions 
under alternative boundary conditions (i.e.  natural and/or anthropogenic analogues) or where in situ 
experiments have already been carried out, providing generically applicable data, or in circumstances 
where samples obtained from elsewhere have been used to obtain laboratory measurements that might be 
proxies for repository conditions. Such generically derived data and information are typically obtained 
when they cannot readily (i.e.  safely, easily, economically, reliably, etc.) be acquired from the specific 
site considered for hosting a repository or because the temporal and spatial scales associated with certain 
processes are so long that any observations or experiments at the investigation site(s) would be impractical 
or unreliable for testing hypotheses and models. In selecting generic data and information from a field 
or laboratory setting, it will be important to establish the degree to which boundary conditions can be 
identified and the degree to which the data are representative of the field conditions at a site and hence 
transferable (Table 2).

Generic studies are potentially useful not just for providing data and information relevant for use in 
safety assessment and repository design studies, but also because they demonstrate the wider applicability 
of key processes and the widespread existence of important features. Because many generic studies 
might have already been undertaken in advance of site specific investigations, often by academics or 
organizations not associated with a repository development programme, data and conclusions would likely 
be viewed favourably as impartial, but there is a strong obligation on the RWMO to ensure data used or 
conclusions derived from such data are reliable and actually applicable to the site being investigated.

To make any data and information from site specific and generic studies readily available in a 
comprehensive, understandable and timely manner, the RWMO will need to provide reports at different 
levels of detail to address the different needs of different audiences. This will require the development 
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TABLE 2. TYPES OF GENERIC STUDIES THAT COULD BE USED TO SUPPORT A SAFETY 
CASE

Type of generic study Boundary condition 
characteristics

Timescale of relevance for 
process understanding

Length scale of relevance for 
process understanding

Natural Uncertain initial and 
evolving boundary 
conditions, real environment

Long term
(range of 10 000 years and 
beyond)

Variable, from microscopic to 
regional 

Field observations and 
in situ experiments

Complex boundary 
conditions, realistic 
environment

Short to medium term 
(up to tens of years)

Variable, typically from 
centimetre to regional 

Laboratory experiments Well defined imposed 
boundary conditions, 
potentially poorly realistic 
environment

Short term 
(up to several years)

Variable, typically from 
microscopic to metre 



of an appropriate publications strategy that itself should sit within a broader stakeholder engagement 
and communications strategy [10]. The resulting plan for publications would likely identify the need for 
the production of a number of different types of reports of variable complexity and detail, ranging from 
high level summary reports written in non‑technical language and targeted at the public, to very detailed 
presentations of technical data and their analysis and targeted at specialists. Further guidance on reporting 
is provided in Section 4.2.8.

While stakeholder needs and expectations for confidence building may be difficult to predict with 
a high degree of certainty, they can be broadly anticipated. Consequently, confidence relies not just on 
an acceptance of the robustness of the proposed disposal concept, underpinned by data and information, 
but in large part confidence also relates to trust in the RWMO and trust in the overall decision making 
process (i.e. the process that also includes decision making activities outside of the immediate control of 
the RWMO, being dominated especially by the actions and behaviours of the regulatory authority and the 
role of the public and of local and national government bodies).

Frequently cited aspects relating to the culture and behaviour of an RWMO that contribute to 
stakeholder trust and confidence concern issues of openness and transparency. The degree to which a 
culture of openness and transparency is practiced will be very specific to an organization and may reflect 
wider norms within a Member State. Openness typically refers to a willingness on the part of an RWMO 
to engage with stakeholders and involve them in an internal decision making process, whilst transparency 
is concerned with active information sharing to promote understanding. It can be appreciated that 
openness and transparency go together and, in this regard, stakeholders need to be informed and helped 
to understand not just the issues but also the nature of any underpinning evidence. Stakeholders should 
also be provided with unbiased information to allow them to come to their own informed conclusions. 
Consequently, wherever possible, site relevant data and information including their context and meaning 
should be made available to stakeholders, together with any other influences underpinning key decisions. 
Multiple lines of independent evidence used to illustrate conclusions and justify decisions are especially 
powerful in this regard.

To have confidence in an RWMO and its associated disposal concept, stakeholders also need to be 
convinced of the credibility, integrity and reliability of the organization. Confidence in an organization 
reflects positive attitudes built on a knowledge of past and current actions, the nature of the people within 
the RWMO (comprising the leadership, the experts and supporting staff), the internal governance, the 
documented procedures and other internal processes that make up a management system [32]. Of equal 
importance for establishing confidence are the tools employed to acquire, interpret, manage, store and 
present data, information and knowledge (comprising the physical equipment, the data management 
infrastructure and computational models, particularly relating to the validation of such models) and the 
reliability and robustness of the data generated and the information used (Fig.  10). These factors that 
all contribute towards stakeholder confidence are directly under the control of an RWMO (shown by 
the boxes linked by arrows in Fig. 10), but there are also external factors that are largely outside of the 
control of the RWMO, such as the broader national decision making process, regulatory oversight and 
best international practice.

Most of the factors shown in Fig. 10 that contribute towards promoting stakeholder confidence are 
evaluated on a subjective basis; therefore, their relationship to site investigation as specific requirements 
cannot easily be made with precision and certainty. However, an RWMO should recognize the factors 
that influence confidence building in their own society and ensure those factors within its control are 
acknowledged and managed in an appropriate manner. This will enhance stakeholder confidence in the 
site investigations and in the wider safety case. A more comprehensive discussion of factors affecting 
stakeholder acceptance for the implementation of geological disposal can be obtained in Ref. [33].
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3.6.	 OBJECTIVES AND SCOPE OF INFORMATION REQUIREMENTS IN 
RELATION TO DISCIPLINES

Requirement 15 in the IAEA Specific Safety Requirements document SSR‑5 (Disposal of 
Radioactive Waste [11]) relates to site characterization for a disposal facility. It specifies:

“The site for a disposal facility shall be characterized at a level of detail sufficient to support a 
general understanding of both the characteristics of the site and how the site will evolve over time. 
This shall include its present condition, its probable natural evolution and possible natural events, 
and also human plans and actions in the vicinity that may affect the safety of the facility over the 
period of interest. It shall also include a specific understanding of the impact on safety of features, 
events and processes associated with the site and the facility.”

Reflecting the need to respect the fundamental safety requirement, some underpinning discipline 
oriented work programme objectives and requirements can be developed to structure and guide the 
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FIG. 10. Key aspects contributing to stakeholder confidence in an RWMO, its site investigation project and the wider safety 
case for a disposal concept.



planning and management of a site investigation project. The five major disciplines typically comprising 
a site investigation project relate to:

	— Geology;
	— Hydrogeology;
	— Hydrochemistry;
	— Geotechnics;
	— Biosphere studies.

This high level division of requirements according to discipline contains many subdisciplines. 
Subdiscipline expertise in one field can often be readily applied in other disciplines (for example data 
derived from structural geology has applications in geology, hydrogeology and geotechnical areas). It 
can be readily appreciated that any requirements based on disciplines will likely contain a degree of 
complexity and overlap. Nevertheless, for each of the major disciplines, illustrative high level objectives 
and work programme requirements are provided in Sections 3.6.1 to 3.6.5.

3.6.1.	 Geological work programme

Objective: To provide data and information on the geological features and processes operating 
at a site, as well as understanding concerning past and future events that may impact on the geology 
of a site, which in turn could degrade or bypass disposal system barrier functions in the future. Such 
data and information are needed to provide a framework for the preparation of models to support safety 
assessments, to inform repository design studies and EIA, and to provide confidence in the understanding 
of the site. In particular, it will be necessary to demonstrate that the geological complexity of the site can 
be understood with confidence and that geosphere conditions would remain sufficiently stable over the 
timescale of concern (i.e. when radionuclides would remain a potential hazard), such that any disturbance 
to the system would not unreasonably impact on the performance of engineered and natural barriers and 
so pose an unreasonable risk to people and the environment.

The geological information required from site investigations comprises:

	— The regional geological setting of a site, to provide context and understanding for more local (site 
scale) studies;

	— The topographic form of the site and its surrounding region to provide the framework within which 
the investigations and the disposal facility are located;

	— The geomorphology of the site as an aid to interpreting the history of the development of the site, the 
nature of potential hazards and the surficial distribution of the geological materials present at the site;

	— The nature, distribution and properties of the soils and any superficial sediments at the site (alluvium, 
regolith, etc.);

	— The nature, distribution and properties of any cover rocks overlying the host formation at and around 
the site;

	— The nature, distribution and properties of the host rock formation within which it is proposed to 
construct the disposal facility;

	— The nature, statistics and characteristics of the structural geological features present at the site 
including folds, faults, bedding planes, joints, etc.;

	— The nature, extent, distribution and history of exploitation of mineral deposits and other natural 
resources within the area (as well as any indicators of potential future exploitation);

	— An assessment and description of the spatial heterogeneity of the geological units present at the site;
	— The geological evolution of the area including the genesis, relative age and nature of fracture filling 
materials and studies of displacements and movements along discontinuity surfaces;

	— The nature of volcanic activity at the site, from a knowledge of Quaternary and earlier volcanism;
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	— The nature of tectonic activity of the site from knowledge of geologically recent fault movements 
and the aid of seismological monitoring;

	— The nature of geodynamic processes at a site (e.g. erosion, uplift and subsidence).

3.6.2.	 Hydrogeological work programme

Objective: To provide data and information on the hydrogeology of a site, including relevant 
features, events and processes (FEPs) at a regional scale and on a local scale. It is essential data and 
information be sufficient to delimit and define properties and boundary conditions for groundwater 
flow models and to achieve an appropriate hydrogeological understanding (i.e.  one that justifies the 
hydrogeological descriptions for use in process modelling and safety assessments) to inform repository 
design and EIA, to establish baseline conditions in advance of any disturbances created by repository 
construction and operations, and to provide confidence in the understanding of the site.

The hydrogeological information required from site investigations comprises:

	— The extent of the flow system affecting the site and the nature of its boundaries;
	— The extent of the wider area judged to be needed for groundwater flow modelling;
	— The surface water hydrology including the location and extent of water bodies, the temporal variation 
in flow and the impact of weather and climate variations (precipitation and temperature);

	— The nature of the near surface hydrology in the form of recharge and discharge areas and establishment 
of a water balance;

	— The geometry of the different hydrogeological units within the overall flow system and any relation 
to observable geological features;

	— The hydraulic and transport properties associated with the hydrogeological units (e.g. transmissivity, 
hydraulic conductivity, porosity, storativity, flowing fracture frequency, dispersion lengths) to 
describe flow and solute migration within and between them;

	— The nature of flow within and between the different hydrogeological units (e.g. contribution from 
matrix, role of fractures and joints, etc.) and the influence of scale‑length on the flow properties;

	— Patterns and trends in the flow properties within and between the hydrogeological units (e.g. changes 
with depth and other forms of spatial heterogeneity);

	— The nature of the driving forces (e.g. gravity, density, temperature, osmosis, etc.);
	— The relative contribution to overall flux provided by the different hydrogeological units;
	— The observable spatial and temporal variations in groundwater pressures within the groundwater 
flow system;

	— The nature of or the potential for any geodynamic processes acting on the groundwater flow system 
(e.g.  seismic pumping) and of the overall evolution of the system for a period equivalent to the 
timescale of interest for safety assessment;

	— The hydrogeological evolution of the area, including the nature and degree of mixing over time 
between different groundwater bodies (to be derived through palaeohydrogeological studies 
incorporating hydrochemical measurements).

3.6.3.	 Hydrochemical work programme

Objective: To provide data and information on the hydrogeochemistry of the site to (a) characterize 
the baseline (undisturbed) hydrogeochemical conditions at the site; (b) describe the origin and flux of 
the water in the rock, vertically and horizontally; and (c) obtain specific data on parameters that are of 
importance for safety assessment and repository design, such as pH, Eh, sulphates, colloids and chlorides, 
as well as isotopes for investigating residence times.

The hydrogeochemical information required from site investigations comprises:

	— The presence of human influences on groundwater composition (may indicate fast pathways);
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	— The presence and identity of different groundwater bodies, their distribution and the extent to which 
mixing is occurring or has occurred (may indicate connectivity across the site);

	— The compositions of the groundwater endmembers from which any identified groundwater bodies 
have been derived by mixing and/or reaction;

	— The characterization of rock/water interactions influencing the groundwater compositions now and 
in the past and that may have relevance for radionuclide retardation;

	— The identity of chemical and isotopic constituents in the groundwater to provide evidence of the 
genesis of groundwater components (e.g. meteorological, palaeomarine, deep‑seated crustal origin, 
etc.) and past/current flow directions;

	— The isotopic composition and other data that indicate the ages or ‘residence times’ of water and 
solutes in the groundwater system, from which travel times or groundwater body stability can be 
inferred;

	— The presence of structural or stratigraphic controls on groundwater composition;
	— The presence of deleterious materials or groundwater compositions that could influence the design 
of the engineering works;

	— The chemical and microbiological conditions affecting long term performance of engineered barriers 
(waste form, waste packaging, buffer and backfill);

	— The chemical conditions affecting the engineering of an excavation, the possibility of any chemical 
or natural radiological hazards, and the short term durability of introduced materials;

	— The composition of groundwater at disposal depth that will re‑saturate the backfill and any buffer 
material, and eventually influence the dissolution, speciation, and mobility of radionuclides when 
the primary containment (i.e. waste containers) is breached;

	— The hydrogeochemical interpretation (i.e. interpretation of the chemical compositions of groundwater 
bodies and interactions with the rock mass) that contributes to hydrogeological understanding of 
present day groundwater movements including recharge and discharge;

	— The hydrogeochemical data that can be used to populate, calibrate and test models of how 
groundwater movement and solute transport have evolved over a long period of time in the past 
(‘palaeohydrogeological modelling’);

	— The compositions of groundwater bodies in the regional volume of rock around a facility (above, 
below, and laterally) that might influence how chemical conditions evolve in the future;

	— The distributions of trace elements, of natural radionuclides and of related stable nuclides that are 
analogues for the geochemical behaviour of waste derived radionuclides.

3.6.4.	 Geotechnical work programme

Objective: To provide data and information on the geotechnical characteristics of the soils and rocks 
at the site that are sufficient to inform the engineering design and construction of the disposal facility 
and support the development of models in which geomechanically relevant processes and effects are 
important and may relate to coupling with other processes relevant for demonstrating safety.

The geotechnical information required from site investigations comprises:

	— The vertical and lateral extent of the rock mass considered potentially suitable to determine whether 
the selected site area or volume is large enough to accommodate the facility;

	— The mechanical properties of the rocks and soils that could influence the design and construction of 
the facility and provide rock quality ratings such as Q, RMR, GSI;

	— The characteristics and mechanical properties of discontinuities and of the rock mass at all depths 
of interest;

	— The characteristics of the rock mass and the ways in which these could be changed as a result of 
construction activities (e.g. rock deformations, deterioration, etc.);

	— The characteristics of the construction materials that could be used for construction purposes;
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	— The magnitude and orientation of in situ stress and determination of how stress/strain has changed 
in the past and might evolve, if this is relevant to safety (e.g. for controlling or influencing aspects 
of groundwater flow).

3.6.5.	 Biosphere work programme

Objective: To provide data and information on the biosphere characteristics of the site, needed 
to: (i) establish baseline biosphere conditions in advance of any disturbances created by repository 
construction and operations; (ii) support an understanding of potential radionuclide migration pathways 
and compartments in the biosphere (Fig.  11); (iii) facilitate the development of process models and 
safety assessment models through the use of current biosphere characteristics (as an analogue for future 
conditions that might exist at the site); (iv) inform repository design (surface works); (v) support EIA; 
and (vi) to provide confidence in the overall understanding of the site as part of the safety case and for 
dialogue with stakeholders.

The biosphere information required from site investigations comprises the following:

	— Geographic location, land use and topography (and bathymetry if relevant);
	— A description of the geomorphological features of the site, including a description of potential 
hazards associated with those features (e.g. flooding, tsunami, avalanche, rock fall and land slips);

	— Measurements of, and seasonal variability in, local weather conditions including precipitation, 
wind strength and direction, solar insolation and temperature, actual and potential evaporation, etc. 
including a description of potential hazards associated with extreme weather conditions;

	— Long term variability in climate (to reflect the timescales of concern for the inventory to be disposed 
of);

	— The disposition and characteristics of surface water bodies and wetlands (hydrology) including the 
extent of surface catchments and river/stream flow rates and fluxes, seasonal fluctuations in flow, 
relationship to weather conditions and interactions with groundwater;

	— The characteristics of the near surface geology relevant for biosphere interpretations, including 
locations and extent of surface outcrop and overburden, as well as a description of the Quaternary 
geological history of the site (reflecting the geomorphology of the site and possible land uplift or 
subsidence and/or eustatic sea level rise and fall);

	— The near surface hydrogeology relevant for biosphere interpretations, including percolation 
(unsaturated zone hydraulic conductivity), matric potential and interactions with surface water and 
deeper groundwaters at the geosphere–biosphere interface;

	— The hydrochemical composition of surface waters and groundwaters relevant for biosphere 
interpretations and the effects of interactions with rocks, soils and organic matter;

	— A description of the soils across the site including their composition, disposition and depths and how 
they have likely evolved over the Quaternary period in response to climate change;

	— The extent of terrestrial vegetation (species) across the site, including cultivated arable crops;
	— A survey of terrestrial fauna including habitats, estimated numbers and species, as part of baseline 
studies and for possible inclusion as representative biota in food chain studies;

	— A description of freshwater, estuarine and marine biota (fauna and flora) that might be present at the 
site including species surveys;

	— Human habits, behaviours and characteristics at the site, possibly including anthropological studies 
of former site occupiers, to support definitions of future representative groups in safety assessments.
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FIG. 11. A simple biosphere compartment model requiring site information to run safety assessment calculations (reproduced 
courtesy of ONDRAF/NIRAS).

3.7.	 CONCLUDING COMMENTS

Physical investigations of the natural environment at a site require the acquisition and interpretation 
of a large volume of data and information in response to recognized requirements. As investigations 
proceed, further data and information will be gathered which is likely to strengthen or challenge the 
understanding of the site and its evolution. Because of the nature of the iterative site investigation cycles 
described in Section 2.2, site description and conceptual models should be periodically updated to reflect 
a growing appreciation of the characteristics of a site based on further rounds of data acquisition and 
interpretation. It is possible that new areas of investigation will be required to assess the significance 
of newly recognized features and processes that could impact on safety or the design of the engineered 
system. This means it will not be feasible to fully define all the data and information requirements 
for site investigations at the outset of the project. Consequently, flexibility in operations is needed to 
iteratively adapt both the detailed requirements as well as further site characterization activities as the 
investigation proceeds.

The discipline based acquisition of site data and information, as described above, is intended to 
permit a suitably comprehensive 3‑D description of the natural system that might exist for any disposal 
project for radioactive wastes. It is, however, important to recognize that the requirements of each 
discipline are presented above at a rather high level. Although they are sufficient to structure and inform 
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the strategic planning needs for a site investigation project, they are not detailed enough to develop scopes 
of work needed to specify the parameters that would need to be collected or the natural processes to 
be understood for end use in safety assessment, environmental impact and repository design studies. 
Furthermore, they do not say anything about the levels of accuracy, precision and the representability 
required to describe a system adequately. In order to inform the specification of site investigation 
activities, it can be appreciated that the high level requirements presented in this publication would need 
to be augmented by deeper level requirements. Examples of a requirements hierarchy, including the more 
detailed requirements associated with end user needs and discipline oriented activities are provided in the 
first case study presented in Annex I and in NDA Refs [34–37]. It is noted that dedicated software systems 
exist to support requirements management, including off‑the‑shelf software offered by several vendors.

Lastly, it is important to remember that site investigation data and information will be an important 
element within an overall safety case for a repository construction licence and that the regulator is one of 
the ultimate end users. The specification of site information requirements, the amount of effort expended 
in meeting those requirements and the rigour required for demonstrating safety should be reflected 
in a graded approach to the site investigations. For example, the resources, objectives and associated 
information requirements for borehole disposal of a small volume of category 4 and 5 disused, sealed 
radioactive sources are different to the information and resource needs for a near surface repository 
designed for LLW disposal. Those are, in turn, different than the information and resource needs for 
investigating a site for a DGR for SNF. Hence, the degree of effort to be expended addressing some of 
the objectives above (developed for this publication particularly in the context of geological disposal) 
will vary depending on the nature of the waste inventory, the preferred disposal concept and the site 
conditions. Indeed, for some simple waste inventories and concepts, some of the information discussed 
may not be required to present a compelling and defensible safety case.

4.  PLANNING SITE INVESTIGATIONS

4.1.	 INTRODUCTION TO THE STRATEGIC PLANNING PROCESS

The ultimate goal of site investigations is to locate a suitable site for a repository and to acquire the 
necessary authorizations for construction, disposal operations and closure. In order to achieve this goal, 
a wide range of scientific, technical, commercial, and managerial expertise will need to be applied to the 
planning and implementation of a site investigation project. During any site investigation project there will 
be a range of external considerations and restrictions that influence the internal management functions and 
the internal decision making process. Figure 12 illustrates some of the wide range of external considerations 
and the main internal management responsibilities that reside within a multidisciplinary and integrated site 
investigation project.

Strategic planning is an especially important management activity that reflects external considerations 
and influences all aspects of internal management responsibilities. It should be carried out at an early stage 
and with significant diligence. The strategic planning process requires systematic analysis of a particular 
challenge or issue to identify and plan for a defined long term goal, taking into account the range of decision 
options available and their associated risks and benefits as well as present and future driving forces (internal 
and external to the organization). The deliverable from a strategic planning exercise is an implementation plan 
that establishes a series of coordinated actions (i.e.  the durations and sequencing of specific activities and 
their interactions, as well as the identification of decision points (milestones), and the teams or individuals 
responsible for implementation). Furthermore, a comprehensive plan should include contingency measures to 
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address situations where identified risks might materialize and set out the necessary allocation of appropriate 
human resources and finances required to realize the preferred plan of action. At its simplest level, this process 
can be illustrated as in Fig. 13 or shown as a series of steps, as in Fig. 14.

Strategic planning is carried out in all industrial, research and government sectors and there are 
various approaches that may be employed for carrying out a strategic planning exercise. Consequently, there 
are a plethora of frameworks, methods and models available to support detailed strategic planning for site 
investigations. The approach presented in Figs 13 and 14 is only one description of a planning process among 
many, but it is considered sufficiently general and reliable to be broadly applicable. Figure 15 is a simple flow 
chart illustrating how strategic analysis leading to an associated implementation plan then underpins the entire 
site investigation effort.

Requirements, objectives, a well developed strategy and a corresponding implementation plan are 
prerequisites to initial data acquisition, and all are to be updated and revised as necessary in response to new 
information and changing circumstances derived from new requirements, knowledge gaps and uncertainty 
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FIG. 12. Indicative external considerations that establish key requirements, inform project design and focus engagement 
efforts with stakeholders (outer circles) as well as indicative internal management areas necessary in a site investigation 
project (inner circle) (reproduced courtesy of NWS).



analysis. Exit is achieved when all essential requirements have been addressed and there are no outstanding 
knowledge gaps or uncertainties that might lead to unacceptable dose and risk results or otherwise undermine 
confidence in implementation of the concept (see Section 8 for further discussion).

A strategic plan identifies actions and sets out the path for optimizing the allocation of scarce resources 
to safely and efficiently meet the site investigation goal and objectives in a timely manner. In order to develop 
such a plan, it is of paramount importance that an organization be fully aware of the current situation in which 
it operates. This includes the national context and an appreciation of external and internal driving forces, as 
well as other circumstances that do or could impact on the organization itself and the environment that it 
operates within. This introduces the important concept of project risk identification and management, a key 
activity that should be undertaken as an integral part of the management system for site investigations.

A strategically focused site investigation implementation plan should be developed and regularly updated 
on the basis of a careful analysis of the driving forces and influencing factors that could affect operations in 
the future. Thus, constantly monitoring the implementation of the plan is required and contingency measures 
need to be established that can be adopted should circumstances change and conditions require it. Such 
strategic forethought permits the RWMO to comprehensively understand its situational context, now and 
in the future, and supports rapid and efficient decision making concerning choices to be made from among 
many alternatives.

The benefits of robust strategic analysis and planning for site investigations should be self‑evident, but a 
well constructed strategically oriented site investigation plan will provide an organization with:

	— Clarity and focus regarding strategic imperatives, goals and objectives;
	— Recognition of internal strengths and weaknesses;
	— Recognition of present and potential external influences and entities that do or could drive change;
	— A basis for deriving and evaluating the merits and weaknesses associated with strategic options;
	— The definition of activities required to achieve objectives and how they relate to each other;
	— A framework and pathway for optimizing resource use and the management of technical activities;
	— A timeline within which to structure activities (start, duration and finish);
	— A baseline against which actual progress can be measured;
	— A means to communicate with stakeholders, demonstrating how objectives will be and have been 
achieved in accordance with responsibilities and expectations;

	— Identification of current and future risks and opportunities and establishing a basis for countering or 
exploiting them.
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Conversely, without a strategic plan an organization responsible for site investigations is essentially 
committing itself to let circumstances dictate its future direction, with all the risks that entails.

As described in several places in this publication, the site investigations at a particular site will evolve 
as more knowledge is gained and the extent and relevance of uncertainties are recognized. It can be therefore 
be appreciated that strategic planning has to be dynamic, as the implementation of site investigations needs 
to be updated in response to feedbacks from the wider programme and changing circumstances, including 
external influences.
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The strategic planning of site investigations necessarily involves forecasting the allocation of scarce 
resources in an environment where health and safety considerations are paramount for workers and the 
public, and where impacts on the environment are to be minimized to a level acceptable to stakeholders 
and the organization itself. One of the key factors providing stakeholder confidence in the RWMO carrying 
out site investigations (and hence ultimately confidence in the safety of the repository system during site 
investigations, but also during operations and for the post‑closure period) is the QC and quality assurance 
(QA) process built into the planning and implementation approach. The definition of quality targets and 
the manner and degree to which they are to be met are one of four key constraints that can be varied 
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during project planning and while site investigations are under way. These constraints collectively dictate 
when and how a project might be implemented. The other variable key constraints alongside quality 
considerations are: the range of and detail in the activities to be undertaken in the site investigations 
(i.e.  the scope of work); the expenditures associated with the site investigation project (costs); and 
the duration and scheduling of the site investigation activities (time). Each of these constraints can be 
varied to reach a specified goal but, within an environment of limited resource availability, an increase 
or decrease in one area has to generally be compensated for by a corresponding change in another. For 
example, an increase in the scope of work, while maintaining levels of quality, would typically result in 
an increase in costs and/or time. Figure 16 illustrates this planning and management dilemma in terms of 
a ‘project management pyramid’ model, balancing constraints and finite resource availability.

It can be appreciated that because confidence in an organization is essential and because 
preoperational, operational and post‑closure safety is of paramount importance, the use of robust quality 
controls and systematic checks on all activities have to be consistently applied. It is therefore the other 
factors of the project management pyramid that constrain a project (scope of work, time allocation 
and costs) that are to be adapted as and when needed. This requires that a comprehensive and strong 
management system be in place and that there is an appropriate organizational culture to ensure strategic 
decisions regarding priorities are understood and followed [32, 38]. Risk identification and analysis 
during the strategic planning process should be used to anticipate circumstances that might lead to 
potential conflicts between the four factors during site investigation implementation, with avoidance and 
mitigation measures established to determine how they should be addressed (see bullet point seven in 
Section 4.2.1).

As illustrated in Fig. 12, in addition to a high level of competence in strategic planning there are 
other key management activities that will necessarily be applied by an RWMO during the planning 
and implementation of a site investigation project, such as human resource management, financial and 
commercial management, etc. It is emphasized that the development and application of best practices in 
all management areas should be in place and functioning by the time of site investigation implementation.
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4.2.	 STRATEGIC PLANNING CONSIDERATIONS FOR SITE INVESTIGATIONS

4.2.1.	 Site investigation principles

Based on a review of best practice, it is recommended that strategic planning for a site investigation 
project should incorporate the following principles:

	— Ensure effective lines of communication are established at an early stage with waste producers, 
regulators and all other external stakeholder groups to be involved in reviews, consultation and 
decision making. Monitor effectiveness and ensure these lines of communication are maintained.

	— Strategically plan and manage the site investigations as an integrated project and ensure there are 
effective interfaces with other technical areas of the repository development programme, especially 
safety assessment, repository design, EIA and generic research.

	— Ensure effective interfaces with dedicated management areas within the organization such as 
procurement, legal support, human resource management and public relations.

	— Carry out the site investigations using suitably qualified and experienced personnel and ensure 
expertise is maintained by implementation of an appropriate programme of personal development 
and training, as well as the design and implementation of an appropriate knowledge management 
system.

	— Identify site investigation requirements and design the investigations to gather the necessary data 
and information in line with a graded approach, avoiding the collection of data and information that 
has no value in relation to the defined objectives.

	— Carry out the site investigations in a manner devised to gather the required data and information in a 
way that ensures the health and safety of workers and the public, minimizes environmental impact, 
avoids unnecessary geosphere disturbance10 and demonstrates timeliness and value for money.

	— In situations where there is a potential conflict between constraints and resource availability, the 
order of priority for effective project management should be established. It is suggested, that unless 
there are compelling reasons otherwise, the order for setting priorities should be: 
(i)	 A consideration of safety and quality in all planning and implementation activities;
(ii)	 The minimization of environmental impact and geosphere disturbance;
(iii)	 Ensuring the entire scope of work is covered, as needed for addressing end user requirements;
(iv)	 Undertaking the project components in a timely manner; 
(v)	 Any other cost considerations.

The main methods to be used to ensure these are achieved is the rigorous application of a 
suitable management system contains clear policies and procedures derived from best practice and 
strategic analysis.

	— During investigations intended to discriminate between alternate sites for their suitability to host a 
repository, collect easily accessible and less costly data first, target especially the data that can be 
used to confirm whether there are reasons to exclude a particular site from further consideration.

	— Use data acquisition tools and techniques of demonstrable reliability, accuracy and precision to 
gather the required information.

	— Ensure critical parameters are determined by more than one technique where possible and develop 
methodologies to evaluate the uncertainty associated with the measurement of these parameters.

	— Ensure all data and information generated by the site investigation project are managed in a manner 
that is traceable, maintains integrity and makes them readily available to all.

	— Identify project risks and establish strategies for avoiding or mitigating them.

10	 Site investigations should be undertaken with the intention to minimize disturbance to a site, both to ensure reduced 
environmental impacts and so that the geological barrier function is not unnecessarily affected by activities.
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	— Ensure there is sufficient delegated responsibility and flexibility in the management of the site 
investigation project to adjust to new requirements and circumstances as they arise.

This list is not in any order, nor is it exhaustive as national or local circumstances may dictate 
that additional or alternative principles be defined. The remainder of this Section discusses important 
management aspects to be dealt with as part of the site investigation planning process.

4.2.2.	 Evaluating the scale of site investigation effort

A fundamental safety principle is that the protection of people and the environment be optimized to 
provide the highest level of safety that can reasonably be achieved (Principle 5 [1]). This statement should 
be qualified by the statement that “The resources devoted to safety… and the scope and stringency of 
regulations and their application, have to be commensurate with the magnitude of the radiation risks and 
their amenability to control” [1]. This reasoning was already introduced in Section 1 and has been termed 
a graded approach to the management of hazards and risks. It is reiterated here, as it is the primary basis 
for evaluating the scale of effort required to undertake site investigations.

When considering a national inventory of radioactive waste, different categories of radioactive waste 
are likely to have different disposal routes for reasons of safety, logistics or economics. While the IAEA 
classification scheme for radioactive waste [17] does not provide quantitative waste characterization 
boundaries for activity and half‑life limits, it does nevertheless provide guidance on suitable disposal 
options for the different classes of waste that are defined in the scheme. Consequently, it is essential 
that national choices and regulations define the basis for different classes of waste and determine 
appropriate disposal options for them. For example, while in many Member States LLW is generally 
considered suitable for near surface disposal involving an appropriately engineered repository, Germany 
and Switzerland have stipulated that such waste be disposed of underground in geological repositories.

Clearly, the starting point before embarking on a strategic planning process for site investigations 
is to be aware of existing national policy, legislation and any existing regulations and to thoroughly 
characterize and understand the nature of the radioactive waste that the RWMO is responsible for (now 
and in the future), including its origin, volume, location and the chemical and radiological behaviour 
of conditioned waste streams. Only on the basis of thoroughly understanding the nature of the waste 
can informed decisions about end point disposal options be made. Thus, accurate and comprehensive 
knowledge about the waste streams will naturally have a significant impact on the scale of the site 
investigation project and on the entire disposal facility programme.

The preferred siting strategy will also impact on the extent and type of site investigations to be 
adopted. If a strategy of regional investigations involving a large number of sites followed by more 
targeted investigations at an ever decreasing number of sites is adopted (i.e. a site screening approach), 
then clearly the overall labour and equipment requirements, the time necessary and the costs will be 
significantly more than a situation where a single or small number of potential sites have been preselected 
(i.e. a preferred site approach — see Section 2.3 on site selection strategies).

4.2.3.	 Programming and scheduling

As described in Section 2 and Fig. 5, the main phases in a site screening approach to siting, an 
approach that focuses on smaller areas and fewer sites can be described by four stages; these can, in 
turn, be used to structure high level technical activities and management actions (Table 3 provides some 
examples). As planning progresses, high level descriptions of technical and management activities would 
be progressively refined to generate more reliable cost estimates and a more detailed programme.11 This 
would be one of the key outputs arising from a comprehensive planning exercise.

11	 The term programme is used here in the sense of a plan comprising a list of activities and events organized on the 
basis of time (i.e. a schedule), but also including additional elements such as responsibilities and deliverables.
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Implementation activities should proceed in a progressive manner according to a well defined 
schedule, recognizing that they will be carried out in a series of steps separated by three key decision 
points, namely:

	— The selection of one or a small number of sites for detailed site characterization;
	— A decision to ‘go underground’ (i.e.  the construction of site specific underground research 
infrastructure to investigate the subsurface at one or more sites);

	— The choice of a preferred site for hosting a repository.

Figure  17 illustrates the system adopted by SKB during its site investigations for a spent fuel 
repository in Sweden. It shows the various implementation steps (0, 1.1, 2.1, etc.) leading to a preliminary 
judgement about site suitability for constructing a geological disposal facility. In the Swedish case, 
an authorization to construct a repository will be provided prior to in situ underground investigations 
during the construction of tunnels and shafts (i.e. the underground investigations of the rock mass will be 
carried out as part of the initial repository development). However, a final authorization to emplace waste 
depends on the results of a safety case that incorporates the additional understanding generated by the 
underground phase of investigations. This approach, which is also currently part of the planning approach 
in the UK, compares with the situation where major underground in situ investigations are carried out 
prior to an application for repository construction, in which case it is important that the investigation 
facility be carefully designed and constructed so it can be incorporated into the final disposal facility (as 
in Finland) or can be sited adjacent to the disposal facility proper (as in France).
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TABLE 3. ILLUSTRATIVE ACTIVITIES AND KEY MANAGEMENT ACTIONS ASSOCIATED 
WITH SITING STAGES

Siting stage Main activity Key management actions

Conceptual & planning 
stage

Planning for investigations Establish high level requirements;
Decide on initial repository concept;
Establish site data and information requirements;
Set investigation objectives and responsibilities;
Define site selection methodology and criteria;
Define generic specifications and scopes of work;
Develop costs and programme;
Establish management systems.

Area survey, site 
investigation & 
detailed site 
characterization stages
(implementation of site 
investigations)

Preparation for each stage    Obtain licences and authorizations;
Identify suitable contractors for any commissioned work;
Call for bids and evaluate offers;
Choose contractors and place orders;
Agree on detailed planning with contractors.   

Data acquisition & 
processing during each 
stage   

Undertake desk studies and initial screening;
Manage external relationships at site(s);
Supervise site data acquisition;
Review data during its generation and ensure the management 
system is functioning.   

Interpretation & integration 
during each stage   

Manage data flow and interpretation activities;
Coordinate interpretation activities;
Ensure interdisciplinary collaboration and synthesis.   

Reviews & reporting during 
and after each stage

Manage reviews;
Approve reports and make them available.



	— A decision to go underground for in situ investigation of the subsurface;
	— Confirmation of the suitability of the preferred site for construction of the waste disposal facility 
(either at the end of the surface based investigations, in which case underground investigations would 
proceed as part of the initial facility development, or after all investigations have been completed, 
surface based and underground).

In either siting strategy, the decision as to whether investigation tunnels, shafts and an underground 
laboratory are constructed and operated prior to or after a repository construction licence is provided will 
depend on several factors which may include:

	— Legislation and regulatory requirements;
	— Complexity of the rock mass and degree of uncertainty and confidence in data and models;
	— Need to demonstrate and test equipment and methods;
	— Wider stakeholder expectations and requirements, including issues of acceptance.

During the planning phase, a decision may be made about which approach should be adopted, 
especially if there is a clear regulatory requirement, but the final choice may have to wait for interim 
results from surface based investigations.

If a decision is made to employ a site specific underground laboratory for rock mass investigations 
and characterization, a choice will have to be made as to whether the voids constructed for accessing the 
rock mass and carrying out measurements, demonstrations and experiments would eventually be used as 
part of the disposal facility, should a construction licence be provided. Alternatively, it may be decided 
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FIG. 17. Main steps of a site investigation programme (reproduced courtesy of NWS).

For a siting strategy that involves the preselection of a preferred site, rather than by screening out 
a large number of sites and focusing down the scale of interest from regions and large areas to one or 
more specific sites, there are two key decision points and even these may be combined in appropriate 
situations. These are:



to keep these separate from the disposal facility. It is likely that this type of choice will only be possible 
during the detailed site characterization phase.

The level of detail by which the site investigation activities are defined and scheduled will vary 
considerably depending on the particular stage or step of implementation and also in line with the graded 
approach. It is expected that those activities planned for completion in the near future (possibly 1 to 2 years) 
could be defined in a considerable amount of detail. However, those activities expected to be undertaken 
sometime further into the future (say, 3 years or more) may only be defined in more general terms.

It is important to emphasize that an implementation programme is anyway likely to change in 
response to various events internally within the RWMO and externally (e.g.  due to the influence of 
government, regulators, etc.). Hence, as the site investigations progress, it will be necessary to update the 
implementation programme as more information becomes available. In order to do this effectively, and 
to support its risk management function, it would be sensible during the planning phase for an RWMO 
to initially define a baseline scenario incorporating anticipated conditions and, on this basis, develop the 
corresponding programme as well as a small number of viable variant scenarios.

Typically, an implementation programme for a site investigation project is illustrated using a 
Gantt chart, such as that shown in Fig.  18. This comprises a hierarchy of interlinked activities based 
on a work breakdown structure, each with estimated start and completion dates (indicative of duration) 
and with key milestones shown.12 The dependencies between activities and the critical activities upon 
which others depend can also be illustrated using other techniques, such as PERT (programme evaluation 
review technique). However, the Gantt or PERT charts do not alone make up an actual programme, they 
are simply tools to support and illustrate an implementation plan. A programme and plan should at a 
minimum also specify objectives, responsibilities, resource requirements, deliverables and outcomes.

It is expected that for, practical purposes and economic reasons, there will be a continuous 
programme of investigations in which the steps at a site would proceed without significant breaks. 
However, the regulator or other stakeholders may require a series of interim decision points to evaluate 
the project status as the focus of the investigations will change from step to step.

12	 A milestone is an event (i.e.  it has zero duration in a programme) which may represent completion of a task, 
attainment of a key objective, or a key decision point.
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FIG. 18. The duration bars of processes displayed in a Gantt chart for a site investigation project. Process descriptions fill 
the left column and dates head the other columns.



The site investigation activities undertaken at each step shown in Fig. 17 involve the acquisition 
of data from various investigation activities and interpretation of the data. The resultant data and 
information would then be provided to the end users involved in repository engineering design and safety 
and environmental assessments. In order to optimize the time available and the use of resources, these 
activities should be logically interrelated and carried out in parallel as much as is possible, rather than in a 
serial or consecutive manner (Fig. 19).

At discrete, predetermined times during the investigations there should be a series of planned ‘data 
freezes’ when a package of data and information is defined by its availability at a specific date, frozen in 
the data management system (DMS) and handed on to end users so that a new round of engineering design 
and safety assessment updates can commence. During the time these updates are under way, further site 
investigations and generic research proceed, and more data are collected so that at the following data 
freeze captures any new or updated data and information that can, again, be given to the design and safety 
assessment teams so that they can maintain a rolling programme of work.

In order for there to be adequate opportunities for feedback into the design of the ongoing 
investigations from the interpretation efforts and the repository design and assessment studies, it is 
essential that the rate at which data are acquired is not so fast that excessive amounts of new data and 
information are received before the previous freeze has been interpreted, assessed and documented. 
Irrespective of the actual scheduling of activities, it is inevitable that the data streams and interpretation 
streams will be somewhat out of phase and that some inefficiencies will occur in terms of the data to be 
gathered and their processing and interpretation. However, experience shows these inefficiencies are less 
than those that would occur due to the loss of momentum and the dissipation of resources associated with 
running a serial programme of activities.

An essential element of this parallel approach to programming is ensuring that the interpretation, 
repository design and assessment personnel are able to send feedback to the site investigation team 
concerning the additional information and understanding that they require. Timely feedback is needed so 
that investigations can be adjusted to respond effectively to the developing understanding of the ground 
conditions at the site (see Section 2.2 and Fig. 3). It is, therefore, essential that wider disposal programme 
planning ensures those undertaking the various technical activities are integrated into a coherent project 
team that shares information and experiences, and that this team coordinates effectively.

4.2.4.	 Authorizations and permissions

Here, it is simply emphasized that the relevant authorities and other key stakeholders should be 
consulted early in the siting process to ensure requirements concerning authorizations in the form of 
licences and permissions are recognized and so that applications can be prepared appropriately and in 
a timely manner. Although some Member States may have stringent regulatory requirements in relation 
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FIG. 19. Illustration of the timing of parallel vs serial site investigation activities displayed in a Gantt chart (reproduced 
courtesy of NWS).



to repository siting, generally speaking, site investigations do not require special authorizations from a 
nuclear or radiological licensing authority, as typically there would not be any environmental release of 
radionuclides. Nevertheless, it would be sensible to ensure a continuous information exchange with a 
nuclear facility regulator during the site investigations. Planning permission may, however, be required 
from a local government authority to drill boreholes or to site a meteorological monitoring station, 
for example (see Fig.  12). Special licences may also be required from an environmental authority in 
advance of hydrological stream measurements or disturbing groundwater during hydrogeological testing 
and possibly for other reasons where there is the potential to affect the environment. It will be essential 
that the RWMO and its contractors comply with national and local legislation and regulations regarding, 
for example, the protection of groundwater resources and the wider environment. Other permissions 
may also be required depending on national circumstances. Consequently, a number of authorities may 
need to be engaged.

In order to achieve a successful investigation project, it will be essential to develop and maintain 
a good working relationship with regulators and planning authorities, as well as any other national or 
local government bodies from whom authorizations and permissions will be required. Good relationships 
should of course also be maintained with the communities affected by the investigations. This type 
of interaction should be prepared for during the planning phase through the production of a strategic 
engagement plan [10, 39]13. Whether community engagement also includes a role for local residents in 
decision making is a strategic decision and possibly a legal or regulatory one. In any event, the views of 
affected communities regarding concerns and expectations may provide opportunities to strengthen the 
implementation of the site investigations but, if ignored, could have seriously adverse consequences.

Specifically in relation to implementer–regulator interactions, it will be important to ensure that the 
professional separation of responsibilities and decisions are maintained at all times, and any actions that 
might lead to the conflict of interests, or any perception of a conflict, are avoided.

4.2.5.	 Quality control and assurance

A management system is the complete set of interacting policies, procedures, processes, structures 
and resources used to initiate and direct organizational activities including designs, procurement, 
documentation, inspections, tests, model validation and verification, equipment calibration, audits and 
continuous improvement (more fully described in Refs [32, 38]). As part of a repository development 
programme, it is essential that a site investigation project be managed, performed, assessed and controlled 
through the application of a suitable management system to provide confidence that safety, technical, 
environmental, quality and economic requirements and objectives are being met. Consequently, an 
appropriate management system should be agreed and in place in advance of the site investigations, and 
it should be continuously assessed and optimized as the project progresses to ensure it is robust and 
remains appropriate.

The range of management system components to be developed specifically in relation to safety 
concerns can be appreciated by reference to IAEA safety requirements and the corresponding guide 
[38, 40]. A management system contributes to ensuring the existence and continued enhancement of 
a pragmatic and strong safety culture and provides for the use of good practices during all activities 
relevant to disposal, including activities specific to site investigations. Demonstrating the design and 
application of a robust management system would form an important component of a safety case and 
provide confidence in the RWMO and its results. This is an area that would be closely scrutinized by 
regulatory authorities as part of a licensing process.

A key aspect of a management system is the provision and application of QC measures (the system 
for controlling the quality of services and outputs by verifying personnel and equipment correspond to 
predetermined requirements) and quality assurance procedures (QA: the system used to ensure the quality 

13	 The development of such a strategy is outside of the scope of the current publication, but examples and guidance 
on communication and stakeholder involvement are provided in Refs [10, 39].
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of services and products and provide confidence that specific requirements are being fulfilled), but it is 
emphasized that a management system is much more than these aspects alone [2, 38].

As part of its management approach, it will be essential that an RWMO prepare a quality plan 
to define the procedures to be followed during each of the investigation’s activities. The plan and its 
procedures would include references to the various national and international standards that apply to the 
investigations (e.g. ISO 9001:2015 or equivalent [41]). Such a quality plan would include (not exhaustive):

	— Scope of the work to be undertaken within the project and covered by QA procedures including how 
activities will be managed and their durations;

	— Relevant internal policies and procedures;
	— Organizational structure, roles and responsibilities;
	— Outputs (deliverables) and expected outcomes;
	— QA and QC activities ensuring:

	● Specifications and methods statements include measurable quality requirements (standards 
and targets) using defined evaluation criteria and including statements demonstrating how 
conformance with QA requirements will be provided and cleared;

	● Methods for evaluating performance through inspections and frequency of reviews;
	● Procedures for identifying and managing project risks;
	● Records of qualifications and experience of RWMO personnel undertaking QA audits (and for 

counterpart QA officers in contracting organizations as appropriate);
	● Records of observations and notification of non‑compliance;
	● Monitoring of implementation of countermeasures and their effectiveness.

	— A strategy for continuous improvement.

Similarly, any contractor undertaking work on behalf of the RWMO should also produce their 
own quality plan and submit it to the RWMO for approval before the commencement of investigations. 
The RWMO should reserve the right to undertake on‑site surveillance audits of the consultant’s quality 
system during the implementation of the contract, as well as any post hoc checks.

4.2.6.	 Composition and structure of a site investigation team

The composition and structural organization of the RWMO team to be responsible for implementing 
site investigations is an important component of a management system. In general, staff numbers and 
composition will depend on:

	— The organization’s responsibilities (in terms of waste types to be dealt with, their volume and the 
size of programme);

	— Availability of funding;
	— Availability of expertise;
	— Nature of the disposal concept and site conditions;
	— The strategy to be adopted concerning contractor service procurement and the implementation of 
technical activities.

In relation to the last bullet point, a prerequisite in advance of investigations will be a senior 
management decision about whether:

(a)	 The RWMO is to undertake all or the majority of the site investigations based on an in‑house 
capability and capacity to carry out the work, in which case a relatively large workforce of specialist 
employees would be required;

(b)	 Or a small team of in‑house technical managers who would be used to procure the services of 
external contractors and consultants commissioned to carry out the work required.
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These two options, of course, represent endmember alternatives and a decision could be made during 
the planning phase to use a more equitable mixture of internal and external human resources instead. The 
strategy for managing human resources may also evolve as the project progresses. In deciding on which 
approach to adopt, there are a number of considerations. These can be exemplified by firstly considering 
the endmember options in terms of the benefits (pros) and disbenefits (cons).

Some of the benefits of the in‑house implementation approach include:

	— Strong control over the planning, coordination and review of all site acquisition and interpretation 
activities;

	— Continuous staff availability and the flexibility to reassign personnel as required;
	— Control over employment conditions (negotiated pay and conditions such as permanent employees 
or the use of time limited contracts) and a detailed understanding of individual skills and expertise;

	— Detailed understanding of the tools and processes used to acquire and turn primary data into 
information and knowledge;

	— The ability to ensure all site investigation personnel operate as a single integrated team, sharing 
information and experiences and producing synergies;

	— Development of a strong culture of responsibility and ownership and engendering of the importance 
of safety and environmental responsibility in all activities.

Some of the disbenefits of this approach might include the following:

	— It may not be possible to easily employ all of the required specialists, either because prospective 
employees recognize that the site investigation project would have a finite lifetime or because of 
a reluctance to work in what might be perceived by some prospective employees to be a rather 
narrow or problematic field. Also, it may be the case that in some Member States the expertise and 
experience required is not available domestically, in which case foreign applicants would have to be 
sought.

	— Budgetary constraints, especially in later years when conflicting pressures may become apparent, 
could jeopardize the viability of the project.

	— A large and guaranteed multi‑year budget for labour and equipment would be required.
	— Administrative and logistical issues relating to the employment of a relatively large workforce 
(pensions, career development, health care, etc.).

	— The employment of the vast majority of site investigation personnel would likely be terminated once 
a repository construction licence was provided (except in the case where underground investigations 
via tunnels and shafts are carried out as the first phase of construction, in which case the termination 
of the majority of the team would be stretched out in time up to the provision of a licence for waste 
emplacement). Redundancies would have to be carefully managed and would be sensitive.

Some of the benefits of the outsourcing approach would include:

	— The ability to appoint a single management contractor for a turnkey contract (either a consortium or 
a large technical service provider who would subcontract out specialist work as needed);

	— Devolved responsibility to the contractor(s) for detailed planning and undertaking the investigations, 
based on the specification of the data and information required, but not how to acquire them;

	— The use of well‑trained experts with established positions in the employ of contractors (in a case 
where such experts would be unlikely to consider direct employment with an RWMO, if offered);

	— No RWMO responsibility for the external site investigation team in terms of employment conditions, 
meaning that contractors can be engaged as required to undertake specific tasks without the need to 
pay or administer work benefits such as sickness and holiday leave, career development, pensions, 
etc.;

	— No RWMO requirement to purchase or maintain specialist equipment.
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Some of the disbenefits of the outsourcing approach might include:

	— A possible lack of control in specifying and managing the site investigations.
	— Contractors may work in small teams operating in isolation from other teams, meaning the likelihood 
of cross‑fertilization of ideas and knowledge building may be reduced without strong guidance from 
the RWMO.

	— A reliance on external procedures and QC, including the use of suitably qualified and experienced 
personnel. Health and safety in particular might be an issue. Furthermore, the importance of carrying 
out work with due regard to post‑closure safety considerations might not be well appreciated.

	— The possibility of higher overall costs (although costs may actually be lower in some circumstances).
	— Contractors may not be available when needed, for example if the schedule is not well planned or if 
opportunities arose to reschedule work and bring tasks forward or due to conflicts with the needs of 
other clients.

	— Penalties would be likely for contract variations, which are more likely when there is a lack of 
specialist in‑house expertise and where there are a large number of contracts. This may be likely for 
complex projects, given the research focus of site investigations.

	— A relatively high administrative burden especially in terms of procurement contracts and audits.

Clearly the pros and cons noted above would have to be closely evaluated by each RWMO in 
the context of their own circumstances and any disbenefits could be largely or entirely mitigated with 
proper planning. In reality, most large and advanced site investigation projects have recognized labour 
requirements that will vary over time, and the project has a finite lifetime. These organizations have 
therefore tended to use a staffing model whereby there is a strong in‑house capability to manage and 
contribute to some of the site investigation work, but with significant support from external contractors 
and consultants. In all cases though, there is a requirement to have an appropriate number of suitably 
qualified and experienced people available in‑house to act as an educated customer for specialist services 
in order to proactively manage and implement the site investigations. Some site investigation teams, such 
as that built up by SKB in Sweden, used a mixture of permanent in‑house employees working side‑by‑side 
for the duration of the project with an equal number of contractors who were essentially seconded. In this 
way, a common and strong organizational culture and safety ethos was fostered, which made information 
and knowledge more readily and effectively disseminated across the team.

In the following discussion, it is assumed that the RWMO has adopted a model whereby there 
is initially a limited number of in‑house specialists comprising senior experienced personnel with 
experience in all of the disciplines that will be required as part of the investigations (a high level site 
investigation team or ‘core team’). It should be anticipated that this core team would maintain knowledge 
and continuity across the entirety of the project as far as possible and would be responsible for oversight 
and coordination of all activities. They would also perform an external facing role with stakeholders. In 
this way, the RWMO would be able to function as an ‘educated client’ for the services to be provided by 
external contractors. In addition, other staff would be required to appropriately manage contractors.

The expertise to be covered by the core team would largely reflect geoscience needs, but also 
knowledge about the physics and chemistry underpinning understanding of the process and ecosystems. 
Given the range and complexity of the disciplines that would need to be covered in a site investigation 
programme, it may or may not be possible to find a single person who would have highly detailed 
knowledge in all areas, but it should be possible to employ someone as the overall site investigation 
director who would be sufficiently experienced and knowledgeable.14 This person could be supported by 
other senior managers responsible for planning and implementing the investigations in line with their own 
experience and based around the disciplines of geology, geophysics, hydrogeology, hydrogeochemistry, 
rock mechanics and biosphere research. Each of these disciplines comprises a multitude of 

14	 Sufficiency in this context is subjective but would require someone who can define high level needs and define 
specifications, manage activities appropriately and evaluate the meaning and significance of results.
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subdisciplines and each could even be further subdivided on the basis of them being data acquisition or 
interpretation activities.

In addition to technical competencies, experience will be needed regarding conventional management 
functions directly relevant to the successful planning and implementation of the site investigations. These 
areas will include commercial management (procurement), data and information management, QC, the 
design and operation of other management systems, public relations and communications management, 
infrastructure management (to obtain, for example, local government and environmental agency planning 
permissions for works), project management, and health and safety management (Fig.  12). Some of 
these functions may be shared across the organization, especially during the planning phase, or may be 
dedicated solely to support the site investigations to ensure there are no issues resulting from conflicting 
demands and priorities in other areas of the organization.

The core team could be kept relatively small, supported by other organizational resources as 
necessary. The core team should ideally be established in advance of the siting process or at least built up 
and operating during the conceptual planning stage, so that the strategic elements of the siting programme 
can be decided and so that the detailed planning for the site investigation project can be established as 
comprehensively as possible in advance of ground surveys, drilling and sampling. The core team would 
also act as the coordination or steering group responsible for planning and implementation throughout 
the siting phase. Figure 20 provides two alternative organization charts for the top‑level core team and 
supporting functions, to be established prior to or during the planning phase. Note that the hypothetical 
structure shown by chart A in Fig. 20 reflects planning responsibilities assigned on the basis of disciplines, 
while B reflects responsibilities relating to operational functions (data acquisition, interpretation and data 
management), each covering multiple disciplines.

It is assumed that as the siting programme advances (e.g.  from Step 0 into Step 1 and Step 2 in 
Fig. 17), the in‑house capability would be augmented by additional specialists, as required to coordinate 
an increasing workload. Those additional personnel would work especially on the specification of tasks, 
the daily management of contractors, reviewing the output of the acquisition activities, ensuring the 
application of robust interpretation methods and checking results, integrating the data and information and 
making it available to end users. No assumption is made as to whether the enhanced in‑house team would 
comprise permanent RWMO employees or contractors on limited time contracts or possibly seconded 
from technical support organizations.

Because there may be multiple sites being investigated at the same time during the area survey 
and site investigation stages, several teams may be working in parallel. It is noteworthy that during the 
investigations, local field offices might be established at each site, primarily to have a local coordination 
function for the site investigation personnel, but also to ensure good relations with local communities and 
their representatives. It will be necessary for the core team to provide oversight to ensure investigation 
activities are being carried out in such a manner that fair and reasonable comparisons between sites can 
be made. An expanded organization chart for when site investigations are under way (Step 1.1 onward) 
might look like Fig. 21.
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FIG.  20. Alternative organization chart illustrating the high level structure of a site investigation team prior to the 
conceptual planning stage (Fig. 8) and during Step 0 (Fig. 17).
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Depending on the waste inventory to be disposed of, the site investigations may require detailed 
consideration of the thermal properties of the various rock units present (such as thermal conductivity, 
specific heat and heat transfer coefficients) to be derived from the geological investigations. Furthermore, 
combined geological, hydrogeological and hydrogeochemical information would be used in radionuclide 
transport modelling. Responsibility for investigations in these specialist topical areas are not explicitly 
represented in the organization chart, but any specialist functions should be accommodated in the 
organizational structure. It is therefore apparent that Figs 20 and 21 are illustrative only, as are the position 
titles, and it is emphasized there are a great many structural variants that might be considered, including 
managing the site investigation team within a matrix. By the time site investigations have progressed to 
Step 3 (underground investigations accessed by tunnels and shafts) the composition and structure of the 
site investigation team will strongly reflect a multitude of organizational preferences and so no illustrative 
organizational chart is shown.

4.2.7.	 Data and information management

Data and information management is another aspect of a comprehensive management system that 
should be planned for prior to site investigations getting under way. As site investigations progress, an 
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FIG. 21. Organization chart for the structure of site investigation personnel responsible for investigating several sites 
during Steps 1.1 to 2 (see Fig. 17). Note that the the steering group would likely comprise individual senior personnel with 
other responsibilities elsewhere in this chart or from elsewhere in the organization.



ever‑increasing amount of data and processed information will be generated. Some data will reflect 
spatially defined one time measurements, while others will reflect time series sampling. Many of the 
data sets will be very extensive, reflecting high spatial or temporal resolution and/or large investigation 
volumes, such as those derived from seismic surveys. Data will be collected using a wide range of 
techniques to reflect investigating a wide range of features and processes. The accuracy, precision and the 
representativeness of the parameters measured will vary greatly, depending on the technique used and the 
feature or process being considered. Technical and descriptive metadata, providing context for underlying 
data, will also need to be captured.

Raw data collected in the field or in the laboratory may need to be processed to provide derived 
data (e.g.  field derived parameter values reflecting water table fluctuation or groundwater pressure 
measurements are necessary for producing ‘hydraulic conductivity’). Raw and derived data and 
information will, in turn, be analysed and their meaning assessed, including through the use of process 
models. Bearing in mind that a prospective site for a radioactive waste disposal facility has to be 
considered as an holistic system containing features that can be considered on different scales, and that 
it contains many important interactions and feedback processes, disparate data sets and information 
on individual system components will need to be combined and interpretations reassessed in a wider 
context. Based on an appreciation of the interactions and dependencies between processes, the holistic 
site understanding can then be described in terms of a total system conceptual model. The outputs from 
these integrated interpretations will then need to be presented in ways amenable for use by different end 
users and a wider audience of interested stakeholders. This will require numeric tabulations, the drafting 
of maps, graphs, diagrams and illustrations and the use of descriptive text, as well as the provision of 
contextual information such as processing and interpretation methods, assumptions and bias. Such data 
can be stored in spreadsheets or relational database formats and reporting can be accomplished by linking 
to visualization software as necessary. Computerized 2‑D (surface) and 3‑D (rock volume) geographical 
information systems (GIS) are now commonplace and can provide significant advantages in data 
management, such as easy access to records and reporting, consistency in scales and symbolic meaning 
and the use of spatially layered data.

End users (primarily the safety assessment modellers and repository design engineers) will take 
data and information derived at the site, as well as any elicited information and wider research data 
(e.g. from natural analogue studies or generally applicable information derived from elsewhere), and use 
them further for the parameterization or calibration of models and for developing engineering designs. 
These models will in turn produce further data, information and understanding that can be used to identify 
areas where there is a need to investigate a site further to provide the additional data required to reduce 
key uncertainties and improve confidence in interpretations. Ultimately the results of safety analysis 
and engineering design studies, as well as a wider appreciation of a site, are for use in the safety case 
to support regulatory authorizations and provide information for awarding construction contracts. The 
process of data and information acquisition and flow to end users can be illustrated as in Fig. 22. This 
diagram provides a simplified illustration of data and information flows through various stages of data 
acquisition, processing to provide derived data, analysis leading to interpretation, integration leading 
to conceptualization and site understanding, and eventual application by end users before synthesis and 
presentation in a safety case or an ‘environmental safety case’, depending on regulatory requirements (see 
Section 7 for further details). 

Given the volume of data typically generated during site investigations, the long chain of 
acquisition and processing activities, the potential for misunderstanding (through, for example, the use of 
inconsistent or unexplained terminology, measurement units and context) and the multiple objectives and 
users involved, it can be readily appreciated that data management is of critical importance and should 
be planned for in advance of the actual site investigations. This requires the design and construction of a 
DMS comprising hardware and a structured software platform that interacts with data providers and users 
as well as other applications, to capture, store and present data. A DMS plan would also identify selected 
people and organizations authorized to enter data or modify structures and would have in place safeguards 
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to ensure access is provided to specified groups of users, as required. The types of data providers and 
users and brief descriptions of their roles are provided in the systems context diagram of Fig. 23.

The DMS should be designed as an integrated system to allow links between hardware components 
and remote access for multiple users who are geographically dispersed. The various components might 
be part of a universal custom design especially commissioned for the project or could be a series of 
linked off‑the‑shelf software and hardware for databases and presentation. If the latter is envisaged, 
interoperability considerations will of course be important.

The design and governance15 of the DMS architecture should ensure:

	— Coherent and consistent management through the application of scientific standards and the use 
of an agreed on and unambiguous terminology, and through the use of established conventions 
(e.g. measurement units) and QA procedures;

	— Data are captured, stored and presented using off‑the‑shelf or custom system components that are 
certified or otherwise approved to meet the needs of the site investigation project;

	— A clear audit trail to data sources;
	— Recording of the personnel involved in entering, adapting or moving data and, if required, those 
accessing data;

	— An environment that permits full version control (for phased data freezes) and maintenance of 
archives;

	— Accessibility as and when required and with the ability to provide data and reports efficiently and in 
agreed formats;

	— Maintenance of a secure and controlled environment, with multiple copies of data and information 
held off site in case of data corruption, hardware failure, disaster management, etc.

While a major aspect of the DMS is a database function, it is emphasized that a comprehensive 
data management strategy and resulting DMS is more than that alone. Advanced features that could be 
incorporated into the design of the DMS include the following:

	— Automated data collection and transmission systems through the use of telemetry during investigations 
at borehole sites and at other locations (e.g. seismic and meteorological stations) so electronic data 
collected at the sites can be transmitted to network servers for storage;

15	 Governance is required to improve and maintain the quality of the data, to define data ownership and set 
accountability for the quality of the data, and to define or select standards, policies and procedures as well as monitor their 
implementation.
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FIG. 22. Simplified site data and information flows. Note that the information domains shown in the tallest group (Geology, 
Hydrogeology, etc.) represent the information underpinning discipline specific descriptive models that, when amalgamated, 
provide a unifying descriptive model of a site.



	— Storage of data in suitable formats on secure network servers so users can access data as and when 
required simply by logging onto the network;

	— Links to GIS and other software systems to facilitate the interrogation of the database to obtain 
information related to specific requirements, for example, to identify information that is available 
within a specified distance in any direction from a given point in space or to locate information 
related to a particular geoscientific unit;

	— An ability to interface with a range of presentation and visualization tools to allow information to be 
presented in different formats to facilitate understanding and communication.

DMS planning should include consideration of resource requirements and development lead 
times. The planning and the DMS implementation should be undertaken within a strict regime of QC 
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FIG. 23. An example of a system context diagram for a DMS. DBA = database administrator; QA = quality assurance and 
management systems operator (reproduced courtesy of RWM). 



and according to approved procedures and standards, many of which exist internationally, for example, 
ISO 15836 (The Dublin Core Metadata standard), ISO 19115:2003 (Metadata), and ISO 19119 (Open 
Geospatial Consortium Services Architecture).

Even over the lifetime of a siting programme, one that might be measured in terms of a decade or 
more, hardware and software will change to take advantage of increased performance, functionality and 
to improve the user’s experience. In this regard, a DMS will need to evolve and it should be designed as a 
modular system to take advantage of hardware and software upgrades, ensuring previous versions of the 
database can remain accessible and intact without corruption or loss of data.

Proper regard should also be taken to ensure robust digital preservation and archiving (see 
also Section  4.2.8) for timescales that might extend beyond the lifetime of a repository development 
programme. It is good practice to ensure the various databases making up the site investigation DMS 
are backed up regularly and that duplicates of the data and information are provided to an archive away 
from the where the central servers are. The archived material should employ media and formats that aim 
to ensure preservation and long term accessibility. While the need for a policy on archiving data may 
seem a long way off for a nascent RWMO, it is an essential component of a comprehensive and robust 
management system.

An example of a data management approach and system, as developed by Andra as part of the 
French disposal programme for a geological repository, is found in Ref. [42].

Clearly, the planning and design of a comprehensive DMS for site investigations is a complex 
endeavour and specialist guidance should be sought for further information and support. However, based 
on experience and the foregoing discussion the, following general guidance can be offered:

	— Typically it is planned in advance of the data acquisition activities and is to be made ready to accept 
data as soon as investigations commence;

	— One should not combine a technical DMS with a project management system or other administrative 
database system (i.e. to produce a ‘universal’ organization‑wide DMS) but rather the DMS should be 
dedicated to manage relevant technical site data and information only;

	— Digital data inputs, editing, transfers and access need to be secure within the DMS;
	— Verified data should be entered into the DMS following agreed QA procedures and as soon as is 
possible, along with supporting contextual information (metadata);

	— It needs to be accessible to multiple users with different skills, different needs, and different security 
clearance levels;

	— It should have user friendly interfaces that allow options for data presentation;
	— Version control is important, as is automatic logging of user activity and data traceability;
	— No actions affecting data should be anonymous;
	— It needs to handle time series and geographically located data, as well as other data and information 
sets that may not have a spatial context;

	— As much as possible, use monitoring equipment should allow electronic recording and the automatic 
transfer of data to a DMS, to save effort and minimize the potential for human errors;

	— An agreed taxonomy and vocabulary are imperative (consistent terms and meanings, measurement 
units, etc.) and are applied across disciplines;

	— Open digital formats should be used as much as is possible to ensure data remain readily readable 
and transferable;

	— Digital preservation needs to be considered at an early stage and appropriate decisions and actions 
need to be taken (e.g. records management policy, data recording formats, storage media and use of 
multiple off‑site locations for storage and archiving);

	— An approved process will be needed to capture the source of any external information and for 
recording it in a DMS (e.g.  screenshot and attribution) as an RWMO is unlikely to have control 
over the quality of this, and recording generic data from web sites for integration into a DMS can be 
problematic as records may change over time or become inaccessible;

	— Controls should be in place to ensure there is no editing of archived data and information;

60



	— A risk based approach should be taken to data management and an RWMO has to be constantly 
vigilant to anticipate issues that might arise so they can be avoided or mitigated.

It is noteworthy that data, information and knowledge are three different but related aspects that 
support understanding. Knowledge management is outside of the scope of this report but will be, in many 
respects, as important as data and information management in achieving a successful disposal programme. 
Site investigation data flow

As described above and illustrated by Fig. 22, there will be a voluminous flow of site investigation 
data and information arising from the acquisition of raw data through to its end use in a safety case. 
Planning for this site investigation data flow is a critical part of a DMS strategy. A particularly useful 
tool has been developed to not only plan, but also to manage and record key data sets and data flows: a 
‘site investigation flow diagram’ (SIFD). This tool was initially developed by Nagra (Switzerland) and 
was further refined and expanded by Japan Atomic Energy Agency and NUMO (Japan), Nirex (UK) 
and others for application in various geological settings. Notably, NUMO (Japan) makes extensive 
use of SIFDs during site investigations. An SIFD uses a network framework where individual data 
and derived information can be traced through the various steps of processing, data analysis and 
interpretation, integration, use in subsystem process models and ultimately an end use. As data can be 
clearly traced, an SIFD can be used for planning site investigation activities, as a project management 
tool during implementation, for presentational purposes and as a record of the use made of data in any 
post hoc auditing.

Different organizations have developed slightly different approaches to the design of an SIFD 
although the framework typically follows the stages presented in Fig. 22. Generally, the flow of data and 
information proceeds from initial data acquisition (in relation to a particular acquisition tool or technique) 
and any necessary processing to generate derived data. Data and information then flow through to 
interpretation, integration and the development of site descriptive models (SDMs) and finally to the 
various uses to be made of the data and information. Each stage in this chain of flow typically includes 
a large number of individual activities that are structured as a column within the SIFD. Each activity at 
each stage has a precise role and is essentially a work programme element within a site investigation 
project. Each activity produces discrete outputs comprising data and information, including contextual 
information. In the SIFD, all data and information have an origin and an end use and they are connected 
by flows between activities at each of the intermediate stages. The flow of these ‘packages’ of data and 
information are shown by links to precursor or successor activities where appropriate. In many cases 
there are multiple links between activities. The links demonstrate the derivation of supporting data and 
information (when considered looking backward) and how the data and information will be used in the 
next stage (when looking forward). An example of an applied SIFD is shown in Fig. 24 (geological data 
flow in Switzerland).

The construction of a comprehensive SIFD can be rather labour intensive and takes time. In 
addition, the number and types of activities, as well as links between them, will likely change as the 
project progresses, to take account of feedback from end users and new information. Hence it can readily 
be foreseen that there will be discrete SIFDs developed for each of the steps in the investigation project 
(for example, as shown in Fig.  17). Therefore, an SIFD should be specified for a particular stage or 
moment in time. To support the construction of an SIFD and its upkeep, significant benefit can be taken 
from using software application.

An SIFD can be developed for discipline specific areas (e.g. considering geotechnical aspects of 
site investigations alone) or activities can be aggregated to provide a full description of the data flow 
associated with a complete site investigation project. In addition, an SIFD can be produced or presented 
in different levels of detail to satisfy a range of objectives and audiences. An SIFD can be constructed 
largely in a top‑down manner, by end users specifying data requirements (in line with the principle 
requirements driven theme of this publication), but it can also be generated in a bottom‑up manner, by 
using experts with a detailed understanding of the applicability of a range of tools and techniques for data 
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acquisition and interpretation. The best approach in practice has been found to be a mixture of top‑down 
and bottom‑up approaches, ensuring effective communication between data users and data providers.

If the SIFD approach is to be adopted to support efficient data flow and management, it should 
be planned in advance of the site investigations to fulfil its planning and project management potential. 
However, it should be remembered that once produced, an SIFD should not be used dogmatically as an 
inflexible framework to justify activities. Instead, the SIFD should be adjusted to reflect anticipated and 
actual changes in data flow.

In summary, an SIFD can be used to support a site investigation project at different times and for 
different purposes, as follows:

	— Planning: Construction of an SIFD provides clear and logical links between end user data needs 
(what information will be required, why and when) and how those needs will be addressed through 
identified data acquisition tools and methods, data processing, interpretation and integration activities. 
An SIFD therefore supports programme development and provides ready justification for the site 
investigation activities to be commissioned. Constructing an SIFD can also be used to help establish 
resource allocations through the identification of specific tools, techniques and work activities.

	— During investigations: An SIFD can be used as a project management support tool to reflect changes 
in needs and priorities over time and to ensure data flows are functioning as planned. It also facilitates 
communication and understanding between the site investigation team and the safety assessment, 
repository design and EIA personnel.

	— Post‑investigation: An SIFD supports auditing and review of the project by providing a clear 
demonstration of how the acquired data have been collected and used, and which packages of 
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courtesy of Nagra).



acquired data contribute to each element of end use in safety assessment, engineering design and 
construction, EIA, general scientific understanding and ultimately for a safety case.

	— Presentation: An SIFD can be simplified and presented at a high level for general audiences or in 
a high degree of detail, as required for technical audiences. It can also readily demonstrate changes 
over time in data and information generation and flow. An SIFD is therefore potentially very powerful 
for supporting a safety case and for wider communication efforts.

4.2.8.	 Reporting and archiving

Over the course of a repository siting programme, with a duration that may well take several years 
or more, there will be a great many reports produced covering the planning of the investigations, the 
specification of requirements, objectives and activities, the methods used for acquiring and interpreting 
data, recording the data collected and reporting the results of interpretations, as well as summaries. 
According to the siting strategy, site investigation reports may need to be produced for a number of 
different sites. A formal organizational reporting procedure and structure should be prepared, and a 
detailed schedule of the major reports anticipated should be produced during the planning phase as part of 
the design of the project. Table 4 presents a scheme that might be adopted for the structured production of 
reports arising from site investigations.

Although certain reports are likely to be ‘one time only’ reports, in that they satisfactorily define and 
achieve a set of objectives, many other reports would be periodically updated, such as the site investigation 
master plan document, regular compilations of requirements, results from monitoring programmes and an 
annual summary report describing project progress and the current status of site understanding.

All of the reports shown in Table 4 would be ‘owned’ by the RWMO, in other words, responsibility 
for their production and content would reside entirely with the commissioning organization, even if they 
are actually produced by contractors (most factual and interpretation reports would typically be produced 
by the contractors charged with undertaking the work). An early decision should be made about whether 
contractors should use formats defined by the RWMO in the reports they are responsible for, or whether 
they are free to use their own reporting formats. At a minimum, contractors should be made aware of the 
need to ensure consistency across the project, for example in the use of naming conventions (such as for 
‘bedding dip and strike’), terminology and measurement units, etc. The RWMO should be responsible for 
developing the information and documents necessary to ensure such consistency (e.g. the codes for use 
when contractors log core). Similarly, it is up to the RWMO to decide or agree on the content expected of 
a contractor’s report. One way to agree on detailed report content is for the RWMO to draft an outline of 
the report (e.g. table of contents) in collaboration with the contractor on the basis of the specifications and 
a contractor proposal. The size and complexity of the ensuing report will of course depend on the scale of 
the survey or the complexity of the topic.

For data acquisition reports, the overall content should be specified to at least include the following:

	— An explanation of what information is to be obtained and how the information will be used 
(i.e. justification for why the information is required — responding to requirements provided by the 
RWMO end users);

	— QC and QA measures;
	— A description of the data acquisition methods and activities to be undertaken to provide the required 
information, including the reasons why particular methods were selected;

	— A summary of the programme for acquiring and reporting the information and an assessment of how 
well it was met;

	— Data reporting (i.e. the data and information that were collected and processed, along with relevant 
contextual information);

	— An assessment of the environmental impact of the investigations and the measures taken to minimize 
any adverse environmental impacts;

	— Conclusions and an assessment of lessons learned.
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To the maximum extent practicable, all completed and approved reports should be prepared as hard 
copy (in limited numbers) and in electronic format to facilitate broad distribution, as required. As a general 
principle, an RWMO should seek to make data and information in reports as widely available as possible 
as quickly as possible without compromising on quality. However, it is recognized that national or local 
circumstances may place constraints on these intentions due to possible legal or regulatory obligations 
and also possible commercial considerations. With regards to commercial considerations, it is noted that 
the ownership of intellectual property rights should be established at the outset. They would normally 
reside with the RWMO as the commissioning organization, but in the interests of openness, transparency 
and confidence building, contractors and collaborators could be encouraged to use and publish data and 
information in peer reviewed journals, subject to approval.

TABLE 4. ILLUSTRATION OF A TYPICAL REPORTING STRUCTURE (TECHNICAL REPORTS)

Type of report Examples & content Intended audience

Planning and 
design reports

Project Plan (project definition, costs and programme). 
Other reports to specify objectives and requirements, 
describe the design of equipment, data systems and 
major surveys, laboratory testing requirements and 
procedures, programmes of testing and calibration, 
requirements and design of monitoring networks, etc.

Internal use, 
contractors, regulators

Factual reports Data 
acquisition 
methods

Accounts of the work undertaken (data acquisition and 
processing methods, a log of activities, types of 
measurements made, who did what and when, site 
conditions, factors that might affect data quality, etc.).

Internal use, 
regulators, academics, 
other interested 
stakeholders

Data 
reports

Documenting the raw data obtained (time series, 
sampling, mapping, one-off measurements and 
observations etc.) parameter uncertainty evaluations 
and any processing (reasons, method and results). 
Would include compilation of data used for 
establishing site baseline conditions.

Internal use, 
regulators, academics, 
other interested 
stakeholders

Interpretation
reports

Topical 
reports

Typically, single discipline interpretation reports (e.g. 
geology, hydrogeology, etc.) or reports oriented 
towards narrow topics. Contents would include 
objectives, data sources, analytical methods, 
assumptions, possible bias, conceptual model 
development, process models and their description, 
results, sensitivity evaluations and alternative 
interpretations, and identification of areas of 
conceptual and modelling uncertainty.

Internal use, 
regulators, 
international 
organizations, 
academics, other 
interested 
stakeholders

Integrated 
accounts

Multidisciplinary integrated understanding of site wide 
and holistic system conceptual and descriptive models.

As for topical reports

Summary 
reports

High level syntheses providing accounts of selected 
activities and their results or compilations of 
information concerning the project as a whole.

Decision makers and 
other interested 
stakeholders, 
including the public
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It is recommended that an internal policy and associated procedures for report production and 
reviews be included as part of the management system, to promote confidence in the RWMO and its 
documents. The management system should also specify requirements for indexing and storing reports 
and for tracking their progress through to approval.

Internal reviews should be undertaken by one or more suitably qualified senior managers for 
every report produced. However, the length of time to review a draft report and then have it revised and 
published can be considerable, and it will be important to ensure that the staff responsible for reviewing 
and authorizing reports do not cause unnecessary delays in publication. Internal report review objectives 
would be defined as needed, but at a minimum would seek to ensure:

	— Work was carried out in line with specifications and expectations;
	— Methods used were sound and appropriate;
	— Sources of data are documented and the data are correct;
	— Results are unambiguous and adequately documented;
	— Conclusions presented are logical, on the basis of evidence provided;
	— There are no unanswered questions;
	— The structure and report content are clear and attributable.

In addition to internal reviews, external reviews should be used selectively for certain classes of 
report or for particularly difficult or sensitive subject matter. The terms of reference for external reviews 
should always be specified and it would be good practice to ensure review comments are provided using 
a common template so that the revision process can be optimized. Several RWMOs have established 
international advisory groups of experts to support the planning and management of site investigation 
programmes. Terms of reference include the identification of challenges and provision of guidance 
leading to solutions. An additional role for advisory group members is to review key publications 
under preparation.

Once reporting has been successfully completed and a specified phase of site investigations has 
been formally concluded, it will be necessary to archive and preserve the data and information acquired 
during the site investigations, including reports. At the outset of a major site investigation project, it is 
uncertain how long the project might last and for how long access to data and information records might 
be needed. Many regulatory authorities now stipulate minimum periods for which data and information is 
to be readily accessible and readable. This may impose requirements on records preservation well beyond 
the lifetime of the site investigations and indeed beyond the operational period of the repository.

The challenges involved in data preservation, both as hardcopy and in digital form, are considerable. 
Archiving paper records over timescales measured in hundreds of years is costly given the required 
storage space, time, durability of the physical storage media and efforts to ensure records preservation. 
It is anticipated that all site investigation reports and records will also be preserved on electronic media, 
with the associated requirements of verifying their availability and readability within a rapidly evolving 
IT landscape. In particular, the continued accessibility of now obsolete electronic data formats, many of 
which were based on proprietary database systems, is a challenge often encountered today and cannot be 
left untreated for the future – all data have to remain accessible and readable with widely available digital 
archival systems. 

The development and adoption of good practices for digital preservation and archiving is a common 
issue for all RWMOs. The OECD/NEA Working Party on Information, Data and Knowledge Management 
(known as the WP‑IDKM) has an Expert Group on a Data and Information Management Strategy for the 
Safety Case (called the EGSSC).16 Prior to the formation of that working party, there was an initiative on 
the Preservation of Records, Knowledge and Memory (known as an RK&M) across generations. This 
was launched to minimize the risk of losing records, knowledge and memory, with a focus on the period 

16	 See: https://www.oecd-nea.org/jcms/pl_25233/working-party-on-information-data-and-knowledge-management-
wp-idkm
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of time after repository closure. Also of use, NASA, through its Consultative Committee for Space Data 
Systems has developed a reference model and conceptual framework for an archival system dedicated 
to preserving and maintaining access to digital information over the long term. This is called the Open 
Archival Information System (shortened to OAIS), published as an ISO reference model [44].

4.3.	 CONCLUDING COMMENTS

The above guidance should not be considered exhaustive as there are many other management 
responsibilities and considerations that should be planned for and put in place prior to the commencement 
of site investigation activities (see Fig. 12 for a wider set of the management skills necessary for a site 
investigation project). However, the foregoing discussion is intended to cover many of those issues that 
would be especially important in the context of planning a site investigation project. It is emphasized 
that the strategic elements presented above should be continuously monitored for effectiveness and 
revised as necessary.

5.  STRUCTURING A SITE INVESTIGATION PROJECT

5.1.	 INTRODUCTION

The process of site investigation comprises a large number of distinct but interrelated activities that 
lead to the understanding of a site and its evolution to date. The manner in which the work activities are to 
be planned, managed and reported will depend on, among other things, the application of various technical 
and scientific areas of expertise, the goal and end uses to be made of the understanding derived from the site, 
the definition of the physical investigation areas and consideration of the project time frame, including the 
concept of a staged approach to investigations. This section relates the site investigation project to a series of 
structured frameworks so it can be adequately described. The frameworks presented in this section comprise: 
(i) a technical activity based approach; (ii) a discipline based approach; (iii) a physical area based approach; 
and (iv) a time based approach. It is noted that a definition of end user requirements and how site data and 
information can fulfil those needs has already been presented in Section 3.

5.2.	 SITE INVESTIGATIONS IN RELATION TO TECHNICAL ACTIVITIES

This framework considers technical activities that would typically be structured as discrete 
packages of work when developing a plan and its associated schedule. Work packages based on activities 
are necessary to ensure an appropriate project programme is developed and so that reliable cost estimates 
can be established during the planning phase. For this discussion, a high level hierarchy is presented, with 
most technical activities relating to one of the four major project work areas described as follows:

(i)	 Planning for site investigations — comprising preparatory activities taking into account high level 
objectives and requirements, a preferred or reference repository concept and a knowledge of resource 
availability and other actual or potential constraints;
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(ii) Data acquisition — activities undertaken to obtain site specific measurements using a range of tools
and techniques categorized as follows:
(a) Desk based studies involving the compilation and analysis of existing information;
(b) Non‑intrusive methods that do not require any significant disturbance at the surface:

	— Remote sensing and imagery (satellite based systems);
	— Airborne geophysics and imagery;
	— Surface based geophysics, including seismic and resistivity surveys and other specialist 
techniques;

	— Surface based surveys including geological mapping, surface water mapping and fluxes 
(hydrology), sampling and monitoring.

(c) Invasive methods that require excavation and drilling to provide direct access to the subsurface
for sampling, in situ testing and the installation of monitoring equipment using:

	— Boreholes;
	● Downhole geophysical logging and other survey methods;
	● Hydrogeological testing (hydraulic and transport properties);
	● Production logging;
	● Groundwater and rock sampling;
	● Instrumentation for monitoring groundwater pressure and chemistry.

	— Trial pits and trenches;
	— URL experiments, tests and demonstrations.

(iii) Data compilation, processing, analysis, interpretation and integration — a series of linked activities to:
(a) Assemble and transform measurement data (primary and derived) into information on the properties 

and evolution of the site;
(b) Understand the features and processes of the site (e.g. groundwater flow, geology, environmental

processes, etc.);
(c) Develop a self‑consistent understanding of the site as a whole, reflecting all the individual aspects

(features and processes, as well as any significant events that have affected the site) in an integrated
manner.

(iv) Reviews and reporting — a formal and critical examination of the content and quality of the output arising 
from the site investigations and the communication of data and understanding to personnel involved in
safety assessment, repository design and EIAs, as well as to the public and other and key stakeholders.

The high level scope and relationships between the listed activities are illustrated in Fig. 25.
It can be readily appreciated that in line with the project management concept of a work breakdown

structure, the high level activities presented in Fig.  25 can be further broken down into their constituent 
activities and these in turn may be broken down yet further. For RWMO planning and high level management 
purposes, a three layer decomposition of site investigation activities is generally sufficient (as shown for 
example in a project management Gantt chart). Individual contractors may, of course, further refine the 
hierarchy of activities to maintain their own control of resource usage and scheduling.

5.3.	 SITE INVESTIGATIONS IN RELATION TO DISCIPLINES

The idea of structuring data and information requirements into five specific disciplines was 
introduced in Section 3.6, as follows:

	— Geology;
	— Hydrogeology;
	— Hydrochemistry;
	— Geotechnics;
	— Biosphere studies.
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The five part discipline based structure is a useful framework to not only organize end user requirements, 
but also to support the definition and organization of work activities and to package data and information 
that is to be transferred to end users specializing in safety assessment, repository design and EIA. The five 
areas also usefully relate to a series of discipline based SDM domains — a concept originated by SKB in 
Sweden [45] and adopted by Posiva (Finland), NUMO (Japan), NWS (UK), and others. The case study in 
Annex III is based on the experiences of SKB in Sweden and it contains a summary of the approach adopted 
and lessons learned concerning the development and implementation of the concept of SDMs to aid site 
investigations (see also Section 6.13.2 for further information on the derivation and use of SDMs).

It is emphasized that considering a site investigation project as a series of discipline oriented technical 
activities should not be a reason to accept the development of artificial barriers between the individual experts 
and teams engaged on the project. Site investigation requires an interdisciplinary approach. While it can 
sometimes be true that terminology adopted in one discipline may not be used in or may have a slightly 
different meaning in another domain, and the methods and concepts employed by one group to support 
understanding can also vary from one discipline to another, there is an absolute need for effective interaction 
to share understanding and knowledge across disciplines and to try to achieve synergies that are mutually 
beneficial. Even within a discipline, there might be communication challenges between the teams tasked 
with acquiring data and those seeking to analyse and make sense of the data. Experience has shown that 
these concerns are very real and significant during a site investigation project. The communication challenge 
is compounded when site investigation personnel (mainly geoscientists) have to translate the geoscientific 
understanding into methods, algorithms or boundary conditions that would be then used by the safety 
assessment mathematicians, physicists, chemists and engineers involved in repository design studies. For 
these reasons, effective senior managers establish and actively manage mechanisms to ensure opportunities 
for collaboration and knowledge exchange are exploited, so work is not undertaken within discipline oriented 
silos, and so there is a common basis for understanding across the entire project domain.

5.4.	 SITE INVESTIGATIONS IN RELATION TO PHYSICAL AREAS

The size of an area to be investigated for hosting a disposal facility will depend on many factors, 
including the following:

	— The volume and hazard posed by the waste inventory for disposal (adopting a graded approach);
	— The regional setting of the site;
	— The nature of the surface conditions at a site, in particular the topography and the presence of any natural 
hazards considered relevant for operational safety;

	— The nature of the geological conditions at a site, in particular the spatial variability of key parameters 
and other properties considered relevant for post‑closure safety (i.e. those impacting on containment and 
isolation functions);

	— Regulatory requirements, logistical restrictions and stakeholder expectations.

These factors will also influence the degree of detail considered necessary for adequately 
characterizing a site, bearing in mind that the greatest level of detailed understanding is likely to be required 
in the immediate vicinity of the disposal volume, and that less detailed knowledge may be sufficient at 
increasing distances away from the site. This is the main reason why adopting a ‘nested approach’ to 
site investigations is generally a suitable strategy. Such an approach recognizes that understanding the 
regional setting of a site is fundament, as it provides context and hence supports one’s understanding of 
the nature of the immediate site of waste disposal.

In addition to providing a deeper conceptual understanding of the evolution and present day nature of 
a site, the regional context also provides important data and information needed to populate and calibrate 
a wide range of models that provide information about key processes operating at the site and that are 
potentially of use in developing projections of possible future disposal system behaviour. This includes 
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the specification of boundary conditions for subregional scale numerical models of the repository and its 
setting. This nested investigation and modelling approach is applied within all major site investigation 
programmes, where a focus on establishing the regional geological context for a prospective disposal 
site is a necessary prerequisite for site confirmation. The only strategic difference between programmes 
is whether the major part of any regional investigations should be initiated at an early stage, prior to 
detailed site scale studies (e.g.  as might be done during a site screening siting strategy), or whether a 
large amount of detailed site scale investigations precede significant resource expenditure on studies at 
a regional scale (e.g. as might be expected when adopting a preferred siting approach). In reality, for a 
major characterization programme, the site scale and regional investigations are likely to be carried out 
largely in parallel.

Understanding the regional context for a site may be especially important for disposal programmes 
located in relatively dynamic geological settings. For example, Japan is situated in proximity to four 
major tectonic plates (the Pacific, North American, Eurasian and Filipino plates). These plates 
are constantly in motion and they interact in a relatively complex manner, which is reflected in a 
high incidence of seismicity and volcanic activity within a complex stress field. It is imperative that 
information concerning plate movements is well understood (e.g. rates and directions of movement and 
the nature of the interactions between the plates) as these will have a direct bearing on hydrogeological, 
hydrochemical and geomechanically relevant FEPs that could affect safety functions at a site in Japan, 
once one is selected. Although the geodynamic context in some countries may be relatively complicated 
compared to tectonically quiescent settings, and processes might operate over a variety of spatial scales 
and timescales, they may be sufficiently well understood through careful palaeohydrogeological and 
geophysical investigations undertaken over a range of scales, as well as from natural analogue studies 
undertaken elsewhere.

Different RWMOs have adopted different terms to describe the different site investigation areas 
associated with their particular disposal concept. In this publication, for the purpose of designing a 
framework for a site investigation project, the following domains are defined, noting that they may be 
applied to more than one site until a choice is made for a single preferred site:

The ‘regional area of interest’. This corresponds to a relatively large area, potentially of several 
hundred square kilometres surrounding one or more prospective sites. The boundaries of a ‘region’ may 
be prescribed by an administrative unit, by topographic features (e.g. mountains, rivers or the sea), by a 
relatively consistent set of lithostratigraphic units at or near the surface, or be based on the identification 
of other features such as a water catchment. It is likely that early stage investigations at a regional scale 
would take advantage of data and information from pre‑existing surveys and boreholes where possible, 
rather than sinking a number of new investigation boreholes for the project (although this might not be the 
case where there is no existing subsurface information or where there is a potential site within a regional 
area of interest that shows a high prospect for being suitable). The regional site investigations would 
therefore be largely based on desk studies during early stage siting studies. However, once specific sites 
are selected, and to adequately characterize a site to determine its suitability to host a geological disposal 
facility, it will be necessary to understand a relatively wide area around the site in more detail as well as 
the nature of the site itself. As noted above, this is necessary to more precisely determine the geological 
context and framework for a site and to establish appropriate boundary conditions for use in nested site 
scale groundwater flow and radionuclide transport models. Consequently, although a regional area of 
interest would be designated prior to the selection of a specific site in the case of a site screening strategy, 
certain regional scale investigations would likely continue in tandem with local site scale studies. For a 
siting strategy using a preferred site approach (see Section 2.3), the regional area of interest might only be 
determined after the selection of a site.

The ‘site area’ is defined here as the location of a prospective geological disposal facility and the 
domain within which the majority of detailed investigation activities would be carried out, using intrusive 
(i.e. drilling) and non‑intrusive methods. It is essential a site area boundary be clearly defined by reference 
to national coordinates. The site area is the surface expression of the subsurface investigation domain 
within the rock mass that is expected to undergo relatively detailed characterization. It includes the area 
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in which it is intended to excavate and operate a disposal facility as well as its surrounding environs. It 
would also include the area where surface infrastructure would eventually be located to support waste 
emplacement operations. For large scale investigations relating to an extensive underground repository, 
the site area might be anticipated to represent an area of between 25  km2 to approximately 50  km2. 
A general site area will likely be identified during the area survey stage of the siting process (Section 2.3 
and Fig. 3) unless a site is predefined by ownership or it exists as an administrative unit. Consequently, 
the size and boundaries of the site area might not be precisely defined at the start of ground investigations. 
However, the margins of a site area should be defined as soon as possible to support the detailed 
operational planning and for communication with stakeholders. Alternatively, a site location might be 
predefined in advance of detailed characterization studies in a siting strategy without the need for the area 
survey and site investigation stages, as discussed in Section 2.3.

The ‘target area’ is defined here as the surface expression of the total expected repository 
domain at depth (i.e. the footprint) and its immediate vicinity. It is an area that would undergo detailed 
characterization. The target area would be nested within the site area boundaries. The target area might 
be of the order of 1 km2 to approximately 10 km2 dependant on the size of the expected waste inventory, 
the disposition of underground tunnels, shafts and vaults, and the nature of the rock mass within which 
the waste disposal vaults and associated underground facilities are to be constructed. For a homogeneous 
rock mass extending from surface to repository depths and laterally, it may be possible to identify a 
suitable target area and the disposal horizon at depth on the basis of non‑intrusive investigations such as 
surface geological mapping and by use of geophysical and remote sensing techniques before any drilling 
is carried out at the site. However, for locations where the potential host formation is hidden beneath 
several hundreds of metres of sedimentary cover rocks or in a structurally complex domain, it is unlikely 
to be possible to identify suitable target zones using non‑intrusive methods alone. For such locations, an 
alternative approach is required whereby the target area is to be defined after a phase of regional surveys 
and deep drilling (i.e.  after Stage 1.2 of the investigations, see below). If a site specific URL is to be 
constructed, it may or may not be considered as part of the target area, dependant on local decisions about 
whether the laboratory would or would not eventually form a part of the repository infrastructure. Note 
that some repository concepts have considered waste emplacement at multiple depths within the same site 
to reduce the size of the repository footprint (e.g. Nagra in Switzerland).

5.5.	 SITE INVESTIGATIONS IN RELATION TO TIME

The strategic importance of carefully understanding data and information requirements in relation 
to a phased approach to site investigations was introduced in Section 4.2.3. There, information is provided 
on the range of data acquisition activities that will be required to be undertaken in relation to a number of 
steps, as presented in Fig. 17 and Table 3. This information is augmented by Table 5 that more precisely 
sets out the main activities expected during each step and expands the decision points that define the 
end of each step.

Regardless of whether a screening or a preferred site approach is to be employed for siting a 
radioactive waste disposal facility (Section 2.3), a phased approach to site investigations is of benefit for 
planning and managing activities as the steps describe durations to be used in programming and decision 
making. Thus, the steps can also be used to bound activities in time, as discrete subprojects with defined 
objectives separated by clearly defined milestones that could be associated with key decisions about 
whether to proceed to a new stage or not. As a site investigation project progresses, the complexity of 
the site investigations will increase in terms of the number of activities being undertaken, their links and 
dependencies, as well as their sophistication.

A case study presented by NUMO in Annex II is based on the extensive experience in Japan. It 
contains a summary of the development and lessons learned concerning the adoption of a stepwise 
approach to the planning of site investigations.
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5.6.	 CONCLUDING COMMENTS

Definition of a site investigation project requires that it be structured in an appropriate manner. 
This can be accomplished in a number of ways as presented above on the basis of activities, disciplines, 
physical areas and in relation to time through the use of stages. It is best that any framework adopted 
be selected to aid a specific management objective, which would likely relate to one of planning, 
implementation or communication, but could combine all three.

It is emphasized that these frameworks are not in any way mutually exclusive and all of the site 
investigation activities, together with the data and information they produce, can be described within any 
of them. It is also emphasized that a framework definition (e.g. in terms of the activities or the description 
of specialist disciplines) can be readily broken down further and refined as needed. Various well‑known 
tools can be used within these structured approaches and may link across them, such as Gantt and PERT 
charts, GIS, influence diagrams and decision trees.

Lastly, it is noted that these frameworks should not be considered as exhaustive; they are simply 
those most commonly employed to structure a site investigation project. Other frameworks may be 
devised by an RWMO as needed, for example in relation to addressing the needs of regulators or other 
defined stakeholder groups.

6.  DATA ACQUISITION AND PROCESSING

6.1.	 INTRODUCTION

This section describes management considerations relating to the planning and implementation of 
data acquisition and processing activities. As part of the discussion, information concerning the types of 
equipment and techniques that can be used during site investigations for a geological radioactive waste 
disposal programme are provided, based on the high level division of activities presented in Section 5.2. 
This is not intended to comprehensively list all of the available tools and techniques that might be used, 
but rather to indicate those most commonly used in repository site investigations and the types of data sets 
that they provide. Important definitions and concepts are introduced first.

Data obtained from site investigations will tend to be dominated by measurements of parameters 
expressed by numbers, but data can also be descriptive. Data should be factual (i.e.  based on actual 
measurements and critical observations) but it is recognized that in some circumstances site data may be 
based on deductions or subjective description. Raw data are unprocessed data as originally measured and 
recorded in the field or laboratory. Derived parameters (i.e. secondary data or ‘developed parameters’) 
are processed data that have undergone screening or manipulation to remove or modify the raw data into 
a form amenable for further use. Data are meaningless without context; consequently it will be important 
to ensure metadata are associated with the site data, such as whether the data are deduced or observed, 
the spatial location of measurements, the time of a measurement and/or the equipment and methods used.

6.2.	 PLANNING CONSIDERATIONS FOR DATA ACQUISITION ACTIVITIES

During the planning stage for site investigations, it will be essential to have a good understanding 
of the data and information that will be needed to address end user needs (Section 3). The degree of 
effort to be expended during the planning and implementation of data acquisition activities should reflect 
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TABLE 5.	ILLUSTRATIVE TECHNICAL ACTIVITIES AND DECISION POINTS IN RELATION TO 
INVESTIGATION STEPS

Step 
number Main activity Component activities Decision point at end of stage

0 Desk based 
study 

Planning and preparation for site 
investigations. Initial data collection from 
broad areas and sites (desk studies).

Select prospective regions (and possibly 
some specific sites) for non-intrusive 
preliminary investigations.

1.1 Regional 
surveys

Comprehensive compilation and analysis of 
existing data and information. Undertake 
additional regional surveys, as required.

Select locations of potential sites within the 
regions of interest.

1.2 Initial site Site area scale exploratory geological and 
hydrogeological surveys, including airborne 
and ground based geophysical surveys and 
interpretation of new remote sensing data 
(e.g. aerial photographs, satellite imagery). 
Surface based surveys including geological 
mapping and sampling.

Screen sites to a small number suitable for 
detailed site investigations. Define the size of 
site areas that need to be investigated at each 
prospective site and estimate the number of 
deep boreholes likely to be required to 
characterize the site. Confirm locations and 
requirements for deep boreholes to be drilled 
in initial drilling campaign. Define extent to 
which monitoring network for regional 
hydrogeology studies needs to be 
supplemented (borehole monitoring, river 
gauges, meteorological stations, etc.).

2.1 Initial 
detailed site 

Site wide 2-D and 3-D geophysical surveys 
focused especially on preliminary target 
area. Establish seismic and meteorological 
monitoring network. Drill first multipurpose 
boreholes, test and install instrumentation 
(possibly 1 to 3 deep boreholes). Install 
supplementary components of monitoring 
network for regional hydrogeological 
studies. Start site area scale mapping and 
surveys.

Confirm locations and requirements for 
further deep boreholes to be drilled in 
secondary campaign and define extent of 
more detailed subsurface investigations.

2.2 Detailed site Drill further boreholes, carry out specialist 
single hole hydrogeological testing (e.g. 
fracture network, small interval and tracer 
testing). Install instrumentation for 
monitoring. Continue with regional and 
local hydrogeological monitoring.

Confirm (or otherwise) that there are 
sufficient deep boreholes to have adequately 
characterized the target area and wider site.

2.3 Post-
completion 
testing

Carry out cross-hole hydrogeological 
testing, multihole tracer testing and 
multiborehole pumping test(s). Cross-hole 
tomography surveys.

Confirm (or otherwise) that, subject to 
subsequent establishment of baseline 
conditions, there is sufficient information to 
have characterized the site.

2.4 Establish 
baseline 
conditions

Sampling, measurement and monitoring of 
key parameters.

Confirm that baseline conditions have been 
established and that in situ investigations are 
now required underground.

3 Underground Predictions, testing, sampling, 
measurements, experiments, demonstrations 
and monitoring.

Confirm (or otherwise) that site 
understanding is sufficient to enable 
application for regulatory approval to 
construct a repository.



the nature of the radioactive waste to be disposed of (graded approach) and the nature of the disposal 
concept, comprising site conditions, the repository conceptual design, the barrier functions planned and 
the timescales associated with containment, isolation and potential radionuclide migration. However, the 
data requirements and the level to which they are to be met will also vary in time, depending on whether 
the investigations are intended to discriminate between alternative sites that are potentially suitable as a 
location for a repository (area and site investigation stages in a screening process) or whether a site is to 
be investigated in detail to allow for site confirmation and an application for a repository construction 
licence (detailed site characterization stage).

Site conditions and their geological setting are highly variable across the globe, even though there 
may be commonalities (in rock type for example). Some countries are considering or implementing 
disposal in what might be considered dynamic terrains characterized by the presence of natural disruptive 
events and processes, such as relatively rapid uplift and erosion, seismic activity and volcanism. Others 
are located in intracratonic areas characterized by crustal stability and a lack of geological complexity. 
The nature of the geological environment will of course influence site requirements and the tools and 
techniques to be employed to adequately characterize site conditions in response to those requirements. 
In general, the more geologically dynamic or complex a region is, the greater the effort required will 
be to adequately characterize site conditions and confidently assess the presence, frequency and impact 
of natural disruptive events (especially early on in the siting process) and the geological evolution of 
the site to date.

Only on the basis of fully understanding requirements can a site investigation planner rationally 
evaluate which data acquisition equipment and techniques would be suitable in a particular environment of 
interest (i.e. taking into account the rock types present and any possible logistical or practical constraints, 
such as limitations on access). In a situation where there are multiple tools and techniques available, 
knowledge of requirements and the investigation environment will influence choices about which ones 
should be favoured and on what basis.

As far as possible, tools and techniques should be used where they can address data needs in several 
areas. For example, where it is appropriate to do so, drilling a multipurpose borehole would typically be 
far more efficient than drilling several boreholes with each borehole dedicated to a single purpose.

It is very important to recognize that site understanding is significantly enhanced by the 
acquisition and analysis of multiple data sets and these are best interpreted holistically, rather than in 
isolation. Therefore, integration of expert knowledge is required during the planning phase, as well as 
during implementation of site investigations, to ensure the combination of tools and techniques used is 
complementary and optimizes the value of data collected.

If no available investigation technique readily exists to address a defined data need at a site, the 
planner will have to investigate the potential significance of the value of the parameter(s) to be measured 
(e.g. in terms of safety or confidence building) and then evaluate whether a new tool or method can be 
developed or whether data not specific to the site or elicited data can be provided instead.

An important consideration when managing site investigations in relatively dynamic regions 
characterized by active tectonics is that the occurrence and potential impact of natural disruptive events 
may exclude prospective sites. Therefore, particular effort should be expended during the early stages 
of a siting process to identify and exclude clearly unsuitable areas (in line with established site selection 
criteria). Most of the tools and techniques described in this section would be generally usable in almost 
any terrain. However, investigation of sites in tectonically active areas may require the use of specialist 
equipment or methods to investigate particular events, features and processes (for example to more 
accurately assess uplift rates in tectonically active mountainous areas).

74



In selecting investigation tools and techniques, the basic principles presented in Section 4.2.1 should 
be remembered. In addition, it is noted that preferences for using particular site characterization techniques 
can be selected on the basis of the following criteria (based in part on information contained in Ref. [24]):

	— History of safe operation: The method should have measures in place to protect the operator and 
others, comprising established and well defined procedures, as well as physical components designed 
to ensure safe operations. There should be a history of safe use.

	— Environmentally benign: Where possible, the method should be non‑intrusive or minimally intrusive 
but, in all cases, choices should be made taking into account potential environmental impacts such 
as contamination, noise, derogation of land and water, etc.

	— Practicality: The application of a selected method should be feasible for a defined set of conditions, 
and it would have a high probability of success in acquiring the required data using available 
technology within the time available.

	— Demonstrated effectiveness: The method needs to have been used successfully under conditions 
similar to those anticipated at the site to be investigated. For equipment and instrumentation this 
means they should be reliable, durable and suitable.

	— Repeatability: The method is expected to provide consistent results under identical operational 
conditions.

	— Accuracy and precision: The method needs to be able to collect representative data with an accuracy 
and precision that is sufficient for its intended use.

	— Compatibility: The method should be compatible with and not limit other data collection methods.
	— QA: The method needs to comply with authorized and well documented procedures, data control/
management, monitoring of results, etc.

	— Cost-effectiveness: The method should be cost effective relative to other data collection methods, 
taking into consideration all of the above factors.

Equipped with knowledge about which tools and techniques are available and could be used in 
the investigations (on the basis of understanding pros and cons in relation to the data required and the 
environment of interest), discussions can ensue with suitable contractors. Note that the choice of a good 
contractor will be vitally important to the success of an activity and cost should not be the only factor to 
be taken into consideration. Rather, a project risk based approach should be adopted during contractor 
selection, based on the likelihood of objectives being achieved with no adverse impacts on safety or the 
reputation of the RWMO.

It is well appreciated that project risks are greatest at the start of the project, and they reduce as 
time progresses because more in‑house knowledge is gained about managing the project (Fig.  26 (a), 
shows the expected reduction in project risk through time as the RWMO becomes more knowledgeable). 
To reduce risks as much and as early as possible, the RWMO should be sufficiently informed to be able 
to act as an educated client in dealings with contractors. An educated client is one who has defined the 
objectives precisely and is aware of the data acquisition tools, techniques and services available, their 
uses and limitations and their associated market costs.

Typically, especially in the early stages of a project, a sensible approach would be for an RWMO to 
develop specifications focused as much as possible on identifying what data and information is expected 
to be delivered by a contractor along with quality criteria, rather than specifying the methods to be used. 
However, if the RWMO employs highly experienced personnel or if the necessary expertise is gained over 
the life of the project, it may wish to stipulate the use of certain tools and techniques for the collection of 
data to ensure adequate control of costs and activities and the achievement of objectives. Note that in the 
absence of available in‑house expertise, there is a danger that if an RWMO attempts to over‑specify the 
detail in a task or relies heavily on advice from contractors to develop very detailed specifications (which 
may be beneficial for the contractor, but less so for the RWMO), this also has an impact on project risk. 
Figure 26 (b) shows the relationship between the risk of not meeting requirements adequately and the 
detail provided in contract specifications for site investigation activities for situations where the RWMO 
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has staff that are, or are not, sufficiently expert to specify in detail methods, tools and approaches to be 
adopted, as well as expectations concerning results.

Given the timescales involved in a major site investigation project and the paramount importance 
of safety in all its facets, as well as the significant costs involved, it would be prudent for an RWMO 
to establish a close and trusting working relationship with contractors in the early stages of a site 
investigation project while at the same time seeking to develop enhanced in‑house competencies to be 
able to act as an educated client for site investigation services.

Note that where they exist, international and national standards or codes of practice should be used 
for designing and operating equipment and for the provision of services to guide data acquisition activities 
by promoting safety, quality and efficiency. For example, relevant standards are published by the British 
Standards Institution (known as the BSI), American Society for Testing and Materials (known as the 
ASTM), and the German Institute for Standardization (known as the DIN), among others.
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6.3.	 DATA ACQUISITION TOOLS AND TECHNIQUES — NON‑INTRUSIVE METHODS

Non‑intrusive site investigation methods are those that do not require any significant disturbance at 
the ground surface. They comprise the following three broad categories:

	— Remote sensing (satellite and airborne based imagery);
	— Surface based geophysics including terrain mapping, seismic and resistivity surveys and other 
geophysical techniques;

	— Surface based walk‑over surveys for onetime measurements, sampling and monitoring including 
surveys of topography and geomorphology, meteorology, geological and hydrogeological mapping, 
surface water mapping (hydrology) and surveys of flora and fauna.

These non‑intrusive investigation methods are typically initiated early in a siting process and may 
be used as soon as specific prospective sites are identified. Some activities may continue through to site 
confirmation and beyond (e.g. monitoring).

6.3.1.	 Remote sensing

Remote sensing is the acquisition of data and information about the Earth or any other object, 
without making physical contact with that object. Hence, the term is most commonly applied in relation to 
investigations of the Earth’s surface or subsurface using satellite and aircraft based systems. It encompasses 
a very wide range of techniques that are of most use especially during the early reconnaissance phases of 
a siting programme. This is because the techniques are able to effectively and rapidly measure and map 
properties uniformly over large areas. Consequently, they are cost effective when compared to ground 
based methods that could be used to obtain the same information. They can, however, be used at any stage 
in an investigation.

Remote sensing using satellite based systems produces images mostly by means of capturing 
electromagnetic energy reflected or emitted from the Earth’s surface. The various techniques depend on 
observed spectral differences in the energy captured by sensors; essentially the ‘brightness’ or radiance of 
objects and features (although this applies not just in the optical spectrum, but ranges from the imaging 
of gamma rays with a wavelength limit of <0.03 nm to radio waves at >30 cm). Airborne remote sensing 
techniques include gravity and magnetic methods, as well as electromagnetic spectrometry. These can 
often be employed simultaneously using helicopter or fixed wing aircraft.

The main techniques associated with satellite based systems map the land in different parts of the 
electromagnetic spectrum. Multispectral data have been commercially available since Landsat came into 
operation in the early 1970s and other satellites provide similar services (e.g. SPOT Image Corp.). These 
systems take images of the Earth in multiple wavelengths of electromagnetic radiation (multispectral). 
Landsat used seven channels, each of which formed a separate image that emphasized different aspects 
of the Earth’s features, including vegetation and rock type. Images from the non‑visible range of the 
spectrum are converted into false colour images as it is the midinfrared channel (2.08 to 2.35 m) that is 
particularly used to discriminate between rock types.

Unlike multispectral imaging that employs relatively few and broad wavelength bands to produce 
images, hyperspectral sensing uses imaging spectrometers to simultaneously capture the electromagnetic 
energy from solar radiation reflected off the Earth’s surface in hundreds of narrow, adjacent spectral bands, 
creating a continuous spectrum for each pixel. The images produced therefore contain a mass of data that 
by reference to a spectral library is diagnostic of differences in vegetation, rocks and mineral composition.

Interferometric synthetic aperture radar (known as InSAR) is a highly sensitive geodetic remote 
sensing technique using narrow beam microwave frequencies originating from satellite or airborne systems 
and reflected from the surface. It generates detailed maps of millimetre scale (or larger) deformation 
and movement in the Earth’s surface over time. Consequently, the technique is especially useful 
for recognizing and monitoring fault activity at the surface, subsidence due to mining and movement 
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associated with volcanic activity. Differential global navigation satellite systems (known as DGNSS) and 
lidar (light detecting and ranging) can also be used to monitor ground movement. Lidar projects a pulsed 
laser light at the Earth’s surface and records the difference in the return time and wavelength. The data 
allows the accurate measure of altitude of the land to produce high resolution maps of surface topography. 
The technique can also be used to map the seabed (bathymetry).

Gravity and magnetic techniques use highly sensitive gravity meters and magnetometers to measure 
the natural spatial variability of the Earth’s gravity and magnetic fields to generate contour maps. These 
maps reflect contrasts in rock density and their magnetic properties and take account of a rock volume 
and not just surface properties. The interpretations of these anomalies are relatively large scale and, whilst 
they reflect different properties, magnetic and gravitational characteristics can often be correlated. The 
processed information can also be combined with other data sets to indicate gross rock characteristics and 
to identify the presence of large scale structures.

For airborne electromagnetic methods, the depth of investigation is rather limited compared to 
ground based systems (up to a few hundred metres), nevertheless, such surveys can be carried out rapidly 
and over large areas.

6.3.2.	 Surface based geophysics

As part of a staged approach to siting a disposal facility, a range of surface based geophysical 
methods could be employed at different times for deriving data on various properties. Generally speaking, 
surface based geophysical methods provide data and information on the 2‑D or 3‑D structure of the rock 
mass and the spatial distribution of various groundwater and rock properties. The types of technique and 
survey that would be commonly used during site investigations include seismic refraction and reflection 
(including tomographic methods for 3‑D imaging); ground penetrating radar, magnetic, electromagnetic 
and magnetotelluric methods, measurements of electrical resistivity and of gravity. A brief description of 
the physical basis for the techniques and their use is provided in Table 6.

Because some geophysical methods sample relatively large volumes of rock relatively quickly, as 
with remote sensing and airborne methods, they are used to provide information that is particularly useful 
during the reconnaissance stages of investigations, to provide a general appreciation of the nature of the 
subsurface, regionally and more locally. Resistivity surveys are one such technique.

Some other techniques, such as 2‑D and 3‑D seismic surveys, are today also considered 
indispensable for characterizing subsurface conditions at a site as part of detailed investigations for a 
major disposal programme. Basic 2‑D surveys may be used early on in a site investigation project, relying 
on readily obtainable equipment to characterize the subsurface to moderate depths with coarse resolution. 
For more detailed investigations undertaken as part of a major investigation project, 3‑D tomographic and 
even 4‑D (time‑lapse) seismic surveys may be employed. For full coverage of a relatively large volume 
of rock (cubic kilometre scale) requiring detailed resolution, high energy sources (typically trucks fitted 
with vibroseis equipment) would be used in conjunction with a large array of geophones and significant 
computer processing power would be necessary for interpretations. Although not strictly a surface 
based geophysical investigation technique, vertical seismic profiling (VSP) takes advantage of seismic 
monitoring equipment placed in suitable boreholes within the survey area to augment surface based 
equipment. It entails positioning closely spaced geophones in a vertical borehole to record measurements 
of acoustic energy signals generated at the surface or within a borehole. Two or more boreholes may be 
instrumented, and various source and detector array configurations may be used. Downhole responses 
to the source signals are correlated with seismic response measurements collected in other boreholes or 
at the surface. A range of data processing techniques can be used to reduce noise and further optimize 
the value of the data collected. The result of VSP is highly accurate time‑depth and seismic velocity 
information resulting in significantly higher resolution subsurface images that can be used to discriminate 
small scale structural and lithological features for use in populating models or for planning underground 
works (e.g. tunnelling).
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Another important development is the growing use of seismic attributes17 using derived data such 
as acoustic impedance.18 In addition to use for VSP applications, borehole seismic logging information 
can be used to condition these 2‑D and 3‑D seismic attributes derived from seismic surveys. Where the 
borehole values for the attributes can be correlated with other geophysically derived properties, such as 
porosity from wireline geophysical logging or from core analysis (which might in turn be correlated with 
permeability), it becomes possible to image hydraulically significant rock mass heterogeneities throughout 
a seismically characterized volume. However, the confidence associated with such extrapolations is 
highly variable.

Figure 27 provides an example of a synthetic image of a rock volume based on seismic attributes. 
It is derived from the results of an analysis in the UK investigating the empirically observed relationship 
between acoustic impedance, AI, (the product of rock density and seismic velocity), core derived porosity, 
φ (%), and hydraulic conductivity, K (m/s). The relationship between permeability and porosity at the 
site is φ = 2.6 log(K) + 34 and the empirical relationship observed between core derived porosity, φ, and 
acoustic impedance is φ = –2.6 AI + 40. This results in the derived relationship: log(K) = –AI + 2.31, 
permitting acoustic impedance to be converted across the seismically imaged volume into a 3‑D 
pseudomeasure of hydraulic conductivity. This example undertaken by Nirex in the UK was one of the 
earliest studies to employ seismic attributes for characterizing a repository site.

Due to the costs involved, major seismic surveys would probably only be undertaken during the 
detailed site characterization stage of a siting process, although in some cases data may already have been 
collected by others (e.g. as part of seismic investigations for resource investigations). Seismic surveys are 
very powerful for imaging the subsurface in sedimentary environments where there is a strong and orderly 
contrast in rock types and their use in crystalline rock terrains for imaging structures and heterogeneities 
in the rock mass is becoming more commonplace.

Other more specialist non‑intrusive geophysical techniques shown in Table  6, such as CSAMT, 
would tend to be used only during the detailed site characterization phase at a limited number of sites 
due to availability and costs and the fact that prospective sites investigated at an early stage in the siting 
process may not need such information for screening purposes.

6.3.3.	 Surface mapping and walk‑over surveys

Walk‑over surveys involve the use of specialist personnel to collect measurements, observations 
and samples in the field to better understand the characteristics of a site. Mapping is a specific type of 
field survey that places measurements, observations and samples into a spatial framework. Depending on 
the type of map to be generated, mapping can be accomplished remotely (e.g. on the basis of satellite and 
airborne systems) or by direct investigations on the ground, or a combination of both. Ground‑truthing 
of remotely obtained data is sometimes required to verify and enhance the resolution of maps generated 
remotely, although with today’s technology (e.g.  lidar and high resolution imagery) this is becoming 
less prevalent.

Various types of map will be required to provide a framework for site investigation interpretations, 
as well as to provide measurements for use in repository design studies and EIA and for populating and 
calibrating safety assessment models. The types of map expected to be generated at a site includes:

	— Geographical maps: For general usage, good quality geographical maps will be required which 
show administrative divisions, built up areas, roads, railways, powerlines and named localities. 
Coordinates should be provided using accepted national conventions and these should be applied to 
all other types of spatial mapping. The length scale and an orientation marker (e.g. true north) should 
also always be shown, as well as any necessary key to the use of symbols.

17	 Seismic attributes are measurements and parameters measured or derived from seismic reflection data.
18	 Acoustic impedance is the product of compressional (P-wave) velocity and rock density.
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	— Topographic and bathymetric maps: Topographic maps are likely to be based on existing surveys in 
many Member States but may require specialist mapping services to produce new high resolution 
digital terrain maps for use in computerized systems. These may be generated by laser scanning from 
airborne mounted platforms, as well as from aerial photographs and ground surveys. For coastal sites 
or sites that incorporate deep lakes, it would be appropriate to obtain or produce bathymetric maps.

	— Geological maps: Several map types in this category can be used to illustrate the spatial distribution 
of different rock types, the type, location and orientation of structures and the nature of the 
hydrogeology in terms of groundwater units and piezometric maps of groundwater head and flow 
directions. Specialist maps may also be used that indicate the inferred distribution of coal, oil, gas 
and ore resources. Geological maps include:

	● Lithological maps: Although remote sensing technologies may be employed to generate 
geological maps showing the distribution of different rock units, they are primarily based on 
ground surveys, supplemented by subsurface information where available. They are especially 
intended to illustrate the extent and character of superficial sediments (e.g. regolith and alluvium) 
and geological units exposed at the surface (outcrop) or inferred with high confidence to exist at 
shallow depths (subcrop). The inferred spatial extent of deep geological units can also be shown 
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FIG. 27. Synthetic image of a rock volume at Sellafield, UK, based on seismic attributes correlated with borehole porosity from 
core logging, in turn correlated to hydraulic conductivity. The colour coding represents an index that highlights an inferred 
hydraulic heterogeneity existing between and within two major rock types at the site: the Borrowdale Volcanic Group, a 
metamorphic rock and the overlying Sherwood Sandstone Group, a layered sedimentary sequence. The red lines are faults and 
the white lines are boreholes. Vertical and horizontal scale in metres (reproduced courtesy of NWS).



on geological maps, with stratigraphic contours representing the upper surface topography of 
a unit in the subsurface and isopach maps showing the variation in thickness of a rock unit. 
The measured strike and dip of a rock unit is also typically shown and, for metamorphic rocks, 
any foliation trend might also be represented. Surface based geological mapping of lithology 
might be augmented by aerial photographs and satellite and airborne geophysics, including 
multi‑ and hyperspectral imagery, as well as the results of laboratory studies (e.g. thin section 
microscopy: scanning electron microscopy (known as SEM), X ray fluorescence (known as 
XRF) or X ray diffraction (known as XRD)). It will be important to understand the spatial 
relationships of different geological units to derive a reliable lithostratigraphic column and an 
understanding of how different geological units are juxtaposed at depth due to depositional 
or structural complexity. An understanding of the disposition of lithostratigraphic units and 
structural features is the primary framework used in all other aspects of the hydrogeological 
and geotechnical subsurface investigations.

	● Structural maps: In addition to geological units, structural features present at the surface or
inferred at depth can also be shown, such as faults and folds. It is noted that in hard rock
terrains, fracture mapping as a specific type of structural map would be very important,
whereby the characteristics of faults and fractures are evaluated to indicate their potential to
act in the subsurface as fast pathways or barriers for groundwater flow and hence suggest how
they might facilitate potential radionuclide transport. Discrete fracture network and process
models require statistics on fracture orientations, their frequency, spacing, aperture and trace
lengths and the nature of any mineralogical infilling materials. Microstructural mapping and
analysis might also be used to understand the relative timing of fracture generating events that
might be important for recognizing different subsets of fractures and their orientations. Surface
based geological mapping of structural lineaments might be augmented by aerial photographs
and satellite and airborne geophysics.

	● Hydrogeological maps: Subsurface hydrogeological maps include information on
hydrogeological units, borehole locations and discharge areas, with measured groundwater
levels and pressures interpolated to provide contours and general flow directions based on
the interpreted hydraulic gradient. The framework for such maps is based on the geological
mapping but may be refined by facies analysis of sedimentary rocks and fracture networks to
support interpretations of groundwater flow patterns in different formations.

	— Soil mapping: Depending on the nature of the site investigations and the actual data and information 
requirements, soil mapping as part of the biosphere investigations may be required in great detail 
or may not be required at all. The distribution and nature of different types of soil would be based 
primarily on ground mapping and laboratory analysis of samples. Satellite imagery and aerial 
photographs might also be used.

	— Land use, ecosystem and vegetation maps: Likewise, the need for these maps would depend on the 
nature of the site investigations and data and information requirements. Although land use, ecosystem 
and vegetation maps might possibly be considered more relevant for near surface disposal concepts, 
taking account of the time frames in which the conditions observed today could be used to support 
relatively near future scenario development, it should be appreciated that they might also be used 
as proxies for future biosphere conditions for a DGR concept in a scenario where there are similar 
climate boundary conditions. Furthermore, it will be important to have these types of maps available 
to support the planning and construction of surface infrastructure and to support EIAs. The surveys 
required to generate these maps could initially be based on ground surveys and aerial reconnaissance 
if they do not already exist, but satellite imagery might also be used (e.g. multispectral mapping).

	— Surface hydrology map: Survey information to be indicated on these maps would include the location 
of surface water bodies (lakes, rivers, streams, etc.) and the flows associated with them, as well as the 
boundaries of catchment areas. Surface water sampling and stream and river gauging locations would 
also be indicated. Meteorological stations would provide supporting information and these locations 
would also be included if sited in the domain of interest. Hydrological maps would primarily be used 
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in the assessment of recharge and discharge zones and for deriving water balances. They could also 
be used in prospective radionuclide migration studies if relevant to the disposal concept.

	— Natural hazard maps: These types of maps and additional information obtained through the 
associated surveys would be generated especially to support site selection, but in the case of preferred 
candidate sites where the risks associated with hazards are considered to be present, but acceptable, 
they might also be used for planning repository infrastructure layout and operations. They would 
be especially based on geomorphological observations to highlight, for example, areas of flood risk 
or proximity to slopes displaying risk of rockfall and avalanches. They might also include tsunami 
hazard. In seismically and volcanically active areas, hazard maps might include the surface locations 
of geologically recently active fault zones and volcanoes, as well as the extent of potential lava and 
pyroclastic flows. Hazard assessment maps might also be used to support the generation of scenarios 
for use in safety assessment.

	— Other types of map: These might be produced as required and could include, for example, maps of 
marine or fluvial terraces to investigate sea level changes, or the locations of monitoring networks 
and maps indicating differential crustal movements over time.

6.4.	 DATA ACQUISITION TOOLS AND TECHNIQUES — INTRUSIVE METHODS

Intrusive data acquisition requires the surface environment be disturbed through the use of 
excavations or rock drilling to provide direct access to the subsurface environment. Boreholes (also 
termed drill holes), trial pits, trenches, tunnels and shafts can all be used to provide this access. The 
type of access and the method selected to provide the access will depend on the data and information 
required at a particular stage/step of the investigations. While trial pits and a small number of boreholes 
might be required to discriminate between alternate sites during site investigations (area survey and 
site investigation stages), their use would increase as the investigation effort progresses at a potential 
repository site that displays good promise (detailed site characterization stage). Due to cost considerations, 
mined access (shafts and tunnels) would likely only occur at a site when necessary and as part of the 
detailed characterization effort at a potential repository site. In some countries, there may be a decision 
to construct a generic underground research facility, or to convert an existing underground structure into 
such a facility. Such a generic underground rock facility would be at a location other than the prospective 
repository site and it would act primarily as an in situ laboratory focused on providing generically 
applicable samples, data and information, but might also be used to provide demonstrations of technology 
and methods or to inform and encourage communication with stakeholders. An underground research 
facility might also be constructed at a prospective repository site, to provide critical information on the 
subsurface in the immediate environs of a repository in advance of site confirmation. Such a facility might 
be constructed in advance of a repository construction licence application or as part of the first phase 
of repository development. Because of the focus of this report, Section 6.6 provides a limited further 
discussion of the use of underground facilities as part of site investigations.

Trial pits and trenches are useful as they allow direct observations of soil, superficial sediments 
and intact rock. They are particularly useful during geological mapping and for sampling. Trenches 
are relatively linear and allow horizontal profiles to be made and, depending on their width, generate 
what might be considered 3‑D information in the very near subsurface. Pits are generally subcircular 
excavations and, like trenches, they clear away surface vegetation and superficial deposits to allow 
observations to be made of the underlying rock. Pits and trenches can be especially useful for acquiring 
structural and lithological data where outcrop is limited. In comparison, boreholes provide vertical to 
subvertical profiles and provide what is essentially 1‑D information.

Lysimeters are instruments that measure vegetative evapotranspiration and assess the amount 
of precipitation that can infiltrate through soil. Strictly speaking, they require ground disturbance for 
installation, although the impact is intended to be minimal. Measurements and observations supplement 
meteorological and groundwater data and are used in biosphere studies.
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Boreholes provide some of the most useful data and information needed to characterize subsurface 
conditions at a site and they are used extensively for siting disposal facilities, although for near surface 
disposal concepts the need for deep boreholes would be very limited.

Despite an apparent 1‑D limitation, when two boreholes are in relatively close proximity, and for 
certain rock mass characteristics, it is possible to construct with some confidence a 2‑D vertical section 
between the boreholes through the use of cross‑hole testing data or interpolated measurements of rock 
properties. With geoscientific justification, such interpretations might extend out beyond the boreholes. 
With three or more boreholes in relatively close proximity, any interpretations of the rock mass conditions 
between the boreholes would represent a 3‑D volume and the orientations of any regular planar features 
that cross the volume and intersect all three of the boreholes, such as the water table or faults, might be 
derived with some confidence. Some structural data sets intercepted by a vertical to subvertical borehole, 
such as high angle fault zones, are likely to be undersampled in comparison to subhorizontal features.

6.4.1.	 Borehole drilling

Given the focus of this report and its intended audience (given in Sections 1.3 and 1.5), the 
following discussion concentrates on management considerations associated with the drilling and siting 
of boreholes, rather than focusing on drilling technology per se.

General considerations

In the absence of other forms of access to the subsurface (e.g. a mine or pre‑existing boreholes) the 
drilling of new boreholes at one or more sites will be required during a siting programme for a geological 
disposal facility. Drilling intended to obtain high quality data for scientific and engineering purposes 
is technically challenging and one of the most costly parts of a site investigation project. It is also the 
activity that would likely have the most significant environmental impact. Therefore, not only should the 
extent and quality of data that are to be obtained from boreholes be well understood, but well thought out 
borehole design and operational plans should be developed to ensure the boreholes are drilled to reflect 
optimum value for money, efficient use of time and to minimize environmental impacts.

Depending on national conditions, the availability of drill rigs and experienced personnel may be 
limited. Furthermore, the procedure and time involved in obtaining permits and permissions will vary 
between Member States, and this can be a complicated and time consuming process. Any unforeseen 
delays due to a failure to have drill rigs on site or to obtain necessary licences could have significant 
knock‑on effects elsewhere in the site investigation programme.

There are significant project and safety risks associated with drilling, and the activity should only 
be carried out by experienced drilling contractors using technically appropriate equipment that meets 
national safety and environmental standards. For example, if deep borehole drilling is planned, there may 
be a risk of encountering gas pockets in certain geological environments.

An important consideration is that boreholes drilled for site investigation purposes will have to be 
sealed at some point in the future, regardless as to whether or not the site is eventually selected to host 
a repository. Some boreholes may be sealed at the conclusion of the site investigations undertaken to 
support a repository construction licence application, while others may remain open through the repository 
construction and waste emplacement phases, to allow for continued monitoring, sampling or testing. 
There may be a regulatory requirement to develop sealing plans as a condition of planning approval for 
drilling a borehole, but in any event it is good practice to design an appropriate sealing methodology at 
the outset, one that identifies suitable sealing and backfilling materials, as well as the sealing procedure to 
be followed. Further discussion on sealing is provided below.
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Borehole objectives

Boreholes are a tool. Individual boreholes may be used to obtain a wide range of information 
(multipurpose boreholes) or may be designed to obtain a particular type of information (single‑use 
boreholes). They can be constructed for a range of purposes, including the following:

	— To obtain physical samples of the rock, typically as rock chippings or core, to be used in laboratory 
testing for geological, hydrogeological, geochemical and geotechnical characterization;

	— To provide access for downhole geophysical logging to determine certain characteristics of the 
groundwater in the vicinity of the borehole and of the rock forming the walls of the borehole and 
adjacent to them;

	— To provide access for hydrogeological testing to determine how well fluids are retained in the rock 
(storage characteristics), how they move through the rock (flow mechanisms) and the ease of flow 
through the rock (hydraulic conductivity and transmissivity);

	— To provide access for production logging to identify the location and velocity of groundwater inflows 
within a borehole and under appropriate conditions allowing for measurements of flow direction;

	— To undertake tracer tests to establish the nature of the properties that impact on the transport of 
solutes through the rock mass;

	— To access samples of groundwater for hydrochemical and isotopic analysis;
	— To provide access for measurements of the in situ stress state within the rocks;
	— To provide access to measure the ambient rock temperatures and geothermal gradient;
	— To provide access for the installation of instrumentation for measuring long term groundwater 
pressure and water table fluctuations;

	— To provide access for monitoring variations in groundwater chemistry over time;
	— To provide access for other forms of testing and installation of instrumentation (e.g. microseismic 
monitoring);

	— To allow preliminary identification of the target formation to host disposal vaults and tunnels or, in 
the case of borehole disposal, the disposition zones.

It is noteworthy that in addition to the listed purposes, data derived from boreholes are also used 
to calibrate and validate surface based geophysical modelling methods. The value of combining this 
information and understanding with those derived from surface based geophysical surveys (e.g. VSP and 
correlations with seismic attributes) is alluded to in Section 6.3. Such methods provide 2‑D and 3‑D 
imaging of the subsurface over relatively large areas, however, they are highly dependent on the use of 
models and associated assumptions. When such interpretations are augmented by subsurface data derived 
from boreholes, confidence in the inferred characteristics of the rock mass is significantly strengthened.

Drilling techniques

The choice of drilling technique adopted at a site will depend on the equipment available, access 
and ground conditions, the rock type(s) to be drilled and the borehole design, reflecting the dimensions of 
the planned borehole and the type of data and information that is required to be obtained from it.

The main types of rock drilling techniques used for site investigations are based on the application 
of percussive and rotary forces, with some drilling techniques employing both forces simultaneously. The 
various types of drilling methods in common use include cable drilling, top‑hammer and down‑the‑hole 
air hammer drilling (mainly percussive) and direct rotary and reverse circulation mud drilling (rotary). 
Other variants include sonic drilling, a technique employing high‑frequency vibration forces with rotation, 
a technique that is able to quickly penetrate a range of rock types (but only to relatively limited depths of 
a few hundred metres), wireline diamond core drilling which uses hollow, diamond impregnated bits and, 
as its name suggests, is particularly useful for obtaining intact high quality core, and coiled‑tube drilling 
that uses a downhole motor and a continuous reel of tubing to eliminate manual handling of drill rods. All 
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drilling methods have their pros and cons relating to the size of the rig, design of the drill bit, the speed 
of drilling, cost, stability of the borehole, the depth of penetration, the borehole diameter, the quality of 
core recovery, their ability to be ‘steered’ (directional drilling) and impacts on the environment. It will 
therefore be important to select the most appropriate drilling method for the particular circumstances 
being considered in consultation with drilling experts.

Drilling fluids

In addition to a range of drilling rigs which may be available, choices will be required concerning 
the use of drilling fluid. Drilling fluids are used for a number of reasons, including to stabilize a rock 
formation during drilling, to control fluid losses, to increase drilling efficiency through lubrication and 
cooling of the drill bit, and to facilitate the return of rock cuttings to the surface. The types of drilling fluid 
used are determined by the drilling technique selected, the rock environment, borehole construction and 
the purpose expected of the borehole. Fluids can range in composition from air, to water, to high density 
muds (e.g. bentonite) and polymers.

The choice of a particular drilling fluid should never be left solely to a driller to decide as it is 
imperative that an appropriate fluid is used when drilling, especially if uncontaminated groundwater 
sampling is required. Drilling fluids may enter a formation and significantly alter measurements of 
groundwater chemistry.

Drilling fluid losses should be recorded in driller’s daily records as they may indicate discrete 
features or zones of higher permeability than background conditions. Losses are most likely to occur 
where the pressure in the borehole exceeds that in the formation. Consequently, to minimize formation 
invasion, it is desirable to reduce the pressure in the borehole so that it is always a little less than the 
formation pressure (this is termed underbalanced drilling). To limit pressure in the borehole and hence 
minimize contamination of the groundwater with drilling fluid, heavy drilling muds should not be used 
where possible. However, it is understood that in some cases they may be necessary, as higher density 
fluids, including those containing viscosifiers and additives to control thixotropy, have good lifting 
characteristics to bring rock cuttings to the surface and therefore the borehole design and the nature of the 
rock mass may dictate their use. The lowest density drilling fluid (i.e. air) is likely to penetrate far more 
into a formation than a high density fluid, and air may significantly alter redox conditions in the local 
formation. Consequently, the need for airlifting should also be carefully evaluated prior to use. Generally, 
locally derived freshwater can be a reasonable compromise when drilling a borehole for geochemical 
sampling purposes, but even here, different groundwater chemistry at different depths can complicate 
later interpretations. It is also advantageous to produce fine cuttings, if possible, so they are able to be 
lifted easily. This can be achieved using a coring drilling method, for example, which of course also 
lessens the volume of rock cuttings to be lifted and can facilitate direct sampling in the laboratory of any 
fluids trapped within the core and not exposed to the atmosphere during handling.

In situations where non‑reactive drilling fluids cannot readily be used, the fluid may be dosed with 
a tracer such as uranine, fluorescein or iodide. One or even two inert artificial tracers might be used, but 
good control over their concentration is essential. Tracers are added to the drilling fluid to understand 
the impact of the fluid on in situ groundwater sampling quality as the use of a tracer of known initial 
concentration allows the degree of drilling fluid contamination to be identified by understanding the change 
in concentration during mixing. This mixing can be corrected for through simple regression analysis.

It is important to recognize that lubricants are used extensively on drilling tool and drill string 
connections and these typically contain many reactive chemical constituents that could also affect 
hydrochemical measurements and analysis. As a general principle, testing and characterizing the 
lubricants in a laboratory prior to use, and selecting them on the basis of their potential impact on chemical 
groundwater constituents and measurement quality, is an essential prerequisite to drilling a borehole for 
groundwater sampling.

Higher density drilling fluids that invade the borehole wall, which can potentially affect 
hydrogeochemistry, can also induce ‘skin’ effects. These effects may modify permeability measurements 
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near the borehole, as they can cause blockages along hydraulic pathways. The driller should ensure skin 
effects are reduced as much as possible through the use of approved drilling fluids to ensure high quality 
groundwater pressure data are collected from a borehole.

Drilling costs

Drilling is expensive and rigs come in a range of sizes that are rated to drill under different ground 
conditions to various depths. The power necessary to drill down to a specified depth with a prescribed 
borehole diameter will vary in relation to the rock type being drilled and this would be reflected in the 
size and complexity of rig needed and hence in the cost.

For hard rock environments, such as are found in Sweden, Finland and large parts of Canada, quite 
small and highly mobile rigs may be used to drill relatively narrow diameter investigation boreholes to 
depths of several hundred metres. For example, in the granitic rocks investigated by SKB in Sweden, a 
76 mm drill hole provides a core diameter of approximately 50 mm and this was considered to be adequate 
for the majority of geological logging needs and for obtaining core samples for laboratory tests (Fig. 28 
(a)). Conversely, for investigations in weak or friable sedimentary environments prone to instability, such 
as those encountered in cover rocks at Sellafield in the UK, 160 mm diameter boreholes were required 
for obtaining 95 mm core. These boreholes were drilled down to 2000 m depths and expensive oilfield 
type drilling technology was required using large static rigs placed on specially constructed pads (Fig. 28 
(b)). Wider diameter boreholes were also needed to enable the use of downhole testing, monitoring and 
geophysical logging equipment that would not be suitable in slim‑line drill holes.

Borehole depth and diameter

For a large site investigation project, it would be difficult to specify in advance the depths, 
orientations (vertical, inclined or deviated), diameter and total number of boreholes that might be required 
at a site. Instead, such judgements would depend on an ongoing assessment of the site conditions and 
periodic revisions to data requirements in line with the developing site understanding. However, for a 
major site investigation project undertaken in a relatively simple geological environment,19 it might be 
expected that the number of boreholes required would be in the order of ten to a few tens and ranging 
in depth from shallow (<100 m) to deep (1000 m depth or more). Despite the difficulty of anticipating 
precisely what drilling effort will be required, some assumptions will have to be made during the 
planning phase about the number and depths of boreholes to plan a programme and establish provisional 
cost estimates.

A borehole design should be determined by the objectives set for the borehole and knowledge about 
expected subsurface conditions, and possibly by regulatory constraints. On this basis, one can specify the 
design characteristics to reflect the types of sampling and testing that are to be carried out in the boreholes 
and the types of instrumentation that are to be installed. In a situation where there is no knowledge of 
the subsurface at or beyond proposed repository depths, at least one borehole should be targeted with 
completion deeper than the repository. More deep boreholes might be necessary where potentially 
significant features or conditions are recognized from geophysical imaging or interpretations (e.g. major 
faults or possible up‑coning of saline groundwater).

When specifying a borehole, a critical design dimension is the diameter at the base of the borehole. 
This diameter is established to ensure the required sampling and testing can be carried out down to the 
base of the borehole, that the required instrumentation can be installed and, once the borehole is no longer 
required, that it can be effectively sealed and abandoned. Hence, the need to run geophysical logging 
tools, undertake particular tests (e.g. stress measurements by over‑coring), obtain samples of a defined 

19	 The definition of a relatively simple geological environment is relative and highly subjective but might include, 
for example, a regionally extensive granite batholith or a horizontally layered sedimentary formation containing thick and 
laterally extensive clay horizons.
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size, or install particular instrumentation will generally constrain the design of the borehole with regard 
to its diameter.

Drilling rig use

Depending on the number of drill rigs needed to complete an investigation, their commercial 
availability (for hire or purchase) and the amount of funding available, a plan should be established for 
rig use. For a large scale investigation, the high level strategic alternatives to be considered might include 
those shown in Table 7. Clearly, for such a major cost element, the strategy to be employed regarding the 
use and procurement of drilling rig services should be very carefully thought out, especially because the 
required equipment might be scarce in the marketplace and because of long lead times. Most repository 
site investigation projects undertaken to date have tended to employ a strategy of hiring drill rigs and 
sometimes several at the same time, depending of the scale of investigations. It will be imperative that the 
RWMO maintain control over the drilling operations by being an educated customer and by having staff 

90

FIG. 28. Drilling rigs used during (a) the Forsmark site investigations in Sweden, and (b) the Sellafield site investigations, 
UK (reproduced courtesy of SKB and NWS).

FIG. 29. Plan and cross‑section views of random (A), targeted (B) and structured (C) borehole locations.



on hand to provide oversight and make immediate decisions as required. This will of course mean that 
staff have to be delegated with sufficient authority to make such decisions.

Borehole locations

There are essentially three alternative approaches that may be used to determine the location of 
boreholes to be drilled as part of site investigations: random, targeted and structured (Fig. 29).

In Fig. 29 we see a plan view (top set) and a cross‑section (bottom set) of an area with geological 
units shown in yellow and blue. A reverse fault is indicated in the plan view (tooth marks on hanging wall) 
and borehole locations are shown as stars in the plan views and as vertical and subvertical lines in the 
cross‑section views. The line of cross‑section is towards the bottom of the top set of illustrations, although 
borehole locations have been migrated to coincide with the line of section. The different approaches, or 
strategies, to locate boreholes can be described as follows:

	— Random: While not necessarily absolutely random, the approach to selecting drilling locations within 
a site area shown in Fig. 29 (a) is typically based on little or no a priori subsurface information and 
is employed without the use of any guiding principles or without objectively discriminating between 
potential drilling locations. In this manner, typical or atypical rock types and structures have an equal 
chance of being identified, although, unless the methodology for selecting a location is truly random, 
there will always be a degree of bias.

	— Targeted: The approach shown in Fig. 29 (b) ensures boreholes are located to investigate particular 
features and/or rock conditions that are recognized but not yet fully characterized. The type of features 
that might be targeted include faults (to investigate their impact on groundwater flow) while rock 
conditions to be investigated might include anomalous or typical domains within an investigation 
area, as identified from resistivity or seismic studies (typical domains are those considered likely to 
be representative of a repository location). This is an efficient approach but it depends on relevant 
and reliable a priori knowledge.

	— Structured: In the approach shown in Fig. 29 (c), the prospective locations of boreholes are set out in 
a defined array (pattern) to methodically investigate rock, mineral and/or groundwater characteristics 
using geostatistical or other methods intended to investigate spatial variability in a systematic 
manner.20 The approach is typically used in ore resource estimation when the spatial correlations of 
rock properties need to be understood with a high degree of confidence. The strength of the approach 
is that it limits bias during the selection of borehole locations, but the major weaknesses are cost 
and potential inefficiency (variability might be established with fewer boreholes or the variability of 
important properties might reflect smaller scale characteristics than can be captured by the borehole 
spacing that is used).

Each of the three strategies has potential benefits and disadvantages, as shown in Table  8. The 
approach selected for identifying borehole locations should be based on a clear understanding of technical 
objectives and logistical constraints, such as planning permission, funding and ease of access. However, 
it is important to recognize that the approach will likely be modified as an investigation proceeds and 
increased site understanding is obtained. Thus, in the absence of any pre‑existing data, a random approach 
might be initially employed, but a more targeted approach then typically develops. Site investigations 
for an underground repository have rarely used a structured approach requiring a dense array of deep 
boreholes, mainly due to cost considerations but more importantly because safety assessments can usually 
be undertaken satisfactorily using the data available from targeted approaches. Where multiple boreholes 
are required, the order of drilling should be prioritized on a rational basis to reflect data needs and the 
availability of drilling equipment.

20	 Geostatistics is a special form of spatial analysis that differs from classical descriptive statistics.
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Borehole sealing

On completion of the preconstruction phase of a site investigation project, it is prudent to seal 
boreholes at sites not selected to host a repository very soon after a decision to discard the site, in 
accordance with the guidance published by the relevant regulatory authority. Boreholes located on a site 
selected to host a repository may also be sealed at an early stage after site confirmation, although some or 
all boreholes may be left accessible for long term monitoring purposes.

After they have fulfilled their purpose, boreholes need to be sealed to ensure they do not provide a 
preferential pathway for surface water to quickly reach groundwater bodies or for non‑potable (e.g. saline 
or brackish) groundwater, if present, to move upward from depth and enter a freshwater aquifer or reach 
the surface under artesian conditions. Inadequately sealed boreholes at a disposal facility site may also 
potentially act as a fast pathway for the transport of any radionuclides that might be released from a 
repository far in the future. Consequently, major efforts should be made to ensure effective sealing 
[46–49]. The functions required from the seals should be specified early on and measures established so 
conformance can be demonstrated. Once the borehole has been drilled, these plans should be revisited and, 
with knowledge of the disposition of rock formations and structural features, the plans can be advanced 
or revised, particularly regarding the locations of seals (compared to borehole sections to be occupied by 
other backfilling materials).

Whether at a repository site or one previously screened out for further consideration, experience 
of sealing and abandoning deep boreholes has clearly indicated that the removal of instrumentation 
from redundant boreholes can present significant practical difficulties. Casing that has been in place for 
some time or at depth can also become difficult to remove for a number of reasons. When investigation 
boreholes are to be sealed at a site selected to host a repository, it will very likely be a requirement that 
casing is removed, at least over the zones designated to be sealed tightly. This is because carbon steel and 
cement will corrode and degrade, and fast pathways could be formed in the voids that result. Consequently, 
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TABLE 8. ADVANTAGES AND DISADVANTAGES ASSOCIATED WITH ALTERNATIVE 
STRATEGIES FOR LOCATING INVESTIGATION BOREHOLES

Approach Pros Cons When to use

Random Used when there is little 
pre-existing information at a 
site or in the absence of any 
information at all. A randomly 
located borehole may 
fortuitously intercept an 
unknown feature or zone of 
interest.

Wasteful use of resources 
when data could be analysed to 
identify features to target. 
Without other information to 
support interpretations, there 
could be a low level of 
confidence in the degree to 
which data are representative 
of wider conditions.

Reconnaissance stage or later on 
to specifically investigate for the 
presence of potentially 
significant features or a ‘typical’ 
rock volume that might be 
considered as an average 
geosphere for repository 
conditions.

Targeted Allows focused and efficient 
investigation of specific 
features or conditions.

None early on in an 
investigation, except that it 
requires a priori information. 
Later on, targeted boreholes 
may provide diminishing 
returns.

As soon as potentially relevant 
targets are recognized and their 
impact on post-closure safety or 
repository design has to be 
evaluated.

Structured Allows geostatistical 
evaluations that may provide a 
very good insight into the 
spatial variability of rock 
properties.

Expensive in time and cost. 
Borehole spacing may not 
sufficiently capture the 
variability of important 
properties. Extensive drilling 
into the geosphere could 
compromise the barrier 
function.

Generally not recommended for 
siting deep boreholes as part of 
repository investigations.



sealing materials (such as bentonite) should be set to expand tight against the rock wall face. In addition, 
in some Member States regulatory guidance demands that even away from a repository site, any borehole 
casing that has significantly corroded is required be removed from the borehole prior to sealing if such 
corrosion could potentially allow for the contamination of freshwater aquifers. In designing boreholes, it 
is therefore essential to have due regard to the manner in which those boreholes could subsequently be 
sealed and abandoned, should the need arise.

6.4.2.	 Downhole geophysical logging

Downhole geophysical logging uses a variety of probes and sensors lowered into a borehole by a 
wireline cable from the surface to make in situ measurements of formation properties at high spatial resolution. 
Many proprietary logging tools were originally developed for use in the oil industry, requiring use in wide 
diameter boreholes and many were specially engineered to withstand the aggressive environments commonly 
encountered under oilfield conditions. Consequently, they were relatively difficult to obtain and expensive to 
use. Today, wireline geophysical logging is commonplace in mining, construction, geothermal investigations 
and in the water resource sector. Consequently, the costs associated with investigations using geophysical 
logging tools are relatively reasonable, compared to in the past. Given this factor, it would be advisable for 
a site investigation manager to plan for geophysical logging in most of the boreholes to be drilled at a site, 
especially where it has not been possible to obtain rock core.

Many of the geophysical logging instruments typically applied in site investigations for a potential 
repository are suitable for use in a wide range of borehole diameters. They are robust, fast and relatively 
easy to use, allowing rapid and comprehensive rock mass characterization to variable depths beyond the 
borehole rock face into the formation, from several centimetres to many metres depending on the tool. Some 
instruments can only be used in a column of water and some tools require an uncased borehole to allow 
measurements to be taken.

Depending on the technique and equipment employed, tools may make continuous measurements of 
rock mass properties or may provide measurements at point locations. Some equipment employs dedicated 
sensors for measuring only one type of parameter, while other tools comprise multiple sensors that can be 
operated in combination, allowing the possibility of recording many different geophysical parameters during 
a single logging run. Overlaying the results of multiple geophysical methods may be of great value, providing 
synthetic attributes that confirm, reinforce and advance interpretations of rock mass properties (see for 
example, Fig. 30).

Table 9 lists the main geophysical logging tools that might be used in a site investigation project 
and the data that might be acquired. A more extensive overview of downhole geophysical techniques and 
their interpretation is provided in Ref. [50]. Geophysical logging would generally be undertaken in most 
if not all boreholes that are drilled at a site, as the information they provide is significant and can be used 
to not only characterize the immediate rock mass but, by correlating properties (e.g. derived from core) or 
through calibrating other methods that image the rock mass such as seismic resistivity and attributes (see 
Fig. 27), they provide for interpolations and extrapolations between and beyond boreholes.

Several tools are of particular relevance to site investigations in rock environments dominated by 
fracture flow, as they allow discrete fractures to be imaged and hydraulic conductivity to be estimated. 
These include full‑bore FMI and acoustic borehole televiewer logs for fracture identification (Fig. 31) and 
full waveform acoustic logging to facilitate Stoneley wave analysis allowing the estimation of formation 
permeability as well as the presence of fractures. In combination with the results of hydraulic testing and 
in some cases augmented by mineralogical studies from core, the subset of the total fracture population 
that may be responsible for transmitting water might be derived. The important fracture characteristics 
to be captured would include orientation, aperture, frequency, length, connectivity and transmissivity. 
Then, based on these parameter values, statistical models of discrete fractures can be developed for use in 
advective flow and radionuclide transport codes.

NMR logging is a geophysical logging technique. Although currently largely confined to oilfield 
exploration, it is finding wider application in site investigations for radioactive waste repositories. The 
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FIG. 30. Comparison of interval velocity measurements (seismic/ultrasonic P‑ and S‑wave velocities) providing information 
on dynamic elastic parameters (e.g.  Poisson’s ratio, Young’s modulus, shear modulus), ERT (2‑D electrical resistivity 
tomography), GRI‑ and conventional data. These attributes can be used for characterization of the borehole excavation 
damaged zone and other features such as fractures to be used in anisotropy studies, flow modelling and identifying major 
and minor stress orientations in local rock (reproduced courtesy of the Federal Institute for Geosciences and Natural 
Resources, Germany).

FIG. 31. An example of borehole fracture images derived from geophysical logging using FMI and borehole televiewer 
tools. Planar features intercepting the borehole are shown as sinusoidal waves due to the unfolding of the cylindrical 
borehole wall to produce a 2‑D image (reproduced courtesy of NWS).



technique is based on the transmission of an electromagnetic signal of a specific frequency in the presence 
of a strong magnetic field and recording the corresponding resonance of hydrogen protons in groundwater 
as they become excited and relax. Inversion of the measurements enables direct inference of the bulk 
hydraulic conductivity based Xon estimated water content and an interpretation of the mean pore throat 
size within a matrix dominated (interstitial) flow system.

TABLE 9. SUMMARY OF TYPICAL INVASIVE GEOPHYSICAL LOGGING TOOLS AND 
TECHNIQUES USED FOR DATA ACQUISITION DURING SITE INVESTIGATIONS

Name of technique Description Data acquired Stage Comments

Acoustic borehole 
televiewer (known 
as BHTV)

Generates continuous images of 
borehole wall using an ultrasonic 
beam and rotating mirror. Images 
are oriented by means of 
accelerometers, magnetometers or 
gyros permitting dip and strike 
measurements of features 
(structures and bedding planes). 
Both amplitude and arrival times 
are measured, providing two 
images.

Efficient collection of 
downhole structural 
data especially 
fractures. Can be 
viewed in 3-D as 
‘virtual core.’ 
Provides measures of 
borehole shape for 
geotechnical studies.

DSC Operates in water filled 
boreholes only. Quality 
of image influenced by 
roughness of the 
borehole wall.

Borehole camera Generates continuous optical 
images of the borehole wall using 
a high resolution camera.

Continuous 
measurements. 
Provides pictures of 
the borehole shape 
and texture.

DSC Operates in air or clear 
fluids.

Spectral gamma 
ray sensor

The natural gamma ray activity of 
40P, 238U and 232Th is measured. 
The distribution of the activity is 
characteristic for different rock 
types.

Continuous 
measurements.
Counting rate.

DSC Operates in air, fluids or 
casings. Bulk radioactive 
emissions may also be 
recorded using a simple 
gamma ray logger.

Density log A gamma ray source is emitting 
radiation into the rock. A detector, 
shielded from direct radiation, is 
measuring the scattered gamma 
radiation using the Compton 
effect which depends on the 
density of the rock.

Continuous 
measurements.
Counting rate.

DSC The depth of 
investigation is in the 
range of 1 dm.

Electrical 
resistivity log or 
conductivity log

An electric current is introduced 
into the rock using electrodes. 
Other electrodes at various 
distances to each other measure 
the received voltage which is 
proportional to resistivity or 
conductivity in that distance 
range. Includes high definition 
formation microimaging (FMI).

Continuous 
measurements of 
electrical conductivity 
and resistivity.

DSC Conductive fluids or 
casings have influence to 
the result.

Neutron–neutron 
probe

With a neutron generator or 252Cf 
as source, a detector is measuring 
the neutron radiation on collision 
with atoms of the rock. 
Measurement of the radiation 
resulting from neutron capture.

Counting rate is 
inversely proportional 
to porosity.
Element 
concentration for each 
element. Hydrogen 
sensitive.

DSC Calibration necessary. 
Resolution in dm range.
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TABLE 9. SUMMARY OF TYPICAL INVASIVE GEOPHYSICAL LOGGING TOOLS AND 
TECHNIQUES USED FOR DATA ACQUISITION DURING SITE INVESTIGATIONS (cont.)

Name of technique Description Data acquired Stage Comments

Sonic log An acoustic source generates a 
longitudinal wave along the 
borehole wall. The travel time 
over a defined distance is 
recorded and is proportional to 
rock porosity.

Compressional and 
shear wave interval 
velocities can be 
determined.

DSC Sensitive to borehole 
diameter changes.

Vertical seismic 
profile

A seismic source generates 
acoustic waves at the surface and 
geophones recording amplitude 
and travel time along the 
borehole.

Stepwise 
measurement in 
discrete depths 
intervals.

DSC —

Caliper log A wireline tool that uses up to six 
independent articulated 
mechanical arms that run along 
the borehole wall as the tool is 
moved up or down or acoustic 
(ultrasonic) methods.

Continuous 
measurements of the 
diameter of the 
borehole, its shape 
with depth and 
deviation from 
vertical.

DSC —

Self-potential log The natural electrical potential is 
measured between an electrode at 
ground surface and an electrode in 
the borehole drilling fluid.

Continuous 
measurements 
provide indications of 
shale volume and 
freshwater horizons.

DSC Operates in fluid filled 
boreholes, but not with 
oil based drilling mud. 
Sensitive to electrical 
noise.

Magnetic 
susceptibility log

A transmitter coil generates an 
alternating magnetic field around 
the borehole, which induces 
electrical eddy currents that are 
proportional to the conductivity of 
the rock. The in-phase part is 
proportional to susceptibility.

Continuous 
measurements.

DSC Resolution in m range. 
Calibration with known 
rock samples.

Dual laterlog tool Analogue to resistivity log. 
Additional bucking electrodes 
focus the current to right angles to 
the logging tool. The vertical 
resolution is high.

Continuous 
measurements.

DSC Thin layers can be 
detected.

Note: DSC = detailed site characterization (stage).

6.4.3. Hydrogeological testing

Hydrogeological testing is a general term for various types of test that provide insights into the 
present day nature of groundwater flow and solute transport within a rock mass, including the magnitude 
of flow and its orientation, among other properties. These tests include pumping tests (hydraulic tests) 
and flow logging, both of which are carried out in boreholes; tracer testing, which can be carried out in 
the field or in a laboratory; and other specialist testing undertaken on rock and groundwater samples in 
a laboratory. There are numerous references providing information on hydrogeological testing principles 
and methods, as well as the physical constants and properties needed for flow and transport calculations 
[51–55]. Table 10 presents some of the key physical properties that can be determined by hydrogeological 
testing in the field.
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This section summarizes some of the basic principles concerning field based hydraulic testing, 
tracer testing and flow logging methods. It also introduces some important management considerations. 
Laboratory based methods using rock and groundwater samples follow in Section 6.5. It is acknowledged 
this section focuses primarily on investigations relating to the saturated (phreatic) zone at a site, in which 
groundwater at greater than atmospheric pressure permanently resides within accessible pore space. 
Research methods involving data acquisition and process understanding in the unsaturated (vadose) zone 
above the groundwater table at a site are not covered in detail. However, it will be important to investigate 
flow and transport processes in the unsaturated zone, especially for near surface disposal concepts or 
geological disposal concepts with waste emplacement in the unsaturated zone (as previously considered at 
Yucca Mountain, USA [56]), but also for understanding the nature of the present day geosphere–biosphere 
interface, demonstrating the robustness of numerical flow and transport models and as an analogue for 
deriving exposure scenarios under future conditions.

During the early stages of an investigation, some of the parameters described in Table  10 are 
typically considered as constant across a formation or a hydrogeological unit, but in reality they are all 
likely to vary in space and may also change as a function of time in response to changing boundary 
conditions. Consequently as investigations proceed, it may be appropriate to ensure spatial variability is 
addressed by taking several measurements at different locations, as well as ensuring uncertainty estimates 
are carried out as part of the testing activities, depending on the requirements of the investigation.

The objectives and scope of information required from a hydrogeological work programme are provided 
in Section 3.6.2, but it is emphasized that a key goal when collecting hydrogeological information is to 
provide insights into the potential migration of radionuclides that might be released from a repository system 
at some time far in the future. Therefore, a good understanding of water flow and solute transport mechanisms 
at a site will be required and this should be set within a framework of the geology and hydrogeological 
units, populated by appropriate physical properties and parameter values and defined by appropriate 
boundary conditions. The physical scale of the hydrogeological investigation should reflect the scale over 
which local hydrogeological processes operate and over which radionuclides might migrate. In undertaking 
hydrogeological investigations, it is important to recognize that a holistic view of the system is required, and 
this means drawing on understanding from other disciplines, with a special emphasis on hydrogeochemistry 
and water–rock interaction studies. Consequently, a multidisciplinary and multiscalar approach is needed, 
with regional scale studies supporting an understanding of the nature and extent of the local groundwater 
system and its controls, possibly focusing down to studies at the molecular scale at a site. Furthermore, as 
the predominant concern is with the potential migration of long lived mobile radionuclides from a future 
repository, scenarios for the evolution of the present day groundwater system have to be postulated and tested, 
including assessments of the potential for radionuclide movement, retardation, dispersion, dilution and the 
nature of future potential pathways (types of pathway, path length, timescales for transport and discharge 
locations). These are to be based not only on an understanding of the present‑day groundwater system, but 
also on how the system has evolved to its current condition, which is the focus of palaeohydrogeology, a topic 
studied in several international disposal programmes [57].

Hydraulic tests

Hydraulic tests are used for understanding the nature of groundwater flow in the geosphere and for 
determining the significance of properties that impact groundwater storage and movement, such as storativity, 
transmissivity and connectivity. The values assigned to these parameters reflect the nature of the rock itself 
(i.e. the composition of the rock and its structure in terms of active fluid pathways) and of the groundwater, 
density and viscosity in particular. The presence and nature of any hydraulic boundaries may also be 
deduced, for example barrier or recharge boundaries. This information is of critical value in the context 
of a repository siting project because it supports the development of robust conceptual models of the flow 
system, incorporating process understanding over the spatial domain of interest, and provides data for the 
parameterization and calibration of groundwater flow and transport models. Hydraulic data and information 
are also critical inputs during the design and construction phases of underground workings, to provide 
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TABLE 10. EXAMPLES OF ROCK PROPERTIES DETERMINED BY HYDROGEOLOGICAL 
TESTING IN THE FIELD

Property Description Notation Dimensions

Porosity Voids in a rock may be connected or isolated and may 
contain water or a gas. Total porosity reflects the 
proportion of a volume of rock made up of pores or 
other types of void space and it is calculated as the 
volume of total void space divided by the total 
volume of the bulk solid. This is distinct from 
effective porosity, which is the volume of 
interconnected void space available for flow divided 
by the volume of the bulk solid.

n
 

(n∑ & ne )

Dimensionless 
(usually shown as a 

percentage or decimal 
fraction)

Intrinsic permeability A property of the rock alone that describes the ease 
with which a fluid is able to pass through a saturated 
medium. It is related to hydraulic conductivity by

k K
pg

�
�

where µ is dynamic viscosity, ρ is fluid density and 
g is gravitational acceleration.

k L2

Hydraulic 
conductivity

A property of the rock and the groundwater that 
describes the ease with which groundwater is able to 
flow. It is defined as the volume of water that is 
moving through a porous medium in unit time under 
a unit hydraulic gradient, through a unit area 
measured at 90° to the direction of flow. The 
hydraulic conductivity of a fractured hard rock 
reflects the aperture of the flowing fractures, their 
connectivity and density.

K L/T

Transmissivity The product of hydraulic conductivity and the 
saturated thickness of a permeable rock mass.

T L2/T

Specific storage The volume of water in a unit volume of a confined 
saturated permeable rock that is released from storage 
under a unit decline in hydraulic head. It reflects the 
compressibility of the rock mass (i.e. the unit change 
in the volume of rock and its contained water per unit 
of pressure variation applied under constant 
temperature).

Ss L–1

Storativity In a confined volume of permeable rock, the 
amount of water released from storage per unit 
surface area of the aquifer, or aquitard per unit 
decline in hydraulic head. It is the product of 
specific storage and the saturated thickness of the 
confined rock under consideration (S = Ssb). In an 
unconfined aquifer, storativity is the product of 
specific yield and specific storage (S = Sy × Ssb), 
but the value is very close to the value for specific 
yield because there is relatively little aquifer 
compression and water expansion under unconfined 
conditions. 

S Dimensionless
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TABLE 10. EXAMPLES OF ROCK PROPERTIES DETERMINED BY HYDROGEOLOGICAL 
TESTING IN THE FIELD (cont.)

Property Description Notation Dimensions

Specific yield The volume of water that a unit area of unconfined 
aquifer is able to release from storage per unit decline 
in the water table elevation due to gravity drainage. It 
reflects the proportion of void space able to yield 
water and therefore approximates effective porosity. 

Sy Dimensionless

Hydraulic diffusivity The ratio of the transmissivity and the storativity of a 
saturated rock mass (also the ratio of hydraulic 
conductivity and specific storage). It reflects the rate 
at which groundwater pressure changes are able to 
propagate through the rock mass.

D L2/T

Hydraulic gradient Groundwater moves from high hydraulic head to an 
area with lower hydraulic head. This loss in head 
(hL) describes a vector gradient along a flow path 
of unit distance (L): hL/L = i

i Dimensionless
(usually shown as a 

decimal)

Hydraulic head Also called piezometric elevation, the hydraulic 
head is a point measurement of groundwater 
potential, expressed as an elevation in relation to a 
reference datum. It reflects the height pressurized 
water would attain in a piezometer and, as such, 
hydraulic head can also be considered as the total 
mechanical energy available to a unit weight of 
fluid. The equation for hydraulic head comprises 
three components within a simplified expression of 
the Bernoulli equation that contains terms for 
pressure, potential energy and kinetic energy. In 
laminar groundwater flow, kinetic energy can be 
ignored, so: h = P / ρg + z (where P is fluid 
pressure and z is the elevation). Note that hydraulic 
head varies with the density of water in a water 
column and this is to be taken into account in any 
calculations involving variable density flow.

h L

Dispersivity A property of the rock and groundwater that varies 
with the scale of measurement and describes the 
degree to which a solute spreads laterally away 
from the principle direction of groundwater flow, 
while mixing along the advancing solute front in 
the flow path. It is caused by differences in 
groundwater velocity due to channel friction and 
connected void aperture size variation, and 
alternate solute flow paths due to tortuosity 
(together termed mechanical dispersion). 
Dispersivity is a function of a coefficient of 
mechanical dispersion and of average linear 
velocity. It is evaluated parallel to flow 
(longitudinal dispersivity) and perpendicular to 
flow (transverse dispersivity).

α
(αL & αT)

L



advance information about expected ground conditions and to ensure safe operations. Finally, knowledge 
about the hydraulic nature of a site allows the RWMO to ensure potential environmental impacts are avoided 
or minimized due to interactions at the geosphere–biosphere interface, which may otherwise result in the 
derogation of water supplies and water quality in the ground or on the surface.

Many hydraulic testing and interpretation methods were originally designed to investigate water 
resource potential in aquifers, permeable domains within a rock mass displaying relatively high groundwater 
flow rates and the potential for releasing large volumes of water from storage [51]. Other testing methods have 
been designed for application in geotechnical investigations and for oil and gas exploration. More recently, 
specialist tests and interpretation methods have been developed to investigate fractured low permeability 
rocks that might be considered for hosting radioactive waste repositories. Table 11 provides a summary of 
selected hydraulic testing methods.

Hydraulic parameters measured in the field are derived from tests using controlled pressure stimuli 
imposed on a rock mass to induce stress in the groundwater system, either by pumping groundwater out of a 
borehole (abstraction) or by pumping in water or a gas under pressure (injection). Injection tests are especially 
applicable for testing low transmissivity formations and can be impractical for testing higher transmissivity 
rocks. Testing can be undertaken in an open uncased borehole or may be targeted on hydraulically isolated 
sections within a borehole using one or more inflatable packers.21 A pump may be situated on the surface 
or a down‑the‑hole pump with sufficient power can be used. Testing may involve several hours, days or 
even weeks of pumping and monitoring. Careful, detailed measurements of the water table movement and/or 
groundwater pressure responses to abstraction or injection rates are made in the control borehole being pumped 
and, if present, in any surrounding observation boreholes set at different distances and orientations away from 
the pumped site. Under tight financial, logistical or time constraints, or where multiple boreholes are not 
necessary, a single borehole may be used for pumping and monitoring groundwater responses. However, the 
volume of the rock mass able to be investigated and the confidence in the hydraulic data obtained is more 
limited in this situation than where observation boreholes are also employed.

Groundwater pressure changes are most commonly achieved by pumping water out of a borehole at an 
abstraction (discharge) rate that is set to produce a pronounced drawdown in the water level in the borehole. 
Water extraction may be applied almost instantaneously as a ‘slug’ or over time, either at a constant rate or 
at a variable rate intended to maintain a constant head. The abstraction rate can also be applied as a stepwise 
series of varying constant discharge rates (a step test). In an extraction test the perturbed groundwater level 
or groundwater pressure at a point reduces with time in comparison to ambient conditions, either as a smooth 
function or with a break in slope reflecting a pressure response to a change in formation conditions away 
from the immediate vicinity of the borehole (including ‘skin’ effects), or as a series of steps in relation to 
the pumping pattern. It is advantageous to monitor the change in the free water level (water table) or the 
groundwater pressure at a point in a control borehole and in any observation boreholes that may be available 

21	 Sections of the borehole can be compartmentalized by inflating one or more ‘packers’ to create watertight seals. 
One packer is sufficient to isolate the basal section of a borehole, whereas a minimum of two are needed to adequately 
isolate a midborehole section (additional packers may be used to create guard zones either side of the interval of interest to 
ensure hydraulic isolation). Hydraulic testing and geochemical sampling can then carried out within the isolated interval of 
the borehole. Intervals can vary in length from less than a metre to hundreds of metres.
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TABLE 10. EXAMPLES OF ROCK PROPERTIES DETERMINED BY HYDROGEOLOGICAL 
TESTING IN THE FIELD (cont.)

Property Description Notation Dimensions

Hydrodynamic 
dispersion

A property that describes the spread of a tracer due to 
mechanical dispersion and molecular diffusion. It is 
represented in transverse and longitudinal directions 
in relation to the main flow direction.

D
(DL & DT )

L2/T
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TABLE 11. SUMMARY OF SELECTED INVASIVE TOOLS & TECHNIQUES FOR HYDRAULIC 
TESTING

Name of 
technique Description Discharge (q) & hydraulic head 

(h) in pumped borehole Data acquired Comments

Constant 
rate 

Groundwater is extracted at 
a constant rate from an open 
or isolated column of water 
in a borehole (A). The 
discharge rate is monitored 
over time in relation to the 
drawdown in the 
groundwater level (or 
pressure) observed in the 
pumped borehole and any 
observation boreholes (B). 
Test duration should reflect 
time required to reach a 
quasi-steady drawdown 
state. After pumping ceases, 
the rise in groundwater level 
or pressure back towards 
ambient conditions is 
recorded.

A Hydraulic 
conductivity, 
transmissivity, 
storativity, specific 
yield, specific 
storage, hydraulic 
diffusivity and 
nature of boundary 
conditions. 
Hydraulic aperture 
in fracture flow 
systems. 

Requires a good 
appreciation of likely 
conditions to plan the 
test appropriately. 
May be of long 
duration (several 
days to weeks). 
Achieving a constant 
discharge in a very 
low permeability 
environment may be 
difficult. Requires 
monitoring in 
observation 
boreholes for storage 
parameters. Dual 
permeability affects 
can be recognized 
from analysis. The 
accuracy of 
measurements 
reflects the resolution 
of the equipment or 
manual monitoring.

B

Constant 
head 

Groundwater is extracted at 
an initially high rate from an 
open or isolated column of 
water in a borehole. The 
drawdown or hydraulic head 
(groundwater pressure) is 
observed in the pumped 
borehole and, once a 
predetermined level is 
reached (B), the discharge 
rate is reduced to maintain a 
constant drawdown level in 
the borehole (A). After 
pumping ceases, the rise in 
groundwater level back 
towards ambient conditions 
is recorded.

A Hydraulic 
conductivity, 
transmissivity, 
storativity, specific 
yield, specific 
storage, hydraulic 
diffusivity and 
nature of boundary 
conditions. 
Hydraulic aperture 
in fracture flow 
systems.

Requires a good 
appreciation of likely 
conditions to plan the 
test appropriately. 
Requires monitoring 
in observation 
boreholes for storage 
parameters. Dual 
permeability affects 
can be recognized 
from analysis. The 
accuracy of 
measurements 
reflects the resolution 
of the equipment or 
manual monitoring.

B
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TABLE 11. SUMMARY OF SELECTED INVASIVE TOOLS & TECHNIQUES FOR HYDRAULIC 
TESTING (cont.)

Name of 
technique Description Discharge (q) & hydraulic head 

(h) in pumped borehole Data acquired Comments

Step test The borehole is pumped 
(extraction) at an initially 
low discharge rate until 
drawdown (pressure) 
stabilizes. The pumping rate 
is then increased until 
drawdown again stabilizes 
or for a period of time equal 
to the first step. This 
progressive equalization of 
flow and groundwater level 
or pressure is carried out 
several times until 
maximum drawdown is 
established (A). The pump 
is then turned off and the 
groundwater rise is 
monitored (B).

A Hydraulic 
conductivity, 
transmissivity and 
well loss 
parameters. 
Hydraulic aperture 
in fracture flow 
systems.

This is a single 
borehole test that 
does not require 
monitoring in 
observation 
boreholes. Discharge 
at different rates 
should be for 
approximately equal 
periods of time, 
sufficient to approach 
pressure or 
groundwater level 
stabilization. A 
minimum of three 
steps is required. A 
variation used in 
fractured rock 
formations is a 
Lugeon test in which 
increasing constant-
rate injection 
pressure is applied 
over a number of 
steps.

B

Slug test 
(rising 
head & 
falling 
head)

A slug test is a rapid 
injection or withdrawal test 
typically carried out in an 
isolated borehole section 
(A). A rising head test 
requires the rapid extraction 
of a large slug of 
groundwater to quickly 
lower the groundwater level 
in the interval being tested

A Hydraulic 
conductivity, 
transmissivity, 
storativity, specific 
yield, specific 
storage and 
boundary 
conditions. 
Hydraulic aperture 
in fracture flow 
systems.

During injection in a 
puckered interval 
(falling head test), 
the pressure stimulus 
should not be so 
great that it might 
induce hydraulic 
fracturing. Multiple 
rising head and 
falling head tests 
may be carried out in 
the same borehole 
interval. Results 
should be the same; 
any differences may 
reflect skin effects, 
fracture deformation 
or non-Darcy flow 
conditions.



during the application of the pressure stimulus and also during the subsequent pressure re‑equilibration once 
the pressure signal is relaxed. This is because the groundwater level or pressure recovery can be separately 
analysed to augment test results achieved during the imposition of the pressure stimulus (groundwater 
extraction or fluid injection).

As water is drawn into the borehole from the surrounding formation, an artificial hydraulic gradient 
is induced. In an unconfined aquifer with a porous medium, the pumping creates a temporarily unsaturated 
zone termed a cone of depression that migrates outward until a quasi‑steady state is achieved. Figure  32 
shows an idealized field configuration for a drawdown test undertaken in a permeable rock mass with an 
unconfined aquifer.

When pumping in an aquifer confined by a porous medium, water would typically be drawn into a 
borehole from the adjacent connected network of pore space, with a low‑pressure zone extending outward 
with time until there is pressure equilibrium or a hydraulic barrier is met. A layered sedimentary sequence 
is often anisotropic (horizontal flow greater than vertical flow) and therefore radial flow towards the 
borehole might be expected. In a fractured hard rock where pumping is carried out from an isolated 
section of a borehole, the nature of the induced flow towards the borehole would be dictated by the 
connectivity of the fracture network. This may theoretically be described as 1‑D flow where groundwater 
flow is concentrated along a single channel, 2‑D reflecting radial flow towards the borehole (typically 
horizontal), or 3‑D whereby the volume of rock providing the induced flowing groundwater is spherical 
around the pumping interval (Fig.  33). In reality, flow in a fractured medium would often reflect an 
intermediate situation between 1‑D and 2‑D or between 2‑D and 3‑D. The flow dimension in a rock can 
be ascertained by appropriate testing and analysis [58].

As an alternative to reducing the hydraulic head locally during groundwater extraction, over‑pressure 
can be applied to a hydraulically isolated zone in a borehole by injecting water or a gas into the zone, 
either as a single slug or in a series of steps (e.g. during a Lugeon test). Other variant tests commonly 
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TABLE 11. SUMMARY OF SELECTED INVASIVE TOOLS & TECHNIQUES FOR HYDRAULIC 
TESTING (cont.)

Name of 
technique Description Discharge (q) & hydraulic head 

(h) in pumped borehole Data acquired Comments

Slug test 
(rising 
head & 
falling 
head) 
(cont.)

(B), while a falling head test 
requires the addition of 
groundwater or a gas — 
typically nitrogen or air

B

(C). The speed of the 
groundwater response will 
depend on the transmissivity 
of the formation and this 
also affects the duration of 
the test.

C



used in site investigations for underground disposal facilities include pressure pulse tests and drill stem 
tests. Such tests are especially useful for investigating fracture flow transmissivity in hard rocks where 
flow rates are low. Under suitable flow conditions, they can be carried out during drilling operations to 
test contiguous sections of a borehole immediately after they are drilled. In this situation active drilling is 
punctuated by periods when the drill string is withdrawn and testing equipment, comprising a downhole 
pump, pressure monitoring transducers and a single packer, is lowered on a tool string. The packer isolates 
a newly drilled interval from the temporary base of the borehole up to a known distance above the floor. 
The packer may be relocated within the borehole several times during a testing interval, to investigate the 
impact of the interval length on results. In order to minimize disruption to the costly drilling process, such 
testing has to be well planned and carried out as rapidly as possible, taking into account the investigation 
objectives and the site conditions.

A typical post‑drilling test programme in low permeability rocks characterized by fracture flow 
might consist of a multipacker tool string positioned within the borehole at a series of depths, with 
pumping or injection undertaken from a central zone and monitoring of pressure responses carried out 
in zones above and below the pressure source interval. The objective of such testing is to investigate the 
hydraulic conductivity of individual fractures or groups of fractures and also the connectivity between 
sections of the borehole. Where pressure responses are also recorded in isolated intervals in one or more 
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FIG. 32. Schematic (a) plan view and (b) cross‑section showing the type of arrangement expected when conducting a long 
term pumping test in a porous medium. The cone of depression at times T1 to T3 is caused by the lowering of the water table 
in the vicinity of the pumped borehole.
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FIG. 33. Examples of (A) 1‑D channel flow, (B) 2‑D radial flow and (C) 3‑D spherical flow patterns in response to induced 
flow towards a pumped borehole interval.



observation boreholes, not just at the control borehole, the tests provide information on larger scale 
cross‑hole connections due to the presence of discrete flowing fractures within the rock mass.

When designing a pumping test, it is necessary to have at least an approximate appreciation of 
the conditions that are likely to be encountered. This is necessary so that the correct equipment can be 
obtained for optimal test performance, so that the location of the equipment placement (pumps, packers 
and monitoring points) can be selected appropriately and so that the timescale allocated for a test and the 
pumping rate(s) applied will produce pressure responses that can be properly analysed. Clearly, specialist 
hydrogeologists should be employed to design and carry out the tests. If contractors are to be used, they 
should be clear about the uses that will be made of the data and the need for diligent planning, testing and 
records keeping. It is a best practice for hydrogeologists to be present during preparation and testing and 
the RWMO needs to ensure there is clear and good communication with the drilling team when testing 
and drilling are carried out at approximately the same time.

With sufficient time, hydraulic testing in the field can yield results representative of relatively large 
volumes of rock. As such, they are the primary basis for deriving hydraulic and transport parameters for use in 
modelling. However, geosphere understanding can be significantly enhanced by small scale measurements of 
permeability and other properties made in the laboratory on selected samples of rock (see Section 6.5.1). The 
interpretation of these laboratory tests complements field testing, as they are able to provide many, but not all, 
of the same hydraulic parameters as measured in the field. Differences occur because measurements reflect 
different investigation lengths and the fact that rock sampled for testing in a laboratory is a generally a biased 
sample that may not be representative of in situ conditions. Nevertheless, with an appropriate understanding 
of potential sampling and measurement errors, a hydraulic testing programme based on field and laboratory 
measurements may allow a high degree of confidence to be assigned to derived hydraulic parameter values. 
It also provides a better understanding of scale effects, including the relative contributions of matrix flow 
compared to fracture flow, in a situation where both mechanisms might be operating at the same time, for 
example in a weathered hard rock or fractured sandstone.

Tracer tests

Hydrogeological tests employing natural (environmental) and artificial (applied) tracers are used 
to investigate solute transport with flowing groundwater in a rock mass. The mechanisms contributing to 
solute transport are:

	— Advective transport, in which solutes are carried downstream with the bulk groundwater flow;
	— Diffusive transport, in which the flux of a solute is proportional to its concentration gradient;
	— Dispersive transport, arising from variations in fluid velocities within the domain which, in turn, are 
caused by heterogeneity in the hydrogeological and rock properties.

Testing provides insights into the rates of groundwater flow, recharge and discharge locations, the degree 
and nature of connectivity in the subsurface and also the degree to which solute concentrations reduce over 
distance and time due to irreversible sorption, retardation, spreading (dispersion) and bulk dilution through 
mixing. Tracers can also be employed to investigate solute movement in the absence of groundwater flow, 
through the process of molecular diffusion along a concentration gradient. Understanding and quantifying all 
of these processes is critical for populating and calibrating models of radionuclide migration in the geosphere 
and for enhancing confidence in dose and risk assessments. For this reason (and despite some limitations22) 
wherever possible, tracer tracing should be undertaken to supplement information on advective flow 
obtained from hydraulic testing.

22	 Tracer tests are usually carried out where it is known that there is good connectivity in the rock mass. This may not 
be representative of the larger volume of significance for radionuclide transport away from a repository. Furthermore, the 
timescale of a tracer test is very limited in comparison to the timescale of interest in a post-closure safety assessment and this 
may be insufficient to permit all relevant reactions to occur, especially those concerning rock matrix diffusion in fractures.
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The basic principle involved in tracer testing is to use the known natural chemical or isotopic composition 
of a groundwater body, or to introduce a change in the natural groundwater composition by adding a defined 
concentration of one or more new constituents. By knowing the composition and nature of a labelled and 
discrete package of water at a known time (t = 0) at the starting point of a test (e.g. an injection borehole or 
recharge area), one can compare the concentrations measured at the start of the test to those observed over 
time at another location (e.g. an observation borehole), with differences in concentration assumed to reflect 
the differential movement of the tracer through the rock mass under a natural or induced hydraulic gradient, 
assuming of course the water package originating at the starting point is flowing towards the monitoring 
point and can be measured there. The concentration observed at a monitoring point will vary with time due to 
hydrodynamic dispersion from initially low concentrations at the first arrival time up to a peak concentration, 
and will then decline. This pattern describes a breakthrough curve, which is usually modelled as Gaussian 
(Fig. 34). Where artificial tracers are used (added constituents), it will be necessary to be assured the flow 
rates have the potential to record the arrival of tracer over the experimental time frame.

By reference to Fig.  34, the longitudinal component of hydrodynamic dispersion (DL) is 
calculated from:

DL = σL
2 / 2 t

where

σL
2	 is the variance;

and t is the mean arrival time.

Transverse hydrodynamic dispersion is calculated in the same manner. Empirically this has always 
been found to be less than the longitudinal value for dispersion in porous media (approximately by a factor 
of 1/5 to 1/20). However, the derivation of longitudinal and transverse length is much more complex in 
fracture networks [60].
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FIG. 34. (A) Plan view showing the effects of longitudinal and transverse dispersion of a package of groundwater containing 
a slug of a tracer of known concentration; (B) plot showing the relative change in tracer concentration with time and 
distance due to longitudinal dispersion (adapted from Fetter [59]). σL is the standard deviation of the tracer concentration 
in a longitudinally spreading plume. 



Various types of tracer were already introduced in Section 6.4.1 in relation to the dosing of drilling 
fluids to understand the effects of drilling fluid contamination on groundwater compositions. Uranine, 
fluorescein and iodide were noted as relatively inert tracers that might be suitable for this task. They can 
also be used for dedicated tracer testing, along with many other inorganic and organic solutes, microbes 
and particulates such as colloids and spores. In general, tracers should be non‑toxic, have no potential 
to modify hydraulic conductivity or react chemically with ambient rock and groundwater, be relatively 
inexpensive and easy to detect in low concentrations. It is essential that the choice of tracer be aligned with 
the site conditions and test objectives to better understand potential radionuclide migration. For example, 
a conservative stable chloride tracer might be used as an analogue (e.g. 36Cl in a waste inventory) or a 
more reactive tracer might be used to ensure rock matrix diffusion involving sorption is incorporated into 
any results. When considering using a tracer containing ions that are naturally present in the groundwater, 
it is important to first obtain naturally occurring groundwater concentrations and then make relevant 
ion concentrations in the tracer significantly above this level to take account for expected dispersion, 
rock matrix diffusion and dilution, although it is important that the concentration not be so much that 
groundwater density is significantly altered. In some countries, short half‑life radioactive tracers may be 
used in low concentrations with approval from the appropriate regulatory authorities (e.g. tracer testing 
undertaken at the Grimsel Underground Laboratory, Switzerland [61, 62]). Figure 35 shows modelled and 
empirical breakthrough curves for various tracers, including radionuclides, as deduced from Nagra tracer 
testing studies.
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FIG. 35. Simulated and experimental breakthrough curves for colloids and radionuclides from a tracer test carried out as 
part of the colloid formation and migration project in the Grimsel Underground Laboratory, Switzerland [62] (reproduced 
courtesy of Nagra).



Tracer testing in the field is best accomplished when the injection point is separate from the 
monitoring point(s), although single borehole tracer testing methods are commonly used, for example:

(i)	 Single borehole pulse method (Huff‑Puff) test: This method involves the injection and abstraction of 
a tracer over a given time. It requires the instant injection of a known concentration of tracer followed 
by mixing in the water column. Locally derived formation water is then injected into the borehole 
to force water into the surrounding formation. The water is allowed to migrate under the natural 
gradient for a period of time and then the borehole is pumped to reverse the flow back towards the 
borehole. The tracer concentration is measured as a function of the pumped volume of groundwater 
and time. There are several necessary assumptions, but this technique allows the estimation of the 
distance the tracer has travelled, its average velocity, and a measure of longitudinal dispersivity.

(ii)	 Point dilution test: A tracer of known concentration is rapidly added to the standing water column or 
to a borehole interval isolated by packers. After mixing, periodic monitoring of the concentration of 
the tracer in the borehole should show a decrease over time, which is recorded. The results are used 
to derive the magnitude of tracer flow and hydraulic conductivity, but analysis depends on several 
assumptions about the borehole and surrounding formation. There are several correction factors that 
can be applied to compensate for known or assumed conditions.

More typically, where rock mass and logistical conditions allow, two or more boreholes would be 
used to calculate hydrodynamic dispersion and porosity. There are several multiborehole tracer testing 
methods that can be employed, and they may use either a natural or induced hydraulic gradient:

(i)	 In order to characterize solute transport under a natural gradient, a tracer (or cocktail of tracers) of 
known concentration is injected as a slug into a control borehole and left to mix and disperse in the 
water column and then into the formation, with advective movement towards one or more observation 
boreholes situated downstream. Monitoring might be undertaken in an observation borehole over an 
open water column or from isolated intervals separated by packers. Monitoring would record the 
first arrival time and the concentration of tracer over time. The groundwater velocity and the rock 
mass conditions, the volume of tracer used, the time expected for breakthrough and the number of 
observation points could all impact significantly on the arrival time and concentration distribution, 
or if anything is detected at all. Analytical and numerical methods can be used to match the field 
results to calculated results using the advection–dispersion equation.

(ii)	 For investigating tracer transport under diverging radial flow conditions, locally derived water is 
injected into a borehole for a given time, accompanied by a slug or the continuous addition of a tracer 
(or cocktail of tracers). In order to establish a reasonable gradient, injection is often undertaken in an 
isolated borehole interval. A major assumption is that, in a porous formation, the water injection sets 
up a radial flow field under a constant artificial gradient in the surrounding formation. Monitoring 
points in one or more observation boreholes await the tracer’s arrival (i.e. they are not using pumps 
to induce flow in their direction).

(iii)	 A similar type of tracer test can be used when there are only two boreholes available, except the test 
uses a converging radial flow field instead of diverging. In this case, the tracer is rapidly injected as 
a slug into a borehole and pumping in a monitoring borehole creates an artificial hydraulic gradient 
that induces flow and the tracer towards it.

Many methods can be used to detect and measure the concentration of a tracer or a mix of tracers 
in a groundwater body. These include the use of electrical conductivity meters, liquid chromatography, 
specific ion electrode analysis, titration, photoluminescence techniques, mass spectrometry, gamma 
emission counting and colorimetric techniques. Several of these can be accomplished in the field, while 
others require groundwater sampling and laboratory analysis.

To understand recharge–discharge relationships, groundwater residence times and the mixing of 
groundwater bodies, isotopic tracers that occur naturally in groundwater may be used. A number of 
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radionuclides are created naturally in the atmosphere including 3H, 14C, 36Cl and 85Kr; these can fall with 
rain and then percolate into the groundwater system. Other manufactured radionuclides resulting from 
atomic bomb testing in the atmosphere and dispersion from nuclear facilities can also be used to provide 
information on residence times. Groundwater sampling and the use of these tracers is discussed further 
in Section 6.5.2.

Tracer tests can be expensive, especially if observation boreholes have to be specially drilled. 
However, in a site investigation project it may be possible to use boreholes already drilled for other 
purposes. In some situations, tracer testing may not be feasible (e.g.  due to rock conditions, lack of 
equipment, or personnel limitations and time constraints) or there might be high uncertainty about whether 
a tracer might be detected at a monitoring point. Obtaining results from tracer testing will be especially 
difficult in an area characterized by a sparsely connected rock mass. Even in areas of extensive fracturing, 
the pathway to be followed by a tracer originating from a control interval (source) within a borehole 
may not correspond to the direction implied by the local hydraulic gradient. Furthermore, within any 
given volume of rock more than one interconnected set of fractures may coexist in isolation from others. 
These issues tend to be amplified with depth and with both smaller source and monitored intervals within 
a borehole. Prior to any tracer testing, note should be made especially of instances where cross‑hole 
hydraulic signals have been recorded during hydraulic testing, as these may be promising targets for 
testing. These considerations indicate that despite the obvious value of tracer testing, their use should 
be carefully considered and, as with hydraulic testing, specialist hydrogeologists should be consulted to 
ensure proper planning and implementation, as well as analysis and interpretation.

If tracer testing is to be undertaken, the RWMO site investigation manager should ensure testing 
objectives are clearly understood by the hydrogeologists. A high regard for QC and the accurate recording 
of activities and results is also essential. The locations of a control borehole and dedicated observation 
boreholes should be based on at least an elementary understanding of the local hydrogeology. There may 
be various pros and cons associated with the use of different tracers, the use of a particular test and the use 
of a natural or induced hydraulic gradient. These questions and others will challenge the decision making 
capacity of those responsible for field investigations.

Flow logging

Flow logging (also termed production logging) is carried out in fluid filled boreholes to determine 
the location of groundwater inflow points or zones in a borehole, to target hydrochemical sampling and 
to understand and potentially correlate flow zones between boreholes. Groundwater velocity and flow 
direction may also be evaluated.

Flow logging can be undertaken using geophysical methods to identify sudden changes in electrical 
conductivity and differential temperatures in the water column, through to the use of mechanical 
impellors (spinner flow meter) or by measuring the movement of fine particles using a colloidal borescope 
(Table 12). Other methods have also been used to investigate groundwater flow zones in a borehole and 
these may be of special use in formations with low permeability [63] (e.g. heat‑pulse flow meter, laser 
Doppler velocimeters and borehole dilution methods).

A standard flow logging string comprises one or more logging tools that may be run alone or in 
combination. The tools measure a range of parameters which indicate the nature and movement of fluids 
within and in close vicinity to the borehole. Logs of the measured parameter value against depth are 
typically acquired while the borehole is being gently pumped and the measurement tool is being moved 
vertically, so that groundwater is actively flowing into the borehole under an artificial gradient, but 
without inducing turbulent flow conditions. The logging tools are lowered to the base of the borehole 
or the interval to be measured, and slowly raised so as not to unduly disturb the water column. The 
variations in temperature, electrical conductivity and physical flow are used to identify zones or points 
where groundwater is entering the borehole (flowing features or flowing zones) and for selecting locations 
for further hydrogeological testing, groundwater sampling or the installation of monitoring zones. 
Derivatives of the measurements of temperature and conductivity can be calculated to make identification 
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of small inflows or subtle changes in gradient easier to recognize. Additionally, several logging runs may 
be undertaken at different pumping rates, with higher rates inducing more flow into the borehole and 
increasing the likelihood of observing discrete responses in tight formations. It is noted that if a test 
section is dominated by one or more large inflow points, the signatures of very small inflows in proximity 
may well be swamped and unrecognizable.

6.4.4.	 Groundwater pressure monitoring

After groundwater sampling and hydrogeological testing, typically carried out during or shortly 
after drilling, some boreholes might be selected to become part of a network of monitoring points aimed 
at acquiring water table and groundwater pressure time series data. A groundwater pressure monitoring 
network would be used to firstly establish baseline hydraulic heads and vertical and horizontal groundwater 
pressure gradients across a site, and subsequently to record changes in groundwater pressure within 
a borehole over a period of time. Such information can be used to identify and assess the occurrence, 
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TABLE 12. SUMMARY OF INVASIVE FLOW LOGGING TOOLS AND TECHNIQUES FOR 
DATA ACQUISITION DURING THE DETAILED SITE CHARACTERIZATION STAGE OF SITE 
INVESTIGATIONS

Name of 
technique Description Data acquired Comments

Temperature 
log

One or more temperature sensors are 
encased in a housing, often with a pressure 
transducer to record the depth of the probe 
in the water column. The probe is attached 
to the surface via a wireline on a winch. 
With one or more thermometers in the 
probe, absolute and relative temperatures 
in the borehole can be measured as the 
probe is slowly moved up the borehole.

Continuous measurements 
of water temperature and 
fluctuations. Anomalies in 
temperature may indicate 
locations where there is 
fluid flow from the 
surrounding formation.

Operates in a fluid filled 
undisturbed environment. 
May be run in tandem with 
other logs.

Electrical 
conductivity 
log

An electric current is introduced into the 
rock using electrodes. Other electrodes at 
various distances to each other measure 
the received voltage, which is proportional 
to the resistivity or conductivity in that 
distance range. Equipment for measuring 
conductivity include the high definition 
FMI tool.

Continuous measurements 
of electrical conductivity 
and resistivity. Anomalies 
in conductance may 
indicate locations where 
there is fluid flow from the 
surrounding formation.

Conductive fluids or casings 
influence the result. May be 
run in tandem with other 
logs.

Spinner 
flowmeter

A small free-wheeling impellor (propeller) 
is lowered into the water column. The rate 
of impellor rotations is proportional to the 
flow velocity.

An increase in water 
velocity may be significant 
in zones of inflow.

Requires inflow rates of 
approximately 1 L/s or 
greater and therefore 
alternative methods are 
potentially required in very 
tight formations (e.g. 
heat-pulse flowmeter).

Colloidal 
borescope

The tool comprises magnifying lenses, 
high definition camera, an illumination 
source and other equipment housed in a 
stainless steel probe lowered into the 
borehole. The optical equipment captures 
the movement of individual suspended 
particles (to 10 µ). 

The tool measures 
groundwater velocity, flow 
direction and colloidal 
particle size with depth. 
Variations may indicate 
inflow zones.

Measures colloidal 
movement under laminar 
flow conditions, but 
correction factors may be 
required.



impact and nature of cross‑borehole responses to transient pressure signals and these, in turn, provide 
insights into connectivity and large scale hydraulic properties in the rock mass.

The precise objectives for a monitoring network and for individual borehole installations should be 
established on the basis of site investigation requirements and an existing knowledge of site conditions. 
Only then should a system be designed and procured. A network may be monitored manually or using 
automated measurement and recording equipment (transducers and data loggers). For small scale 
investigation projects, it may be acceptable to undertake periodic manual water level monitoring in 
boreholes, in line with a graded approach. The frequency of monitoring would reflect investigation aims, 
but to capture meteorological events and seasonal variability, measurement frequency would ideally be 
at least weekly or, preferably, daily. If a manual monitoring option is selected, it will be very important 
to ensure the personnel carrying out the task are well trained and that they carefully follow documented 
procedures at all times. It is also best for the data used at the borehole to be clearly known and used 
consistently. Suitable equipment is typically used to record water levels (e.g. an audible dipper lowered 
on a graduated tape). The borehole should be designed to ensure it is weatherproof against rainfall or 
flooding so there would be no contamination of the water column. In some Member States, boreholes in 
relatively isolated and unguarded settings may appear attractive for people intent on stealing or damaging 
monitoring equipment. Where possible, transducers and the surface expression of any equipment situated 
down a borehole should be kept in locked boxes affixed to the ground or in the borehole itself, secured 
with a lockable protective cover.

Establishing a comprehensive automated groundwater pressure monitoring system can be relatively 
expensive but is considered essential for any large scale site investigation project. Where such a system 
is judged necessary, groundwater pressure monitoring equipment appropriate for the conditions should 
be installed at multiple points within each borehole where possible (i.e.  within hydraulically isolated 
intervals). Long term monitoring systems need to be reliable, durable and retrievable, and appropriate 
measurement, processing and analysis methods are of utmost importance. There are several types of 
commercially available automated monitoring system that allow pressure sampling at multiple locations 
within a borehole. Bespoke monitoring systems can also be designed, manufactured and installed 
in a borehole to be able to monitor pressures and temperature fluctuations continuously or at discrete 
intervals with the aid of retrievable and reconfigurable pressure sensors. In addition to automated pressure 
recording, the data obtained from a borehole monitoring network might be sent in real time to a central 
processing site using cables or an automated wireless communication process (telemetry).

For an automated groundwater monitoring system using pressure sensors and data loggers, sampling 
times might be essentially continuous or set for specified recording intervals. The recording interval and 
pressure resolution limit should be established to readily allow monitoring of anticipated pressure signals 
resulting from various sources.

Sampled data may record the occurrence of the following:

	— Naturally occurring groundwater pressure transients caused by earthquakes and discrete 
meteorological events;

	— Daily, seasonal and annual variations in the water table or groundwater pressure due to cyclically 
and non‑cyclically occurring natural conditions (e.g. barometric pressure fluctuations, Earth tides23 
and seasonal changes in recharge);

	— Groundwater pressure variations in response to loading by ocean/sea tides, due to hydraulic 
connection within the formation and to a tidal regime or by direct loading of overlying rocks;

	— Artificial pressure perturbations due to drilling or construction.24

23	 Earth tides are due to lunar and solar gravitational forces that cause cyclical small scale movements of the Earth’s 
surface.

24	 Periodic groundwater sampling might also be undertaken in monitoring boreholes. Repeat or new forms of 
hydrogeological testing might also be carried out at various times, in order to ascertain whether hydraulic or transport 
properties are changing with time.
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In some configurations, an individual borehole pressure monitoring system is based on a single 
string suspended in the borehole, with multiple transducers located at port couplings in a number of 
isolated borehole intervals separated by hydraulic packers or by permanent grout or bentonite seals 
(discrete multilevel monitoring). Other configurations use multiple pipes of various lengths within a 
single borehole (nested piezometer configuration), with the base of each pipe open within a zone that 
is carefully sealed using permanent seals or removable packers to isolate it from adjacent zones. The 
pipes are left open to the surface so that the water level reflecting the static groundwater pressure in each 
zone can be continuously measured by individual transducers or floats. In the first instance, 30 or more 
pressure sampling ports might be available in a deep borehole for monitoring. In the second example, the 
number of pressure transducers or water level monitoring points is limited by the diameter of the borehole 
and the number of individual pipes that it can accommodated. Other monitoring systems also exist.

Prior to the installation of monitoring equipment, zones of potential interest within a borehole 
should be targeted on the basis of geological, hydrogeological and geophysical interpretations. After 
installation of a monitoring system, groundwater pressures in the surrounding formation need to settle 
back to equilibrium. The time this takes reflects the nature of the formation and, in a repository host rock, 
this might be anything from several days to several months. In a highly disturbed, very tight formation, 
full equilibration may even take years.

Groundwater pressure monitoring equipment is likely to exhibit drift over time, as shown by the 
pressure recordings. Equipment may also fail completely; therefore, it is essential that the system be 
well maintained and that transducers are periodically calibrated. Experience indicates a lot of effort 
will be expended on these tasks and dedicated staff should be on hand to implement a fixed schedule of 
inspection and calibration as well as to retrieve and repair equipment when it breaks down. There may be 
relatively long periods when individual pressure monitoring probes and transducers will be unavailable 
due to failure and the need for off‑site repairs. Consequently, it would be advisable to have a backup stock 
of transducers and probes available as replacements.

It has been frequently observed that groundwater pressure in a borehole responds to barometric 
(atmospheric) pressure [64]. This pressure is spatially and temporally variable with no discernible pattern 
in detail. It is assumed the groundwater pressure response to barometric pressure is due to the variation 
in load on the rocks overlying an aquifer, resulting in differential fluid pressures that cause flow into or 
away from a borehole. To ensure accurate and detailed pressure data from formations for comparison over 
time and space, barometric pressure effects should be removed from groundwater pressure data.

Where the groundwater at a site is of variable density due to temperature and pressure changes with 
depth in deep boreholes or due to differences in the concentrations of total dissolved solids, calculated 
head values should take account of these density variations. This is accomplished through the processing 
of groundwater pressure data that takes into consideration groundwater sample density measurements 
to calculate freshwater head and environmental head [65]. Knowledge about the distribution of 
freshwater head across a site allows one to derive the horizontal component of groundwater flow 
in an equivalent porous medium containing variable density groundwater, while knowledge of the 
distribution of environmental head allows one to derive the vertical component of groundwater flow at a 
particular location.

Although specific groundwater monitoring locations, equipment and procedures should be 
established as early as possible, for a large and complex project it may well be necessary to adapt the 
system by adding to it; for example, by taking advantage of monitoring any new investigation boreholes 
that might be drilled to fill gaps in understanding.

It was already noted that at some stage, monitoring installations will have to be retrieved; prior to 
borehole sealing, for example. This should be planned for. In particular there should be contingency plans 
in place for situations where the monitoring string in a borehole becomes stuck.
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6.5.	 ROCK, WATER AND GAS SAMPLING, AND LABORATORY TESTING

This section discusses the components of a sampling plan and management considerations associated 
with collection and laboratory testing of rock, water and gas samples. As with many techniques covered 
in this report, the actual analytical methods and techniques used during laboratory testing are frequently 
complex, and beyond the scope of the publication. Consequently, specialist guidance and advice should 
be sought as needed to ensure sufficiently detailed requirements and scopes of work are produced, and for 
the activities to be carried out and reported appropriately.

Before commencing any sampling activity, a quality plan should be established setting out the 
objectives in detail, as well as requirements and procedures to be followed during sampling. The plan 
would typically include, at a minimum, the following elements:

	— Sampling objectives setting out the data and information to be collected;
	— Nature of the sample and how much is needed (sample volumes);
	— Sample quality criteria;
	— Sample locations (using defined, random or structured approaches);
	— Number of samples to be collected at each location and, if required, the frequency with which 
samples are to be collected (for monitoring purposes);

	— The priority attached to the collection of the various samples;
	— Sampling tools and methods (e.g. what equipment is to be used and under what operating conditions; 
what procedures are to be followed, including how samples will be collected, the types of sample 
containers to be used, labelling requirements and whether any sample is to be split in the field or 
subsamples taken);

	— Sample collection, preservation, handling and ownership responsibilities;
	— Analytical methods;
	— Data management and reporting requirements;
	— QC and QA policies and procedures.

Laboratories capable of carrying out the required tests and analysis should be identified well in 
advance of sample collection in the field. In some circumstances (e.g. where analysis of environmental 
isotopes will be required), specialist laboratory testing and analysis may not be possible using nationally 
available resources due to a lack of experience or equipment. Instead, overseas laboratories may need to be 
contracted. Even where relevant capabilities and equipment exist within a country, the number of samples 
and volume of data expected may be significant and could overwhelm local capacity. Therefore, when 
potential contractors have been identified, site investigation managers should also take into account the 
lead time for establishing contracts and any constraints a laboratory might have to deal with the estimated 
volume of the various samples to be collected, and their testing and analysis requirements over time.

Even with the best of planning, bottlenecks may sometimes occur, especially in under‑resourced 
laboratories meaning a possible delay in the provision of results. Some activities (e.g.  sorption 
experiments) may take several months or even years to complete. The RWMO should, therefore, ensure it 
uses reliable laboratories with appropriate staff and certification, and that they follow established national 
and international standards.

Some contractors may use proprietary methods for analysis that are obscure or difficult to replicate. 
It will therefore be essential that the basis for experiments and testing is shared with the RWMO, so the 
proposed approach is acceptable and so that results can be replicated as required to provide evaluations of 
analytical uncertainty and to facilitate openness and confidence in results.

Laboratory contractors may also use proprietary software to carry out analysis and to store records 
and results (e.g. a dedicated relational database). This not only makes the sharing of data and information 
with others more difficult, but it can mean that when files are retrieved from an archive in the future, they 
are unreadable. Clearly, the software and the media used by contractors to store data and information 
should be acceptable to the RWMO (see Section 4.2.8 for further discussion).
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6.5.1.	 Rock sampling and testing

Rock samples may be obtained from surface based surveys, borehole drilling or pit and trench 
excavations. Samples may also be obtained from local mines and from dedicated URLs constructed 
as part of the investigations. Samples can range in size from rock chippings to cylindrical drill cores 
with diameters in the tens of centimetres, up to boulder size samples weighing several tons. Size is only 
limited by sample availability, the investigation objectives and the logistics and cost of transporting and 
analysing a sample.

Rock samples provide information on the chemical composition, mineralogy and texture of a rock, 
as well as a large number of physical properties. Rock samples can also provide radiometric and other 
age determinations to provide information on fault activity, uplift and erosion rates, time since burial for 
sediments and the relative and absolute dating of mineral formation.

Rock samples naturally represent differ types of rock. These may be described in several different 
ways, for example, those based on the following:

	— The dominant mineralogical composition and texture (granites, sandstones, halites, etc.);
	— The mode of genesis (igneous, metamorphic, sedimentary);
	— The age of formation;
	— A formal hierarchical lithostratigraphic description (groups, formations, members, etc.);
	— For sedimentary rocks, the depositional environment and characteristics of the sedimentary 
architecture (sedimentary facies);

	— For metamorphic rocks, the protolith (i.e. the precursor rock type that existed prior to metamorphism) 
or the fabric.

Any or all of these categorization schemes may be employed. Because these schemes require a 
relatively elementary geological knowledge, for the most part based on readily observable diagnostic 
characteristics, the rock type is generally recorded directly in the field or during the logging of core 
obtained from a borehole (Section 6.5.1). However, the need to differentiate unfamiliar or subtly different 
rock types may also require laboratory analysis. Standards and conventions for rock‑type categorization 
may exist in a country, having been set by the national geological survey, for example. These schemes 
should be adopted wherever possible. If they do not already exist in an appropriate form, a suitable scheme 
should be devised under the direction of the RWMO to facilitate understanding and communication with 
wider stakeholders.

There is an assumption that the rock samples will be minimally disturbed (i.e.  that they preserve 
within their fine scale structure the conditions that prevailed in the larger rock mass while they were 
in situ and are, therefore, representative of the local field conditions).25 It should be noted that core 
obtained from a formation without extensive fracturing (such as a massive sandstone) may be considered 
reasonably representative of the rock mass from which it was sampled, but intact core obtained from a 
fractured medium will of course only be representative of the locally sampled non‑fractured portion of the 
rock mass and not of a larger volume that contains fractures (i.e. it is clearly a biased sample).

In addition to providing descriptive information on composition, mineralogy and texture (obtained 
from thin sections, X ray diffraction, X ray fluorescence, etc.), the parameters most commonly derived from 
core analysis are intrinsic permeability, effective porosity, experimental sorption distribution coefficient 
(Kd), compressive and shear strength, Young’s modulus and Poisson’s ratio. Information derived from 
rock samples is used primarily in petrophysical and hydrogeochemical studies for understanding past 
and present groundwater flow and potential radionuclide migration, as well as in geotechnical studies 
associated with the design, construction and closure of a disposal facility.

25	 To some degree, even with special care during extraction and with laboratory controls designed to mimic in situ 
conditions, this assumption is usually not valid as the sample extraction process will cause changes that are often irreversible 
due to mechanical damage, pressure release and chemical changes.

116



Rock samples collected at the surface may be highly weathered and/or their position in the 
stratigraphy may be difficult to ascertain, especially in remote or highly vegetated settings. Consequently, 
the majority of rock samples are usually derived from drilling. Sample collection techniques range from 
simple grab methods (e.g.  for obtaining rock chippings) to rock coring that may result in intact cores 
without breaks over many metres in length (Fig. 36). Such cores can be oriented through correlations with 
geophysical logging of diagnostic features, meaning individual features can also be oriented.

Grab samples are generated during drilling as cuttings returned with drilling fluid and are readily 
available at a drill site. The person responsible for collecting grab samples typically pays little attention 
to the exact depth of grab samples and they are impossible to orient. These rock chips are used to identify 
the general lithology between an estimated range of depths, and any macroscopic structure is generally 
destroyed during collection.

In the near surface environment, soil and rock samples may be collected using hollow‑stem auger or 
direct‑push sample extraction methods rather than drilling. These generally provide relatively undisturbed 
samples that preserve at least some of the sample structure. Use of these methods is limited to soils and 
very soft formations (e.g. plastic clays and highly weathered rocks).

Drill cores are very often collected from a borehole for analysis during a repository investigation 
project. They are obtained by cutting into the rock using a circular diamond impregnated drill bit attached 
to the end of a hollow core barrel. This technique allows a core of uncut rock to advance into the barrel as 
drilling progresses. When the barrel is filled, it is pulled back to the surface where the drilled core is then 
retrieved and examined. In situations where a high percentage of low‑strength rock needs to be obtained 
intact, or under difficult drilling circumstances, some coring systems use an inner barrel that holds the 
core and fits inside the drill pipe and outer core barrel. These triple‑core barrel systems have a wireline 
device that can be sent down the interior of the drill pipe, where it latches onto the inner barrel filled with 
rock core and then pulls it back to the surface.

The orientation and spacing of fractures, bedding planes and other planar structures, as well as 
the depth to other geologic features can be determined from cores if the orientation and depth of the 
core barrel is known and maintained during the drilling operation. Core can also be oriented later when 
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FIG. 36. Three contiguous ca. 3 m long intact cores of granite ready for cutting, packaging and transport at the Xin Chang 
site investigation in the Beishan region of NW China (reproduced courtesy of Beijing Research Institute of Uranium Geology).



correlations are made with downhole geophysical logs. Coring devices using oilfield technology are also 
available allowing targeted collection of sidewall core samples called plugs.

Once retrieved, core samples are labelled with unique identifiers indicating location and depth, then 
are cut, boxed and photographed. Preservation techniques may be required to stabilize a highly weathered 
or mineralized rock sample and keep it from degrading after collection. Hold times for samples should 
be agreed to reflect the preservation technique used and observed to ensure sample integrity. This is 
especially relevant for samples that are to be analysed for their chemical composition. Special handling 
procedures may also be required to prevent a sample from drying out and crumbling. This is facilitated 
through the use of suitable trays for holding and transporting intact rock core and any soft sediment 
encased in liners.

Sample selection is intended to ensure representative examples of the main lithologies present at 
a site are collected and analysed, including rocks containing secondary mineralization associated with 
pore‑filling events and veins or mineralized coatings on fracture surfaces that are indicative of past fluid 
flow through a connected, hydraulically active porous medium or fracture network. Table 13 provides 
some of the more important rock attributes that should be recorded in relation to core sampling.

TABLE 13. CORE CHARACTERISTICS TO BE RECORDED PRIOR TO AND DURING SAMPLE 
ANALYSIS

Core characteristic Description

Depth Depth in borehole from surface datum.

Lithofacies Rock type and presence of diagnostic indicators of the facies.

Rock unit Stratigraphic identifier — group, formation (and member if known).

Texture Description of the size, shape and arrangement of discrete grains or particles (sedimentary); the 
relationship between individual crystals and any fabric and foliation (metamorphic and igneous).

Mineralogy Mineral constituents size and form.

Colour Dominant colour (according to specified reference colours [e.g. Munsell rock colour chart]).

Alteration Degree of bulk rock weathering or hydrothermal alteration described according to a reference:
	— Fresh = unaffected by alteration;
	— Weak = rock fabric completely preserved, stained/bleached to some extent, or unaltered 

volume over 50%;
	— Moderate = original rock texture recognizable, some unaltered volume;
	— Strong = minerals and fragments altered to clay minerals, original rock texture no longer 

recognizable.

Fracture density Number of observable natural fractures in core over a given distance (e.g. 1 m).

Location and dip of 
fracture

Midpoint of fracture trace in the core, apparent dip direction in relation to core axis and its 
maximum inclination with respect to horizontal (i.e. perpendicular to core axis). Note: True dip 
and dip direction is usually obtained by reference to correlated wireline logs.

Fracture aperture Average width of aperture observed in the core, with maximum and minimum observable values.

Shape of fracture Overall shape of fracture (rough, wavy, smooth planar), nature of any vugs or other voids, 
presence of striations and/or slickensides.

Genesis of fracture Drilling induced, natural or unknown. Shear or tension fracture, or unknown.

Alteration of wall 
rock along fracture

Degree of local alteration on fracture wall according to reference descriptions.

Width of alteration 
on fracture

Width into intact rock of any alteration along the fracture (e.g. oxide staining).
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TABLE 13. CORE CHARACTERISTICS TO BE RECORDED PRIOR TO AND DURING SAMPLE 
ANALYSIS (cont.)

Core characteristic Description

Fracture filling 
materials

Description of fracture filling mineral (e.g. quartz, carbonate, clay, zeolite, haematite, limonite, 
manganese oxide, pyrite, gypsum, epidote, chlorite, etc.)

Width of filling 
materials in fracture

Average width of mineral surface on fracture wall or complete fracture filling width.

Other observations Evidence for reactivation of fractures (superimposed slickensides or striations); several 
generations of infilling mineralization and the relationship, evidence for mineral transformation, 
etc.

Information on past mineralization episodes (there may be several events filling a single vein or 
veins with different mineralization may be cross‑cutting), together with the structural characteristics of 
the fracture/vein systems (e.g.  frequency, orientation, cross‑cutting relationships) and the orientation 
and nature of present day flowing features, can provide important information for understanding the 
evolution of the groundwater flow system to the present day. Many such studies have been carried out 
in mature investigation programmes to characterize the mineralization history at a site. For example, 
at Sellafield in the UK, a well defined framework of fracture movement and mineralization events 
was established involving nine temporally discrete ‘mineralization episodes’ [66]. Many aspects of the 
fracture mineralization were then related to specific patterns of mineralization in the region. Work also 
focused directly on identifying the subset of recently flowing features from all fractures present and on 
deriving petrophysical properties important for flow. The samples were collected from boreholes and the 
information upscaled to provide insights into past and current flow conditions at Sellafield [67].

Chain of custody procedures should be used to document the transfer of samples from the original 
collector to subsequent custodians, eventually ending only when the sample is disposed of by transfer 
to another owner or destroyed. Finally, archiving of samples is desirable and may even be necessary, as 
stipulated by regulations. This may require construction of a core library, designed to preserve and house 
samples in an ordered and retrievable manner so further work may be undertaken at a later date if needed. 
The library may be owned or managed by the RWMO or by another party (e.g.  regional or national 
geological survey).

Although there are many analytical methods that can be used on rock samples, exhaustive 
descriptions are beyond the scope of this report. The International Society for Rock Mechanics provides 
information on several standard tests for deriving physical properties from rock samples [68]. Table 14 
provides information on some of the standard analytical methods used to ascertain key properties and 
parameters for studying samples.

It should be noted there is a continuous advance in the use of innovative techniques for the analysis 
of core samples, and techniques that were experimental at the time of writing this report may have since 
become mainstream.

6.5.2.	 Groundwater and surface water sampling and testing

Obtaining representative and high quality hydrochemical data from water samples is one of the 
most important activities to be undertaken during site investigations. However, obtaining this data can be 
difficult and time consuming, especially in boreholes characterized by ‘tight’ (i.e. largely impermeable) 
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TABLE 14. EXAMPLES OF ANALYTICAL TECHNIQUES AVAILABLE FOR THE STUDY OF 
ROCK SAMPLES

Property Technique Description Limitations

Porosity
(total)

Water saturation The volume of a rock sample is determined 
precisely by machining and then saturated 
with water under vacuum. The mass is 
determined (Msat). Sample is then dried in an 
oven and desiccator, and its mass measured 
(Ms). Total porosity (n∑) is derived from: 
 
    Vv = (Msat – Ms)/ρw
    n∑ = 100 Vv/V 
 
where Vv is total pore volume, V is bulk 
volume of the sample and ρw is density of 
fresh water.

Requires competent 
samples that (i) can be 
machined to a geometry 
suitable for 
experimentation and that 
(ii) will not change 
volume on heating and 
drying. Presumes all 
porosity is accessible.

Effective porosity, 
pore geometry, and 
pore dimensions

Optical 
fluorescence 
microscopy

Sample is impregnated under vacuum with an 
epoxy resin containing fluorescein. Sample is 
then thin sectioned and examined with an 
optical or electron microscope. Connected 
voids impregnated by the resin (pores and 
fractures) will contrast with the background 
matrix.

No standard procedures; 
resolution limited by the 
power of the microscope. 
The resin will not have 
same viscosity as water so 
may not invade all pore 
space.

Effective porosity 
and pore size 
distribution

Mercury injection Sample is dried, then placed in a vacuum 
sealed vessel containing a known volume of 
mercury. The sample is impregnated with 
mercury using increasing pressure. The 
mercury accesses progressively smaller pores.

Sample should limit 
creation of new void 
space during injection. 
Requires a conceptual 
model of porosity 
represented as a series of 
interconnected cylindrical 
tubes.

Intrinsic 
permeability
(higher 
permeability rocks 
[e.g. 10–4 to 
10–11 m/s])

Triaxial flow cell The basis for deriving permeability in a 
laboratory uses the Darcy equation. A rock 
sample is placed in a triaxial cell separating 
two reservoirs of water with known properties 
held at a confining pressure. The upstream 
reservoir is injected with additional water so it 
becomes differentially pressurized at a known 
rate to a constant value. The outflow pressure 
in the downstream cell is at atmospheric 
pressure (monitored) to ensure a steady state 
flow condition. Intrinsic permeability (k) is 
derived from:

k
QL

A P
�

�

�

Where η is the water viscosity, Q is volumetric 
flow rate, L is the sample length, A is its 
cross-sectional area perpendicular to flow and 
ΔP is the imposed hydraulic gradient. Note 
intrinsic permeability is related to hydraulic 
conductivity (K) by the relationship: K = 
k ρ g/η where ρ is the density of the fluid and 
g is acceleration due to gravity.

The intrinsic permeability 
may vary depending on 
the orientation of the core 
(reflecting inherent 
anisotropy). A tight seal is 
essential. In high 
permeability rocks, 
pressure should be low 
enough to ensure laminar 
flow.
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TABLE 14. EXAMPLES OF ANALYTICAL TECHNIQUES AVAILABLE FOR THE STUDY OF 
ROCK SAMPLES (cont.)

Property Technique Description Limitations

Intrinsic 
permeability
(very low 
permeability rocks 
[e.g. 10–11 to 
10–20 m/s])

Pressure pulse 
decay 

For low permeability samples, a gas should be 
used instead of water as it has a much lower 
viscosity and thus reduces the experimental 
time considerably. The rock sample is sealed 
tightly in a gas permeameter cell. Gas is 
rapidly introduced and pressurized on one side 
of the sample. The gas flows through the 
sample to the downstream cell. The transient 
pressure signal and downstream response are 
analysed to match the observed results to 
porosity and permeability values expected 
from alternative conceptual and numerical 
models (inverse modelling). The Klinkenberg 
factor is used to correct from gas permeability 
to a liquid permeability.

The intrinsic permeability 
may vary depending on 
the orientation of the core 
(reflecting inherent 
anisotropy). A tight seal is 
essential. Microcracks 
may form in response to 
the pressure variations 
placed on the sample. 
There are many 
assumptions inherent in 
the model used (various 
factors and geometries). 
Relatively large 
uncertainty at lower 
permeabilities.

Intrinsic diffusion 
coefficient and the 
experimental 
sorption 
distribution 
coefficient (Kd)

Through-diffusion 
cell experiment

A rock sample is machined into a disc and 
sealed in place in a horizontal diffusion cell. 
Two water bodies are introduced either side, 
one cell containing a tracer of known 
concentration and the other, the measurement 
cell, devoid of tracer. The tracer diffuses into 
and through the rock sample and is detected in 
the measurement cell. Measurements continue 
until the rate of concentration increase is 
steady. Experiment may be undertaken under 
uniaxial or triaxial compression to simulate in 
situ stress. Kd can be estimated if diffusion 
accessible porosity is known from other tests.

It is important to maintain 
a perfect seal between the 
rock and the diffusion 
cell. The water should 
conform to the 
composition of in situ 
groundwater. Test requires 
weakly or non-sorbing 
tracers. The experiment 
may take a long time to 
reach steady state (years).

Experimental 
sorption 
distribution 
coefficient (Kd)

Batch sorption A rock sample of known mass is disaggregated 
to a very fine grain size by crushing and 
placed in a vessel containing a synthetic 
groundwater of known volume, itself 
containing a known volume and concentration 
of a tracer. The tracer begins to sorb onto and 
into the rock and the experiment continues 
until the concentration in the water reaches an 
equilibrium concentration. The disaggregated 
sample is then separated from the liquid by 
centrifuge or filtration and the final 
concentration of tracer measured in solution. 
The experimental sorption distribution 
coefficient (Kd) is calculated:
    Kd = (C0 – Ct)V / CtM
where C0 is the initial concentration of tracer 
in solution, Ct is the final concentration of 
tracer in solution, M is the rock sample mass 
and V is the volume of solution.

No standard protocols 
agreed. Crushing likely 
increases the surface area 
available for sorption 
compared to the effective 
porosity of the intact 
sample. The tracer may 
sorb to the vessel wall. 
The tracer is to be 
carefully selected to 
ensure there is no 
chemical reaction and 
precipitation. The 
experiment can take a 
long time (months to 
years) and the standard 
deviation derived from 
repeated experiments 
increases with more 
highly sorbing tracers.



horizons with little groundwater inflow. Furthermore, some important hydrochemical parameters are 
more difficult to ascertain with confidence than others. For these reasons, it is suggested that significant 
effort be expended in the planning and the execution of groundwater and surface water sampling and 
testing programmes.

Water samples can be obtained from surface water bodies (sea, rivers, lakes, springs, etc.) and 
from the subsurface via boreholes, mines and underground research facilities. Rainwater may also be 
hydrochemically analysed, to support recharge studies.

Surface waters should be sampled to investigate geosphere–biosphere interactions and to support 
EIA requirements. These will dictate sampling locations, the density of sampling and the frequency of 
monitoring of water quality. Surface water sampling can also support the identification of groundwater 
discharge zones. In tectonically active zones, groundwater sampling and analysis (and associated gases) 
can provide information on the nature of volcanic activity and the origin of deep‑seated fluids, including 
the potential for faults to act as fast pathways for fluid migration.

Groundwater investigations may use multipurpose boreholes or single purpose boreholes for 
sampling. Typically, higher quality sampling might be expected from a borehole dedicated to a single 
task, but this may not be necessary depending on specific objectives and local circumstances. Sampling 
from boreholes may be undertaken periodically as part of a monitoring regime or may represent a one 
time only activity with a sample taken from an open water column or over a defined interval. Sampling 
and analytical methods should conform with established best practice and be in accordance with national 
and international standards to ensure quality and confidence in results. Where appropriate, a sufficient 
quantity of water should be collected from several locations to allow for statistically valid descriptions of 
spatial variability in determinants. Large volumes of groundwater may also be required from individual 
samples intended for certain types of analysis (e.g. age dating using 81Kr [69]), although new techniques 
requiring less groundwater are becoming more commonly available.
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TABLE 14. EXAMPLES OF ANALYTICAL TECHNIQUES AVAILABLE FOR THE STUDY OF 
ROCK SAMPLES (cont.)

Property Technique Description Limitations

Compressive 
strength

Uniaxial test The rock sample is placed in a servo-
controlled stiff loading frame where it is 
unconfined except for loading from one 
direction only. Rock deformation (strain) is 
monitored by data loggers as loading 
increases. A stress-strain curve results and the 
compressive strength of the rock is determined 
by the peak stress leading to failure (divide the 
maximum load by the initial cross-sectional 
area of the specimen).

There is some sensitivity 
in results to the rate of 
loading and water content 
when unsaturated. A 
regular cylindrical 
geometry is required 
(length to diameter ratio 
of 2.5 to 3). Good 
preparation required 
(smooth, ends 
perpendicular to main 
axis).

Shear strength and 
discontinuity 
friction angle

Shear strength test To evaluate the strength of planar 
discontinuities in the rock sample, the core is 
placed in a cell comprising two holding rings, 
and a high strength material is used to surround 
it (e.g. resin or gypsum cement). A constant 
shear force is applied perpendicular to the plane 
being tested by moving one of the rings. Load 
cells monitor the shear stress. Displacements 
along the plane and in the normal direction to 
the applied force are monitored as the encased 
core is deformed. After failure, the two sections 
are repositioned and the test is re-run several 
times to derive the friction angle.

Many discontinuities are 
non-planar (rough or 
stepped), so the results can 
be very inconsistent from 
sample to sample and 
when testing the same 
sample several times as 
asperities are broken off 
and the plane is gradually 
smoothed. Premature 
tensile failure may occur if 
the sample is not mounted 
correctly.



It is important to appreciate that prior to drilling, there may be natural variations in groundwater 
composition close to a borehole location. These variations are typically subhorizontal stratifications 
representing differential flow and residence times in various hydrogeological units or contrasts in fluid 
density. Groundwater flowing into a low‑pressure sink represented by an open hole allows mixing in the 
water column, and sampling under these conditions is unlikely to provide robust results indicative of 
any compositional stratification that might be present. For this reason, where stratification is suspected, 
groundwater sampling should be carried out during drilling when possible and the longer a section of a 
borehole remains untested, the greater the potential for disturbance of groundwater compositions adjacent 
to the borehole. It is advantageous to ensure planning for groundwater sampling incorporates provision 
for conducting tests on the bottom section of the borehole during breaks in drilling. Where sampling 
while drilling is not possible and for monitoring purposes, the borehole may be isolated into discrete 
intervals by hydraulic packers and then pumped prior to sampling.26 The packers should be set either a 
single packer to isolate the bottom of the borehole or using a straddle packer configuration to isolate an 
interval away from the base. The sampling interval may be either a predetermined length applied over 
the whole borehole or it may be decided on by targeting groundwater samples on recognized features, 
such as inflow zones. When a straddle packer is used, it is good practice to ensure additional packers are 
also used to provide guard sections around the sampling interval. This can help prevent the possibility of 
packer leakage and crossflow that might result in contamination of groundwater being sampled by fluid 
from elsewhere in the borehole. The guard zones and test section would ideally have pressure monitoring 
in place to identify packer leakage and to monitor formation pressure during shut‑in periods.

As noted in Section 6.4.1, the drilling of boreholes is accompanied by the use of a drilling fluid 
which will enter the formation as the drilling proceeds. When these drilling fluids intrude into the 
formation, a number of processes might occur that lead to a change in groundwater composition. In 
addition, a groundwater sample may become contaminated by contact with the drill string and test or 
sampling equipment. It will therefore be important to recognize when a groundwater sample has been 
potentially affected by a drilling fluid or contact with equipment (e.g. through the use of tracers) and to 
correct for this contamination. This can be achieved using a statistical regression approach, whereby a 
known concentration of a well characterised inert tracer is added to the drilling fluid. Upon sampling, the 
analyst can mathematically subtract the known contribution made by the contamination.

In addition to bulk water sampling, small volumes of pore water may be obtained for chemical 
analysis from individual saturated rock samples. Depending on the nature of the material, such 
water samples are obtained from the rock matrix using high‑velocity centrifuge methods, crushing 
(disaggregation) or by compression (squeezing). In all cases, the principal aim is to obtain groundwater 
samples representative of the in situ (pre‑investigation) conditions at the sampling locations.27

The precise suite of chemical determinands and radioisotopes required from analysis will vary 
depending on the needs of the repository programme and corresponding site investigation objectives. 
Nevertheless, there are some parameters that will be needed in most if not all programmes, including 
Eh (redox conditions), pH, sulphide and salinity. Table 15 provides illustrative parameters that might be 
expected to be collected during site investigations for a major radioactive waste disposal programme.

Section 3.6.3 provides high level objectives and the scope of work expected from hydrogeochemical 
investigations. Hydrochemical sampling and analysis supports safety assessment modelling and repository 
engineering through the provision of a database of parameter values which when integrated with other 
studies is expected to provide a detailed conceptual model of the hydrogeology of a site. This would 
be based on an understanding of the present day variation in groundwater compositions (chemical and 

26	 It should be recognized, however, that re-establishing hydrochemical equilibrium in a tight system may take a very 
long time (years) and there may anyway be hydraulic connections via the drilling damage zone immediately surrounding a 
borehole wall.

27	 Note where pore water is obtained from a core sample, the chemical and isotopic composition may represent 
stagnant groundwater, and this may be distinctly different from any water flowing in surrounding fractures that make up an 
interconnected network formed around intact rock sampled as core.
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TABLE 15.	 ILLUSTRATIVE CHEMICAL AND ISOTOPIC DATA TO BE OBTAINED FROM 
SAMPLING AND ANALYSIS OF GROUNDWATERS

Parameter Reason for sampling & analysis

pH Corrosion, radionuclide solubilities, speciation 

HCO3 Carbonate equilibria controlling pH, complexation 

Salinity, TDS Buffer/backfill stability, competitive sorption 

DO Corrosion, redox conditions and speciation 

Na, K, Ca, Mg Competitive sorption, stability of bentonite 

Eh, Fe2+, HS/SO4 Redox conditions and speciation, proxy indicators for dissolved oxygen, sulphide corrosion 
of copper 

DOC, colloids Redox conditions, colloid formation and complexation 

NH4 Corrosion 

Rn, U, (Ra) Radiological hazard of excavation, redox indicator (U only), analogue radionuclides 

Cl, Br Total salinity, sources of salinity 

Si, Al Geochemical models for bentonite stability

18O/16O, 2H/1H Water origins 

13C, 14C(TIC) Carbon sources, biological activity, water residence times 

3H Evidence of recent infiltration 

4He Presence of old groundwater, flow heterogeneity and mixing 

U & Th series nuclides Isotopic disequilibrium in parent–daughter decay series, indicating water–rock reactions 

36Cl, 37Cl/35Cl Salinity origins and residence time, analogue of source term radionuclide 

I, Cs, Se, Sn, Zr Analogues of radionuclides 

REEs Analogues of radionuclides and diagnostic of water–rock reactions 

F, HPO4, HCO3 Complex formation with radionuclides 

14C(TOC), 3C(TOC) Groundwater age as transit time for soil-derived dissolved organic material 

34S/32S in HS and SO4, 
18O/16O in SO4

Sulphur geochemistry especially with respect to redox transformation and microbial activity 

Dissolved CH4 + H2 Redox conditions, biological activity 

129I/127I, 81Kr Groundwater residence times



isotopic) across a site and with depth, groundwater residence times and the site’s palaeohydrogeological 
evolution to the present day (at least over a timescale commensurate with that applicable for post‑closure 
safety assessment modelling). This understanding is important for developing scenarios in which there 
is groundwater ingress into a repository, corrosion, engineered barrier failure and radioisotope solubility, 
in turn leading to radionuclide releases. Hydrochemical studies also provide data and information for 
parameterizing and calibrating radionuclide migration models that include advection, dispersion, rock 
matrix diffusion and reactive transport processes. Furthermore, periodic sampling as part of a monitoring 
regime would be important for defining baseline hydrochemical conditions and recognizing changes 
resulting from continued investigations or repository construction and operation, as required by EIAs.

Site investigations will, by their very nature, tend to perturb the natural system and hence the 
groundwater sample composition, to some extent. Investigations should seek to minimize the opportunity 
for changes to the groundwater composition, but where they do occur, ensure any compositional 
modifications made during sampling and analysis can be recognized and quantified appropriately. This 
is especially important for those determinands that are more susceptible than others to changes resulting 
from degassing and depressurization during sampling or chemical reactions during retrieval and storage 
(e.g. pH, Eh, dissolved oxygen and redox‑sensitive species). Degassing of samples during recovery from 
deep boreholes typically results in the loss of CO2, which causes alkalinity concentrations to decrease 
and the pH of samples to increase. In turn, this affects the chemical equilibrium of other redox or pH 
sensitive species resulting in changes to their measured concentration. These unstable determinands are 
referred to as labile and they should be analysed in situ where possible, using downhole instruments 
or specialist handling and containment equipment (e.g.  the use of inert gas for lifting to the surface or 
pressurized sample vessels28) followed by analysis at an on‑site laboratory as quickly as possible. 
The costs–benefits of using on‑site analytical facilities should be weighed, taking into account the 
investigation objectives and quality requirements in line with the need for a graded approach. While much 
hydrochemical data will be obtained from the analysis of groundwater samples pumped or ‘grabbed’ from 
a borehole, more use is now being made of wireline sensors and probes that are able to directly measure 
many in situ hydrochemical properties and determinands. Samples intended for isotopic determinations 

28	 Downhole samplers should be flushed with inert gas prior to use and should be engineered to control entry of water 
at formation pressure so that outgassing is prevented.
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TABLE 15.	 ILLUSTRATIVE CHEMICAL AND ISOTOPIC DATA TO BE OBTAINED FROM 
SAMPLING AND ANALYSIS OF GROUNDWATERS (cont.)

Parameter Reason for sampling & analysis

Ne, Ar, Kr, Xe Palaeorecharge temperatures from solubilities; support for palaeoclimate interpretation of 
stable O and H isotopes 

40Ar Qualitative support for old groundwater ages 

Colloid sizes, counts and 
identification 

Potentially mobile particles, colloids capable of sorbing radionuclides 

Microbial assemblage Principal mediators for redox reactions and organic transformation, sources of biomass 

11B/10B Sources of saline groundwater 

As and F Species that may pose an environmental hazard

Note:	 TDS = total dissolved solids; TIC = total inorganic carbon; TOC = total organic carbon (courtesy of A. Bath, 
Intellisci).



and gas analysis, together with any samples taken for other specialist investigations, require appropriate 
preparation and preservation prior to analysis at specialist off‑site laboratories.

6.5.3.	 Gas sampling and testing

Gas samples may be obtained from the release of dissolved gases within water samples as they 
are depressurized [70] or they may be collected in situ underground from local mines or in a dedicated 
underground laboratory [71]. Investigating the nature of dissolved gases collected underground is 
important because of their role in inorganic geochemical modelling used to investigate the stability of 
engineered barriers through the potential for accelerated corrosion (e.g.  due to dissolved oxygen and 
sulphides) and the dissolution and migration of radionuclides from a repository in response to local 
groundwater chemistry and redox conditions (e.g.  from CO2 and CH4 concentrations). Furthermore, 
understanding the content and composition of dissolved gases in groundwater samples may be important 
because they provide valuable information on microbiological activity and groundwater origins and 
evolution, including recharge locations and pathways (e.g.  from evidence of anthropogenic influences 
obtained from dissolved nitrogen and chlorofluorocarbons), palaeotemperature and groundwater 
residence times (e.g. from noble gas isotope analysis). Radiogenic helium and radon have also been used 
in seismically active areas to investigate the nature of fault movements.

The sampling tools to be used will depend on the sampling environment, the availability of specialist 
equipment and the data requirements. For downhole sampling and in underground investigations carried 
out in mines and laboratories, pressurized sampling vessels and flow through cell samplers have been 
successfully used in several programmes. Pressurized water samples should be transferred to a laboratory 
as quickly as possible where gas in the water can then be boiled off under vacuum at water vapour 
pressure. Analysis of bulk gas samples can be undertaken using gas chromatography while dedicated 
extraction and analysis techniques are required for investigating gas isotopic ratios. In all cases it is vitally 
important to avoid air contamination. Because the sampling and analysis of dissolved gases is a highly 
specialist area that cannot be adequately covered in detail in this publication, further information should 
be sought from knowledgeable and experienced experts.

6.6.	 UNDERGROUND RESEARCH LABORATORIES

URLs are constructed and operated to provide in situ data and information on the subsurface 
environment on a significantly larger scale than can be obtained from an individual borehole. Site specific 
understanding is obtained from sampling and direct measurements of rock and groundwater, as well 
as by monitoring. Data are also obtained through the design and application of experiments designed 
to elucidate physical processes important for radionuclide transport. In addition, URLs permit realistic 
demonstrations of the application of equipment, tools and methods. Furthermore, they can be used for 
engaging with stakeholders. The OECD/NEA published a report describing the role of URLs in nuclear 
waste disposal programmes and their value to build confidence in national programmes, as well as aspects 
to be considered when planning a URL during stepwise repository development [72]. In the same year, 
the IAEA produced a technical document illustrating the use of scientific and technical results from 
URL investigations [73]. More recently, under the auspices of the IAEA, Sandia National Laboratories 
has produced a report describing the role of URLs in the context of a general timeline for repository 
development [74].

A URL is a long term and expensive commitment, requiring several years of planning to design the 
facility and to develop a research programme [75]. A site specific URL would likely only be considered at 
a prospective repository site after several years of surface based investigations and after significant effort 
in relation to satisfying planning conditions and obtaining regulatory approvals. Where a URL might 
become part of a disposal facility, it is imperative to ensure the construction methods, the layout and any 
experiments or other operations undertaken in the laboratory would not affect the integrity and safety of 
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the completed disposal system. Given its focus, this report does not address the full range of management 
concerns associated with the planning, constructing and operating an underground laboratory; however, 
the IAEA is able to provide dedicated guidance and advice in this area through its Underground Research 
Facility Network.

6.7.	 MANAGING PARAMETER UNCERTAINTY AND SPATIAL VARIABILITY

There are different types of uncertainty associated with site investigations and site modelling as part 
of a repository development programme which include:

	— The future evolution of a site, involving the impact of processes and events on the performance 
of the natural and engineered barriers and pathways at a site and also relating to human habits and 
behaviours and ecosystem development;

	— The conceptual, mathematical and numerical models used to simulate the behaviour of the disposal 
system at a site;

	— The parameter values used as inputs into modelling and decision making among which the parameters 
of concern typically include variables such as material properties or physical dimensions.

Variability is a concept that is closely related to parameter uncertainty. It reflects the heterogeneity 
of a system described by the random or structured change in a parameter value associated with a property, 
as observed at different spatial locations or at different times. There is uncertainty because in any complex 
natural system it may be impossible to define a property’s true state at all places and at all scales within a 
given volume and at all times.

Describing scenarios for the future evolution of a site and evaluating the uncertainty associated with 
them is typically undertaken in the context of post‑closure safety assessment studies and is therefore not 
addressed in this publication. However, it is noted that a natural system scenario development exercise 
should always be supported by experts experienced in site investigation. Conceptual and numerical model 
uncertainty are important aspects that support site understanding; they are addressed in Section 7. Here, 
this section concentrates on the identification and management of parameter uncertainty and spatial 
variability in relation to data acquisition and processing. It is noted that the identification and quantitative 
evaluation of parameter uncertainty are relevant to a wide range of site features and properties that may 
be investigated in the field, in a laboratory setting or derived from elicited expert opinion.

An individual parameter value expressed as a number may be a constant or a variable, while a 
parameter comprises one or a series of parameter values that can be described as a frequency distribution 
or a range. Parameter uncertainty reflects the degree to which a sampled parameter value or the sum of 
sampled parameter values deviates from the true value of the parameter, consistent with the knowledge 
available at that time. It is caused by (i) measurement, physical sampling and data processing errors29 
or (ii) imperfect knowledge such as might arise from limited data. Ideally, an uncertainty evaluation 
provides a range of values associated with a specified parameter, together with the likelihood of each 
value occurring under a set of specified conditions.

Formally identifying, carefully evaluating and, as necessary, reducing parameter uncertainty is 
important in the context of radioactive waste disposal programmes for two main reasons. Firstly, because 
there will be little confidence in any calculations or designs impacting on repository performance if 
they are based on data that has been acquired without due consideration of the magnitude of errors and 
omissions. Secondly, because parametric deviations from reality propagate through the process of data 
acquisition to interpretation and integration and then on to their use in safety assessment models and 
engineering design. During this process, the cumulative effect of incorporating the uncertainty associated 

29	 For ease of use, these three factors (measurement, physical sampling and data processing errors) are collectively 
termed sampling errors in this publication.
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with individual parameter values can expand overall uncertainty in a non‑linear fashion, potentially 
affecting key decisions relating to site acceptance and repository approval.

It is important to recognize that knowledge about the uncertainty associated with each set of 
parameter measurements is not equally significant. For example, safety assessment calculations of dose 
and risk or repository design calculations may be insensitive to large uncertainty ranges for a number 
of site parameters. Consequently, as part of the requirements driven approach to site investigations, a 
comprehensive and systematic uncertainty management plan should be established for identifying those 
key parameters for which uncertainty evaluations are required and documenting how they are to be dealt 
with. The following discussion briefly expands on the two types of parameter uncertainty identified above 
and how they might be managed.

Sampling errors: This type of error generally has specific causes that may be avoided, well 
characterized or otherwise accounted for, as the potential for them to occur can often be anticipated. For 
example, equipment limitations can impact the accuracy of measurements while procedural decisions 
made during measurements and physical sampling may introduce inaccuracy due to censorship, truncation 
or other forms of bias leading to a systematic over‑ or under‑estimation of a true value.

In some cases, the very act of attempting a measurement may introduce an error. For example, taking 
a core sample from depth in a borehole causes a local stress change in the rock resulting in a physical 
response that modifies the framework and fluid pathways associated with the core. Consequently, it is 
recognized that any laboratory based measurement of hydraulic conductivity obtained from a core sample 
will not necessarily be representative of the in situ hydraulic conductivity. However, the magnitude of the 
difference between the in situ and as measured state is uncertain, and this has to be accounted for in any 
use of the data.

The design and calibration of equipment is another source of sampling error. The equipment used 
in a site investigation can range from a simple ruler to a highly complex instrument in a laboratory. 
In relation to uncertainty evaluations associated with the use of any such equipment, there are two 
independent concepts to be considered: accuracy and precision.

	— Accuracy indicates the degree to which a measurement reflects a ‘true’ value;
	— Precision is a description of the statistical variability associated with the repeated measurement of a 
parameter value, reflecting the level of consistency in the reproducibility of a measurement.

A highly accurate instrument is by definition precise, but a highly precise instrument is not 
necessarily accurate. Measurement accuracy and precision are affected by the reliability of the equipment 
and by its resolution.

	— Reliability is a measure of performance under anticipated operational conditions and it reflects the 
quality associated with the design, manufacture and maintenance of equipment;

	— Resolution can be defined as the smallest change in the parameter being measured that produces a 
response in the measurement of the parameter value.

Unlike accuracy, high resolution does not necessarily result in high precision (due to the impact 
of signal noise and calibration drift for example). However, the degree of resolution associated with an 
instrument does certainly determine the theoretical limit of precision and its potential accuracy. Wherever 
possible, contractors that undertake analysis and measurements on key data sets requiring rigorous 
uncertainty evaluations should ensure reporting is accompanied by metadata providing the statistical 
accuracy and precision associated with the equipment used to make the measurements, as well as 
commentary on their reliability and resolution.

In order to ascertain the accuracy and precision of measurements made under laboratory conditions 
(e.g.  for hydrochemistry), uncertainty evaluations may be informed by comparisons of interlaboratory 
analytical results using split samples, the use of internal or international reference standards for instrument 
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calibration, or through the use of manufactured or well studied samples with precisely and accurately 
known properties for comparison with sample results.

In addition to constraints on the accuracy and precision of measurements caused by field equipment 
and laboratory instrument limitations, sampling errors can also result from a human failure to adhere to 
measurement and sampling protocols and procedures or from the introduction of observational decisions 
and mistakes. For example, a resolution threshold may be introduced by an investigator as a conscious 
decision to establish the minimum cut‑off length for fracture trace measurements made in the field. This 
may well be a practical action reflecting what can be observed by eye, but nevertheless, the result will be 
the exclusion of all fracture data smaller than the threshold and this censoring results in a biased data set.

Another source of parameter uncertainty arises from variations in derived (secondary) parameter 
values caused by the different methods that might be used for the screening and processing of raw data. 
For example, a set of groundwater pressure data measured from hydraulic testing in the field can be used to 
derive the hydraulic conductivity of a formation. But the process for translating the raw pressure data into 
the more valuable hydraulic conductivity parameter requires several assumptions to be made (e.g. laminar 
groundwater flow, known fluid density, aquifer geometry, etc.). Furthermore, there are several alternative 
methods that can be used to undertake the necessary data processing and analysis. The value for hydraulic 
conductivity arising from one set of assumptions and the use of a particular technique will likely be 
close to, but not exactly the same as, the result arising from a different set of assumptions and the use of 
another technique. Consequently, where it is not possible to assign a higher degree of confidence to a set 
of underpinning assumptions or a particular technique, there will be an uncertainty associated with any 
derived parameter values that incorporate the same raw data, with differences resulting from the use of 
different assumptions or processing techniques.

Imperfect knowledge: The sampling errors may be considered distinct from parameter uncertainties 
which arise from an imperfect or incomplete knowledge of a system. In many cases, such knowledge 
deficiency reflects the temporal or spatial variability of parameter values associated with a physical 
property, a factor inherent in every naturally heterogeneous system.

Some parameters are highly spatially variable, whereas others may be relatively constant across 
a given spatial domain. Any such variability might be random or might be organized in a structurally 
simple or more complex manner and on a range of scales. In simple terms, this means in a relatively 
homogeneous system, any single measurement of a parameter is likely to be reasonably representative of 
the total population of measurements. Conversely a highly heterogeneous system, especially one lacking 
an identifiable trend in the pattern of differences between parameter values, is more likely to be subject 
to increased uncertainties. A frequency distribution of representative parameter values, for an appropriate 
sample size, will indicate the degree of heterogeneity present for a particular property. Naturally, a 
heterogeneous system may require a greater investigation effort than a more homogeneous system, to 
enable it to be adequately characterized.

Spatial heterogeneity may be present at all scales and consequently the value of a measured property 
may depend on the scale of the length over which a measurement is made. For example, hydrodynamic 
dispersion is considered to be influenced by heterogeneities at all scales, and values are therefore scale 
dependent. For certain features and processes, any differences in measurements due to heterogeneity at 
a scale much smaller than the length of interest may be effectively ignored, in which case an average 
or an otherwise representative value may provide an adequate description. Where this is possible, a 
representative elementary volume for a property can be defined. This is a concept often used to support 
geomechanical and radionuclide transport modelling. The averaging process applied may be relatively 
straightforward (i.e. selecting a measurement procedure that ensures that one samples a sufficiently large 
rock volume) or a suitably representative value can be derived more rigorously by upscaling multiple 
measurements made at a small scale into an single effective value at the scale of interest. Appropriate 
treatment of spatial heterogeneity as part of uncertainty management depends on the property under 
consideration, the scale of interest and the nature of any relevant process that may impact the measurement 
of parameter values.
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Compared to a classical statistical approach, for example using a frequency distribution to derive an 
average and a measure of dispersion, geostatistics is an alternative method for estimating and describing 
spatial variability. Geostatistics has a long history of use [76], especially in the mining sector, but it has 
been used more recently in a wide range of fields, including in site investigations for radioactive waste 
disposal facilities [77, 78]. It is a specialist area of applied statistics that seeks to characterize the spatial 
distribution of a correlated set of random variables which exhibit spatial continuity from point to point, but 
whose value is not known everywhere. Geostatistics relies on modelling and therefore typically requires 
subjective choices and assumptions. Consequently, the results of a geostatistical analysis, usually in the 
form of a variogram, are not unique and should themselves be treated to some form of uncertainty analysis.

Classical statistical and geostatistical estimation methods both provide a powerful set of tools 
for analysing and describing many types of spatially distributed data, but they may be inadequate for 
other properties and processes at a site, especially when the sample size is zero or limited (i.e. there is 
little confidence that sample values available are representative of the full population of the variable 
under consideration). In these circumstances it may be impossible to confidently define a parameter’s 
spatial distribution through a classical statistical or geostatistical description.30 As an alternative, data 
elicitation may be used to supplement sparse field data. Typically, such elicitation can provide bounding 
and best estimate values of a parameter, thus describing a uniform or triangular distribution that is 
intended to subjectively capture all parameter uncertainty including spatial variability. However, it can 
be appreciated that demonstrating that this is the case may be problematic. Consequently, data elicitation 
should be undertaken using a structured, documented and rigorously fair methodology involving suitably 
qualified experts.

The management of uncertainty: It is important to recognize that uncertainty associated with a 
parameter always exists in a natural system. However, it is best to adopt a graded approach for evaluating 
and managing that uncertainty, whereby the effort and rigour involved is commensurate with the hazard 
posed by the inventory of radioactive waste to be disposed of. In relation to this, it is also important 
to recognize that parameter values are not all equally significant in terms of their potential impact on 
safety or engineering design. Therefore, the greatest effort to evaluate and manage uncertainty should be 

30	 Nevertheless, there are many other techniques that might be used to find relationships between and within disparate 
and sparse data sets, such as self-organized mapping (known as SOM) and the use of neural networks.
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FIG. 37. Schematic illustration of three hypothetical scenarios: Initial parameter uncertainty is further reduced through 
further site investigation effort, with each scenario illustrating a different relative benefit for overall site understanding.



applied to those parameters that have the potential to make a significant impact on dose and risk in safety 
assessment sensitivity studies or on engineering design choices (Fig. 37).

Each vertical line in Fig. 37 represents a nominally scaled but arbitrary value of uncertainty. Each 
green arrow represents the same degree of effort to be employed to reduce uncertainty in a parameter. In 
situation (i), additional effort results in a minimal reduction in uncertainty from an initially large range 
while the same degree of effort results in a much larger reduction in uncertainty for (ii). And finally in 
(iii) this same effort reduces an initially very small range in parameter uncertainty to an even smaller 
range. Other things being equal and where it is possible to estimate the degree to which uncertainty is 
likely to be reduced, investigation effort might be prioritized to reduce uncertainty in case (ii), as this 
reduction would appear to be far more significant than in cases (i) and (iii). However, this conclusion may 
be misleading because decisions should be based on safety assessment results and significance should 
reflect parameter sensitivity to dose and risk or impact on engineering design and hence inform the value 
of acquiring additional data for improving confidence and reducing uncertainty. Sensitivity analysis and 
scoping studies should be used to assess this potential significance.

It is noted there is a direct inverse correlation between the accuracy and precision associated 
with data measurements and with parameter uncertainty. Furthermore, the degree to which specified 
accuracy and precision is required can have a major impact on costs (Fig. 38). Therefore, the financial 
costs associated with reducing parameter uncertainty cannot be ignored; this is especially relevant when 
considering uncertainty management decisions for what might be considered marginally significant 
parameter data sets.

To support a cost–benefit analysis of parameter uncertainty evaluations and the use of uncertainty 
reduction methods, taking into account aspects of accuracy, precision and representativeness (and hence 
data density), it will be essential to ensure parameters are clearly associated with the uses that will be 
made of them (Section 4), including an understanding of the impact that individual parameters may 
have on repository design studies and dose/risk assessments. This conclusion stresses the importance 
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of ensuring that the repository design and safety assessment development studies proceed in parallel 
with site investigation efforts and that sensitivity analysis is a key component of a safety assessment 
methodology that needs to be shared with site investigation personnel.

Where rigorous uncertainty management is required, parameter uncertainty resulting from sampling 
errors and the processing of raw data may be avoided, reduced to an acceptable level or otherwise managed 
through establishing and implementing a robust and comprehensive management system incorporating 
approved QC policies and procedures (see Section 4.2.5). This should include measures for managing the 
potential for introducing bias. It is important to recognize that no management system seeking to address 
sampling errors is perfect and inadvertent uncertainty may be introduced which is only recognized at a 
later date. In such a situation, the impact of such errors on parameter measurements would have to be 
evaluated and potentially rectified on a case by case basis.

The use of multiple data measurement and processing techniques should be considered where they 
exist and when no single technique has a clear advantage in terms of providing more accurate and precise 
parameter values. The range of primary data values and any secondary parameter values derived from the 
use of alternative processing methods but originating from the use of the same raw data is a measure of 
uncertainty that should be carefully documented and evaluated as necessary.

Depending on the degree of heterogeneity in a system, individual measurements of a parameter may 
be more or less representative of the true system property being investigated. The sample size is important 
in this regard as the degree to which the sample statistics (e.g. mean, standard deviation) are an accurate 
reflection of the whole population is less likely for a small sample size than would be derived from a 
larger number to samples (Fig. 39). Note, however, the complete population does not generally need to be 
sampled to provide adequately representative statistics, as the actual number of samples required depends 
on the nature of the property and the issue to be addressed, as well as the inherent spatial variability. 
The challenge is to determine what a sufficient number of samples is and how the sampling should be 
undertaken. The spatial density of measurements and their locations should be appropriate to allow for 
an adequate uncertainty evaluation leading to the reasonable conceptualization of the system and the 
parameterization of analytical or numerical calculations that address safety assessment and repository 
design requirements over the domain of interest.

The observed frequency of spatially distributed variable parameter values can be represented by a 
frequency distribution. When considered in combination with other sources of uncertainty, the range of 
values can be described statistically using one of several mathematical functions that show the likelihood 
of a parameter having a specific value. For example, a Gaussian probability distribution is one in which 
the full range of sampled measurement results are included, together with interpolations and, depending 
on the property being considered, possibly also including rational extrapolations (e.g.  from regression 
analysis). This range in values can then be summarized as a mean together with the standard deviation 
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as a measure of statistical dispersion. Such an approach is probably the most common formalism for 
quantifying variability and uncertainty.

The uncertainty associated with certain parameters may be statistically or functionally dependent on 
the uncertainty of other parameters. Where this is the case, the correlation of the dependence may be used 
to reduce the uncertainty in a particular data set. Consequently, in developing an uncertainty management 
plan, it may be advantageous to ensure that there is scope for investigating any correlations that might 
exist between key parameter data sets.

The magnitude of spatial variability and parameter uncertainties, as well as their effects, will vary 
for different properties. As noted, spatial variability and parameter uncertainty may be assessed and 
represented using statistical and geostatistical methods, but a statistical description does not necessarily 
reduce parameter uncertainty unless it is used to guide further data acquisition31 or is used for investigating 
dependencies and correlations. However, the statistical representation of the spatial variability combined 
with other components of uncertainty as a probability density function, permits their use in Monte Carlo 
simulations that incorporate and propagate parameter uncertainty in models. This methodology permits 
an evaluation of the uncertainty in the modelled outcome. Wider discussion concerning the derivation 
of probability distribution functions and their forms can be obtained from [79] while Fig. 40 illustrates 
a flow chart to support the production of a probability distribution function (sometimes called a PDF) 
for a specified parameter, when multiple measurements of that parameter are possible. Note that data 
elicitation might be employed using suitable experts and methods to augment data measured at a site. This 
additional information could be derived from expert opinion or from generic data (e.g. natural analogues) 
in order to provide a continuous range of parameter values using an appropriate distribution function 
(e.g. a triangular distribution representing three elicited data points).

In addition to the probabilistic approach for uncertainty management and modelling using probability 
distribution functions, another approach is to accept that uncertainty exists, but to use expert judgement in 
the event of unreliable evaluation methods or severely limited data to derive a deterministic best estimate 
or ‘conservative’ bounding parameter values32 instead of measures of statistical distributions. Such an 
approach may usefully be used to address ‘What if?’ questions involving simple models. However, aside 
from the potential bias that may be introduced by eliciting data based on judgements, it may be difficult 
to justify a best estimate value or adequately define what a conservative value is, with a temptation to use 
a ‘worst case’ value instead. While the use of what may be an overly pessimistic parameter value might 
be in line with a precautionary approach, it can be highly misleading and may significantly overestimate 
risks and impacts, especially taking into account the non‑linear propagation of multiple uncertainties.

Any attempt at parameter uncertainty evaluation and management is meaningless if it is predicated 
on poor quality data. This may not be apparent, especially when quantitative uncertainty evaluations are 
carried out, because the use of an approved methodology together with the use of numbers may give 
rise to a false sense of security. To illustrate this point, a groundwater sample is taken from a formation 
to derive a representative groundwater composition. Chemical analysis of the groundwater sample is 
used to obtain the concentrations of a range of chemical determinands and, by reference to calibration 
standards and interlaboratory comparisons on a split sample, an uncertainty range is established for the 
concentration of each constituent. The methodology for deriving an uncertainty estimate is robust and 
the quality controls associated with the analysis are rigorous and have been followed. However, the 
major assumption is that the groundwater sample is representative of the formation. So, unless it can be 
demonstrated the sample has been obtained from within the target formation and it is uncontaminated 
by drilling fluids, there would be a low level of confidence associated with any interpretations arising 
from the results of the analysis and associated uncertainty evaluation. As described in Section 3.5 and 
Fig.  10, the provision of confidence requires consideration of many dimensions, characterized by the 

31	 Uncertainty analysis and the need to reduce the uncertainty associated with key data sets is one of the main drivers 
of an iterative site investigation project (see Section 2.2 and Fig. 5).

32	 A conservative value is one that is particularly onerous or demanding in the context of its use (i.e. a value that is 
plausible, but towards or at the limit of what might be feasible under given circumstances).
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people, processes, equipment and robustness of data. It is the responsibility of site investigation personnel 
to ensure that data are appropriate for the end uses to be made of them and that commentary on the 
confidence associated with data and uncertainty evaluations be provided as part of standard reporting, as 
they are a key component of a safety case.

In summary, the selection of an appropriate approach to parameter uncertainty management 
will depend on several issues. Data should be acquired by suitably qualified people, using appropriate 
equipment and following defined and agreed procedures for measuring parameters and for the systematic 
identification and evaluation of parameter uncertainty. An understanding of the significance of the 
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potential impact of a parameter data set, reflecting the end uses to be made of the data, allows one to 
develop an appropriate uncertainty management plan and to prioritize and design future site investigation 
activities. As part of that plan, it will be important to specify the accuracy, precision and representativeness 
required from parameter measurements to reduce or manage uncertainty and deal with spatial variability.

6.8.	 CONCLUDING COMMENTS

The preceding discussion focused on the planning and management of data acquisition activities, as 
well as some of the tools and techniques that might be used in a repository site investigation project and 
the uses to be made of the data. The data and information collected are required not just to characterize 
present day conditions at a site, but also to provide information about the geological evolution of the site 
to the present day over a timescale that is relevant. This timescale should reflect the future over which 
the radioactive waste to be disposed of is likely to remain a hazard. For the geological disposal of an 
inventory containing long lived waste this may be hundreds of thousands of years or longer.

In order to describe past and present site conditions, a large number of data sets will typically be 
generated during a site investigation project (Fig.  41). These data sets would form a comprehensive 
database of site wide and regional primary and processed parameter values together with their associated 
uncertainty limits and contextual confidence assessments. This is a key deliverable from the site 
investigations, to be fed directly to end users and regulatory authorities and also to site investigation 
personnel involved in interpretation and integration activities. In addition to quantitative and descriptive 
data and information, the database would likely also include visual representations of data and 
information, such as a photographic library of borehole core images, lithological and petrophysical logs 
(derived from core and downhole geophysical logging), plots of spatially oriented data (e.g. fractures and 
other structural information or wind direction), plots of hydrochemical information and time series data 
(e.g.  from monitoring of groundwater levels and head in boreholes). The database might also include 
2‑D and 3‑D images of the surface and subsurface estimates derived from ground penetrating radar, 
resistivity and seismic surveys, or extrapolations and interpolations of discrete features to show their 
spatial relationships.

It is recognized that not all of the key data sets that might be required have been addressed in 
this publication, for example discussion is lacking concerning data acquisition techniques for measuring 
in situ stress, properties and techniques relating to gas migration and rock thermal properties. Nor is 
Fig.  41 exhaustive. However, a key message is that in order to achieve suitably robust results, a 
requirements driven approach to data acquisition is required and also that in detail, requirements will vary 
from site to site.

An important aspect of data acquisition and processing is the identification and management of 
parameter uncertainty and spatial variability. Although it may be difficult to quantify uncertainty estimates 
in many situations, attempts should nevertheless always be made whenever possible to identify the 
existence and the components of parameter uncertainty and evaluate them wherever they occur. This is 
the basis for then managing that uncertainty appropriately and informing later stages of site investigation. 
The approach used to manage parameter uncertainty will have a direct impact on building confidence 
in the disposal concept. In this regard, it will be important to recognize that a regulator may have firm 
expectations concerning the identification of parameter uncertainty and its treatment in safety assessments 
and repository design studies. Therefore, it is recommended there should be focused discussion in this 
area to avoid potential misunderstandings.

It is imperative that all site investigation activities are well planned and justified. Furthermore, 
data acquisition from the field and the laboratory should proceed in a stepwise fashion, using specified 
milestones and an agreed decision making process to establish objectives, data freeze points and when to 
progress on to a new phase of work.

Once objectives have been established in each area of investigation, on the basis of clearly defined 
requirements, quality plans, schedules, cost estimates, responsibilities, scopes of work, contracts, etc. can 
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then be developed. Frequently, a variety of tools and techniques can be used to obtain particular data sets. 
While the selection of a preferred set of such tools and techniques tends to reflect local circumstances 
and conditions, the primary driver always needs to be based on safety considerations. These include 
conventional operational safety considerations as well as post‑closure safety considerations, for example 
by ensuring that measurements will not compromise barrier safety functions and ensuring that data quality 
is adequate for the assessment of long term safety. 

In conclusion, the following is a summary of some of the key management considerations associated 
with the planning and implementation of data acquisition activities:

	— The RWMO is ultimately responsible for all aspects of the site investigations and should be an educated 
client for contracting and consultancy services obtained from technical support organizations.

	— Site selection criteria should be established in advance of field investigations with a priority given to 
obtaining information on key aspects that might disqualify a site from further consideration.

	— Easily collected information should be obtained early on to rapidly screen alternative sites, including 
obtaining and compiling data that resides elsewhere (e.g. at universities, national surveys, private 
companies, etc.).
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	— Close and continuous collaboration is ensured between site investigation personnel, especially those 
responsible for data acquisition and interpretation (if different groups are involved).

	— Close and continuous and close collaboration is ensured between site investigation personnel, safety 
assessment specialists and repository design engineers.

	— Regulator(s) and local administrative authorities are involved at an early stage and engage them in 
regular dialogue to facilitate permissions and to ensure expectations can be met.

	— A robust and comprehensive management system is essential, with thorough documentation of the 
planning justifications, as well as the manner in which data acquisition activities will be managed, 
including written procedures that are developed, applied and monitored to ensure consistency in QA.

	— Where they exist, and unless there is good reason to do otherwise, existing international or national 
standards should be used to establish the data acquisition procedures, design equipment and manage 
site investigation activities.

	—  A DMS and its management strategy is ideally in place prior to acquiring the first results of the site 
investigations, including established standard definitions, formats and units, and apply them across 
the project.

	— A structured approach to risk identification and management should be adopted to ensure not only 
that physical and technical hazards are identified, assessed, avoided or mitigated, but also that other 
project hazards relating to traditional management areas are covered.

	— The presence of uncertainties involved in the acquisition and processing of data are acknowledged 
and the significance for their end use in safety assessment and repository engineering studies is 
evaluated, using this knowledge together with the involvement of end users to establish an uncertainty 
management plan for key parameters, to design further investigations and acquire additional data, 
where necessary, to reduce parameter uncertainties where they potentially have a significant impact 
on dose and risk or engineering decisions.

	— Data for developing a true 3‑D understanding of the site is sought, incorporating all the relevant 
features and processes that might impact safety (an integrated and holistic conceptual understanding).

	— Data for understanding the evolution of the site to the present day is sought over a timescale 
commensurate with the hazard posed by the waste inventory.

	— Planned phases (or campaigns) are undertaken to ensure that the results feed into parallel safety 
assessments and engineering design studies and so that their results and revised requirements feed 
back to the site characterisation activities.

	— Laboratory analysis of rock and water samples is planned well in advance because they can take a 
long time and may require specialised resources.

	— The main deliverable from data acquisition activities will be a database of features, properties, 
events and processes that characterize a site and its evolution to date, including parameter values, 
uncertainty evaluations, metadata and commentary concerning the confidence associated with 
data sets. Supplementary material will be included in a series of factual reports describing the site 
conditions and the tools and techniques employed.

	— An effective decision making process has to be in place and key personnel have to be aware of their 
responsibilities so they are able to effectively respond to any operational challenges that might arise, 
because they will.
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7.  DATA ANALYSIS, 
INTERPRETATION AND INTEGRATION

7.1.	 INTRODUCTION

The key deliverable from data acquisition activities is a comprehensive database comprising 
measured parameter values, physical samples and observations concerning present day features and their 
properties, processes and other characteristics of a site. Each factual data set should be associated with 
its broader contextual setting, represented by metadata. Together these would have direct application in 
support of safety assessments, repository design, engineering studies and EIAs. However, a scientific 
understanding of the characteristics of a potential repository site, especially when one takes into account 
the evolution of that site, cannot only rely on the acquisition and processing of factual data sets. Rather, 
site data also needs to be transformed and merged into useful information and understanding that provides 
wider meaning and deeper knowledge. This information is required by the RWMO’s internal end users. It 
also needs to be communicated more widely, to regulators for discussion and in fulfilment of requirements 
for authorizations, and to other stakeholders to engender openness and confidence in the RWMO and trust 
in its decisions. The transformation of raw and processed data into information and knowledge requires 
significant analysis and the interpretation of individual data sets. Furthermore, to ensure a holistic 
understanding of a site and its evolution to date, individual data sets need to be integrated, taking due 
account of all relevant interactions and feedbacks that are recognized. The results are then to be captured 
in the form of an internally consistent and comprehensive conceptual model (or series of conceptual 
models) and an appropriately detailed site description, ready for presentation and for use by end users.

Data acquisition, interpretation and integration are, by necessity, iterative activities and would be 
ongoing throughout the lifetime of investigations at a site until a satisfactory level of knowledge has 
been achieved. Figures 22 and 25 in Sections 4 and 5 schematically introduced the process leading from 
data acquisition to the production of information and understanding through interpretation and integration 
activities. The process flow is also illustrated in Fig.  42 but, as introduced earlier in the report, this 
diagram emphasizes the possibility to also use additional data and information from outside of the site 
to aid site specific interpretation and integration. Figure 42 shows inputs from site specific and generic 
areas and their use in modelling studies to support interpretation and integration activities that result in 
conceptual and descriptive models for use by internal end users. This also includes the possibility to use 
generic process modelling. Although it might not be appreciated from Fig.  42, it is important to note 
that the use of numerical modelling is an aspect of interpretation and integration and not a separate and 
isolated activity in its own right, as is the generation of conceptual and descriptive models of the site.

Any interpretation and integration exercise will necessarily include a number of assumptions, 
recognizing also that the confidence one has in the quality of the data sets derived from data acquisition 
activities may be variable and the degree to which they represent the true situation at a site may be 
uncertain. Due to the fact that data sets generally represent a subset of a total population and, because 
of the assumptions, uncertainties and potential bias are inherent in the data, any interpretation may not 
be unique. Therefore, to capture the range of system possibilities that might exist in terms of combined 
FEPs and their evolution, alternative but equally valid conceptualizations of the site should be generated. 
As necessary, data gaps, quality concerns and uncertainties associated with the data and the resulting 
conceptualizations should be assessed and, if judged important, reduced through progressive phases of 
further data acquisition and interpretation.

At the end of each stage in a site investigation project, and also at its conclusion, the main deliverables 
from interpretation and integration activities are an enhanced database of data and information and a 
series of justified conceptual models and SDMs that collectively summarize the characteristics of a site at 
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a particular moment or interval in time. Important management considerations leading to the generation 
of these deliverables are the subject of the remainder of this section.

7.2.	 DATA ANALYSIS AND INTERPRETATION

The process of interpretation has four essential elements.

(1)	 Firstly, the specification of objectives to articulate a purpose, to establish appropriate approaches and 
methods for carrying out analysis and to set limits on the interpretation effort that will be needed. 
These objectives stem from the information requirements and associated questions setting out what 
the site investigation needs to answer in order to address the needs of internal end users and other 
stakeholders.

(2)	 Interpretation then requires the collation and organization of all relevant and available data and 
observations into formats suitable for analysis, together with any contextual site data and supporting 
information (e.g. from generic studies).
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FIG. 42. Data acquisition, interpretation and integration process flow diagram showing that the process is iterative and the 
discovery of key data gaps and uncertainties at any stage may continually update further data acquisition and information 
requirements.



(3)	 Next, careful data analysis is required. This aspect involves searching for relationships and 
explanations to account for the data and observations by developing hypotheses and testing them. 
In addition to deductive reasoning, this analysis may include the use of mathematical models to 
address specific questions. This is a stage during interpretation when further data acquisition may 
be requested to reduce parameter uncertainties and fill data gaps. This process may occur in several 
cycles prior to any firm conclusions being drawn.

(4)	 Finally, conclusions are made about the meaning of the data and observations and these are then 
documented and presented for review and ultimately for use.

Interpretation involves the application of knowledge about the subject matter, but also calls on 
the wider technical experience of an expert and, to a degree, their intuition. As such, interpretation may 
contain an inherent bias. It should be appreciated that conclusions drawn by site investigation personnel 
may therefore be challenged by end users, both internal and external (e.g. the regulator), or as a result of 
external reviews. Where such challenges have merit, this may also lead to further loops of iterative site 
investigation (see Fig. 5).

Due to the subjective inputs required of many interpretations, the activity can be considered both 
an ‘art’ and a ‘science,’ although the emphasis is to be clearly based on logical and defensible stepwise 
reasoning, together with a clear, comprehensive and auditable chain of actions and documents leading from 
the raw data through to conclusions, such as might be provided by an SIFD, for example (see Section 4).

Depending on organizational arrangements, the personnel involved in site investigations would 
typically comprise RWMO technical staff and contractors from support organizations. The composition 
and structure of the various teams involved in collecting and interpreting data and information would in 
large part reflect the information needs, the availability of financial resources, equipment and experts, and 
also organizational preferences (see also Section 4.2.6).Wherever possible the personnel who collect data 
in the field or in the laboratory should also be involved in their analysis and interpretation. This would be 
to ensure the circumstances surrounding the data acquisition and processing activities (e.g. the reliability 
of equipment and their operation), as well as key aspects of the site conditions and field relationships, 
are well appreciated and not omitted or miscommunicated. However, it is recognized in several areas 
of investigation that this arrangement is not always feasible. For example, specialist geophysical survey 
companies may be employed to collect seismic data at a site but may not be involved in the interpretation 
effort. Also, laboratories commissioned to provide groundwater analyses or to measure geotechnical 
properties of rock core may not have been involved in the sample collection and may not be involved in 
later interpretation efforts.

Given the wide range of data collected during a site investigation for a prospective disposal 
facility, various teams of specialist experts are likely to be involved in the interpretation and integration 
efforts. For a large and complex disposal programme, it will also be necessary to use generalists who 
are knowledgeable about particular fields, but who have an added ability to draw together data and 
understanding from elsewhere and look at the ‘big‑picture’ issues that cut across individual disciplines. 
This reflects one of the key roles of the RWMO in managing site investigation personnel, which is to ensure 
that a holistic understanding of the site is made. This requires integration across geosphere and biosphere 
domains and across individual disciplines. Because experts deeply involved in particular disciplines may 
sometimes be parochial in outlook, the potential for poor communication or miscommunication about 
important facts and ideas can be an issue when information is to be shared and discussed outside of a 
field of normal application. Furthermore, the technical language used in different disciplines may vary 
somewhat even when discussing ostensibly the same subject. Early on in a site investigation project this 
may cause communication issues between the data acquisition and interpretation personnel involved in 
various areas and also with the modellers and engineers who are the internal end users of the information. 
Special attention should therefore be focused on ensuring that the meaning of the data and information 
is properly communicated and that there is a common understanding across the disposal programme, 
through the use of glossaries and reference materials that establish standard nomenclature, terminology, 
conventions and measurement units.
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One solution to address these internal communication issues is to establish and maintain a close and 
continuous working relationship between all site investigation personnel, as far as possible given the size 
and complexity of the site investigation. Where this is not completely attainable, effort should be made 
to at least integrate the senior and experienced site investigation specialists. This can be accomplished 
through the use of regular meetings in a formal setting to share data and understanding from each subject 
area and seek to find relationships across disciplines. Because of the crucial role that such a collaborative 
team plays in the site investigation and the wider repository programme effort, key staff from safety 
assessment and repository engineering studies should also be involved in these regular meetings.

As a general comment, and of relevance to interpretations in all of the disciplines to be described 
below, it is important to acknowledge that it is often difficult to measure properties of interest directly 
at the scale of their application (for use in numerical process models or safety assessment models for 
example). This can be particularly true for low permeability environments where the length and 
timescale of interest may be very large, compared to the measurement scale. This generally requires 
that measurements which have been taken over small scales in the field or laboratory undergo analysis 
and interpretation to infer corresponding effective properties that are applicable at larger scales. This 
process is termed upscaling. The difficulty in deriving upscaling relationships generally arises from the 
presence of small scale heterogeneities in the geological properties, because it may not be possible to 
explicitly represent these features in the much larger scale models of the system. Where this is the case, 
an appropriate effective property needs to be derived which accurately represents the behaviour of interest 
over the larger scales. The difficulty in doing this can be amplified because a local measurement may not 
be representative of the total population of parameter values and thus may not correspond to the effective 
behaviour at larger scales. Therefore, considerable interpretive effort is required to ensure any upscaling 
methodology takes into account parameter uncertainty and is appropriate for the subsystem component 
under consideration in order to maintain small scale relationships, including feedbacks.

Detailed commentary regarding the vast array of interpretation methods used for the analysis of 
individual data sets associated with, for example, borehole geophysical logging, hydrogeological test 
analysis and geomechanical interpretations, is beyond the scope of this report and the reader is advised to 
consult with specialist experts for more detailed information. Instead, in subsequent sections, the report is 
restricted to relatively high level considerations regarding the management of interpretation activities and 
some of the key outputs in relation to the main discipline domains.

7.2.1.	 Geological interpretations

The geology of a site intended to host a disposal facility and its wider regional setting provides the 
fundamental framework within which all other geoscientific information typically resides. Consequently, 
it is vitally important to demonstrate that the geological description reflects reality and that the scope 
and depth of understanding associated with this description is appropriate. In this regard, the degree to 
which an interpretation of the geology of a site is complete and correct (in other words the degree to 
which it reflects reality), should be judged on the basis of the use that is to be made of the representation, 
following a graded approach. The scope of the information and understanding potentially required from a 
geological investigation is provided in Section 3.6.1.

Field mapping results in a geological description that at its most basic level comprises a map of part 
of the Earth’s surface showing the spatial distribution of the different rock types that are exposed and their 
contacts with other units, as well as the nature and spatial distribution of discrete structural features that 
can be mapped with confidence, such as folds, faults and major fracture zones. Mapping typically requires 
a degree of interpretation in the field, to identify a specific rock type and associate it with a particular 
lithological unit and to take account of the nature of the relationships between juxtaposed lithological 
units and the presence of structural features. In arid or mountainous regions, the geology may be readily 
observable, while in other areas outcrops may be extremely limited and geomorphological features or 
changes in vegetation may be required to infer the very near surface geology. With an understanding of 
the surface geology (whether directly observable or inferred) supported by data derived from geophysics 
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and boreholes, if available, the relationship of geological units with depth and the 3‑D extent of 
structural features may be inferred in the subsurface. Consequently, geologists are able to provide spatial 
interpretations of the rock mass that take the form of 3‑D models, 2‑D areal maps and cross sections, or 
1‑D borehole logs and field transects.

Typically, 1‑D logs and transects will be continuous, as observed in a borehole or in the field, 
and therefore largely complete, albeit reflecting a limited distance with a lower limit of resolution and 
with the potential for sampling bias due to the orientation of features. Conversely, most 2‑D and 3‑D 
representations of geology rely on incomplete physical measurements and observations. Data points may 
be very sparse, especially in the subsurface. As such, area and volume filling may require significant data 
interpolation and extrapolation. These require the critical analysis of the acquired data and the use of 
experience to construct preferred and alternative geologically viable representations.

Remote sensing, surface based geophysics and borehole geophysical investigations can provide 
data‑rich representations of surface and subsurface properties, but all require specialist expertise and 
software to acquire data and provide interpretations. The data and understanding resulting from these 
activities can be used to populate and condition basic geological maps as described above, as well as 3‑D 
interpretations relating to the relationship between different rock types and the structural features present. 
Generally speaking, a large degree of expert judgement is required to create a geological map or 3‑D 
representation of a site. Today, however, 3‑D geological modelling software exists that can take uncertain 
or sparse input data and generate alternative geologically valid models incorporating lithological units and 
structural features. These modelling tools employ geostatistical and other methods. Where such software 
assistance is used, there is still an onus on ensuring that appropriate data are input and that checks are 
provided by an experienced geologist to ensure an uncritical ‘black box’ approach is not adopted.

GIS are another powerful tool used for overlaying and interrogating multiple types of spatial data 
and many open source codes, as well as proprietary software, are available. Although conventionally 
used to represent surface area, there are now add‑ons provided by some GIS vendors that permit 3‑D 
visualizations and interrogation.

 Typically, the geology of a region and a site would be described at least at the formation‑level, 
but for a detailed understanding of some processes requiring the use of detailed models concerned with 
advective groundwater flow and solute transport, smaller scale interpretations taking account of 3‑D 
geometry may also need to be developed. Therefore, to refine and augment interpretations concerning 
lithological units and their relationship to hydrogeological units, rock samples may be collected from 
outcrops in the field and from trenches, pits, boreholes and underground workings. They can be examined 
in situ in rock faces or as hand specimens. Samples can also be taken from drill cores and drill chippings. 
Samples may be analysed essentially intact in a laboratory or machined into precise shapes for testing in 
specialist equipment or made into thin sections for use in microscopic analysis.

Rock types and the nature of any minerals or secondary rocks that infill discontinuities or pore 
space in a rock should be categorized using nationally accepted schemes and standards where they 
exist or a dedicated classification system designed for the purpose, if necessary. Discontinuities such 
as bedding planes, faults, fractures, joints, veins, dykes, sills, etc. should be recorded using geophysics 
in the field or in a core, and also categorized using a national systematic scheme or otherwise [80]. 
Mapping such features can be undertaken at a number of scales, from very long length scales involving 
lineament mapping derived from satellite images, down to a microscopic scale used for investigating 
microfractures. Understanding the spatial scaling relationships between fracture sets and their relative 
timing of formation can be especially beneficial where discrete fracture network models are needed for 
investigating fluid flow and solute transport. This is because of their potential importance for radionuclide 
transport at sites involving crystalline rock, although they may also be present in partially consolidated 
to highly competent sedimentary rock types that do not display self‑healing. Where fractures are likely to 
be important for radionuclide migration studies, geological analysis and interpretations need to be carried 
out not only at the level of individual fractures but also at a field scale involving fracture networks.

Fractures are brittle features that form in response to rock stress and they reflect a discrete 
mechanical break in a rock, cutting across or parallel to any pre‑existing features and fabrics. They may 
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be generated in successive tectonic regimes in which stress orientations have varied and this can be 
investigated if considered relevant, through observations of cross‑cutting relationships and the grouping 
of fractures with common orientations. Although the frequency of fracture occurrence varies widely 
depending on the geological setting and rock type, they are pervasive throughout a rock mass. Fractures 
may be directly associated with faults (rock mass dislocations involving lateral displacement across a 
fault face) as fault damage zones or they may exist in the absence of nearby faulting with their formation 
due to, for example, stress relief during uplift and the erosion of overlying rocks. Joints can also form 
during the cooling of a volcanic rock or one that has undergone spontaneous combustion (e.g. organic‑rich 
limestones at Maqarin in Jordan, studied as a natural analogue for a cementitious repository [81, 82]). 
Faults, fractures and other discontinuities can act as either conduits for flow or as a barrier. They may also 
be ‘transparent’ in flow terms.

Fractures may be planar or they may comprise irregular and anastomosing surfaces. They are 
characterized by different spacing intervals and their size may follow scaling laws, as may features 
on the fracture surface. Because they may be sealed or open at any point and hence may or may not 
form continuous pathways, not all fractures are hydraulically active. For hydraulically active fractures, 
variations in aperture can lead to flow channelling and highly variable transmissivity from location to 
location. Connected fractures may form a continuous network facilitating regional groundwater flow or 
they may be restricted to isolated compartments in a rock mass. Within a given volume, multiple fracture 
sets may be present, each with their own degree of connectivity but without any significant hydraulic 
connection to adjacent fracture sets. For non‑flowing networks, they may be filled with stagnant 
(immobile) groundwater or may be barren due to poor connectivity and no connection to a groundwater 
source. Flow in fracture systems is dominated by the dimensions and connectivity of the fractures, while 
solute transport and retardation due to rock matrix diffusion may also be influenced by the nature and 
extent of fracture infill phases and the extent of solute interactions with the wall rock (flow‑wetted surface 
area) and ‘static’ pore waters, and also through mixing at fracture intersections. The degree to which rock 
matrix diffusion occurs at a site is an important aspect to be investigated in a low permeability fractured 
rock. All of the discussed fracture and fracture network attributes would need to be investigated for a site 
where potential radionuclide migration in fractures is a consideration.

Because of the complexity of the geometry and physical diversity of fractures, as well as the 
flow and transport of solutes in a fracture dominated system, there is no possibility to incorporate all 
the flowing fractures that might exist at a site into deterministic geological and hydrogeological models. 
Consequently, a crystalline rock mass is typically interpreted as an effectively impermeable background 
matrix with a superimposed stochastic fracture network that at a minimum takes into account frequency 
distributions illustrating a range of fracture length, orientation, spacing and aperture. In this approach 
the fractures may be the only pathways for flow and transport; therefore, the characteristics of the bulk 
of the rock mass matrix may be ignored. Various software exists that can analyse field data to generate 
alternative realizations of fracture networks on the basis of underlying models [83], and there are 
numerous examples of discrete fracture network model applications for repository site investigations 
or otherwise in the literature [84, 85]. Fractured crystalline rock environments have been or are being 
investigated extensively in Canada, China, Finland, Japan, Sweden and Switzerland, as well as in other 
countries. In all of these programmes, detailed fracture characterization has been necessary to understand 
the potential for radionuclide transport and to stimulate such transport appropriately.

Hybrid numerical models also exist that simulate flow and transport within fracture networks and 
in interconnected pore space within the bulk of the rock mass. They therefore combine discrete fracture 
network and continuous porous medium flow and transport concepts. Such models may be appropriate 
for investigating weathered crystalline rock terranes and sedimentary rock environments characterized by 
competent, but highly fractured lithologies, such as some sandstones.

Sedimentary rocks are a focus for investigation in some programmes, either because they are the 
intended host rock for a disposal facility or because the disposal concept includes sedimentary units 
as a surrounding part of the geosphere, for example in a basement under sedimentary cover disposal 
concept (known as BUSC). In the past, some site investigations in such environments have tended to 
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concentrate their majority of effort towards characterization of the basement rocks, with less resources 
applied to acquiring data from the overlying sedimentary rocks. Whilst this may be acceptable if there 
needs to be early confidence in the integrity of the host rock, there should be acknowledgement that the 
sedimentary cover sequence will also need to be well characterized at an appropriate level of detail, and 
adequate resources should be established to do this. Where the host rock is prioritized to the detriment 
of an overlying sedimentary sequence, which might be due to limited resources and a poorly thought out 
characterization strategy, it would likely be counterproductive as the cover rocks may play a significant 
role in isolating and containing the waste and reducing the effects of any future radionuclide transport, for 
example through retardation, dispersion and dilution.

Sedimentary rocks that have been investigated for hosting a repository include salt (e.g.  at the 
Waste Isolation Pilot Plant in the USA and at Gorleben in Germany), clays (e.g.  Bure in France and 
Mol in Belgium) and volcaniclastic rocks (e.g.  Yucca Mountain in the USA). Interpretations of the 
field observations at these sites have made extensive use of data from modern depositional settings 
and analogue outcrop studies to develop models of the ‘facies architecture’ that could be important for 
controlling flow and transport.

The British Geological Survey has produced a useful report that provides reviews of geological 
interpretation methods and tools, as applied during site investigations for geological disposal facilities in 
the UK and elsewhere [86]. The information in that report augments the brief information provided here.

7.2.2.	 Hydrogeological interpretations

Knowledge about the hydrogeology of a site is required by internal end users of data and 
information, principally for use in safety assessment calculations leading to estimates of dose and risk, 
but also to support repository design and construction studies (see Section 3.6.2 for the full range of 
high level requirements). Focusing first on needs for safety assessment models, the key hydrogeological 
factors to be considered are the:

(i)	 Timing and flux of groundwater flow through a postulated repository, taking into account re‑saturation 
and the dissolution of radionuclides leading to their release over time;

(ii)	 Length and direction of the paths that radionuclides could travel from the repository to the biosphere, 
taking into account radionuclide retardation, dilution and dispersion;

(iii)	 Time taken for radionuclides to travel from a repository to the biosphere, taking into account 
radioactive decay.

The key deliverables expected from hydrogeological investigations, therefore, are not just reliable 
parameter values acquired at the scale of measurement, but also interpretations providing effective 
properties with which to populate and calibrate radionuclide transport scenarios and models. These are 
required to cover very long post‑closure time periods and may involve long scales. In addition to directly 
using measured parameter values, an in‑depth understanding of groundwater flow and solute transport 
mechanisms and constraints is required from the site investigations. The domain of interest includes 
all potential pathways intersecting a prospective repository, from recharge to discharge. The nature of 
groundwater driving forces and how the dynamics of the groundwater system have evolved through time 
should also be evaluated through hydrogeological interpretations.

For repository design and construction purposes, knowledge of the hydrogeology at a site is 
necessary to plan the layout of surface infrastructure and the subsurface position of shafts, tunnels and 
vaults. Predictions will need to be made concerning estimated groundwater inflows into these openings 
during construction and additional protections may need to be put in place where groundwater ingress 
may be problematic, necessitating continuous pumping or otherwise potentially causing flooding and 
enhanced corrosion of construction materials. Repository materials will need to be durable for at least 
the operational period under ambient conditions that could include significant heating in the near field for 
HLW disposal concepts.
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Hydrogeological interpretations rely on groundwater pressure fluctuations in boreholes and 
recharge/discharge interactions at the surface, as well as the careful analysis of pumping test and tracer 
test data. Hydrogeological properties can also be directly measured from drill cores and plugs33 obtained 
from boreholes. In detail, there may be complex feedbacks between a variety of processes relating to 
the hydrogeological aspects of a system, as well as with thermal, mechanical and chemical processes. 
Therefore, to understand the hydrogeology of a site, clearly there also needs to be significant overlap 
with research within hydrogeochemical, geotechnical and geological domains to take account of the 
influence of water–rock interactions and impacts on flow and transport relating to differences in various 
rock mass properties.

Topographic maps and knowledge of the locations and fluxes associated with springs and gaining 
and losing surface water bodies34 allows interpretations to be made about likely groundwater recharge 
and discharge areas. Meteorological data and the monitoring of springs and surface water flows provides 
information on fluxes into and out of the groundwater system and, in combination with knowledge of the 
subsurface aquifer or aquitard, allows the construction of a water balance. Hypotheses associated with 
these interpretations can be investigated using tracer testing and groundwater flow modelling.

In combination with water table and hydraulic head data obtained from boreholes, groundwater 
level and groundwater pressure contour maps can be produced to provide an indication of the hydraulic 
gradient and flow directions. Groundwater flow is, for the most part, gravity driven, but flow paths may 
not necessarily follow a topographic gradient. Therefore, interpretations of flow directions should take 
account of factors such as heterogeneity and anisotropy in the rock mass and variations in groundwater 
density. Where groundwater displays variable density in the water column, it is necessary to take into 
account the temperature profile in a borehole (that is, the geothermal gradient) and knowledge of the 
chemical constituents in representative samples to derive accurate vertical and lateral components of flow.

There are numerous methods that can be used to derive hydraulic properties based on the analysis of 
data obtained from hydrogeological testing. Such test analysis also permits interpretations involving the 
presence and impacts of boundaries, flow mechanisms, connectivity, fluxes and groundwater velocities, 
for example. Field data can be analysed ‘by hand’, by plotting pressure and groundwater level data against 
time on log‑log or log‑normal graphs and analysing the slope and intercepts. Computerized techniques 
using automated regression techniques are also commonplace today. The programmes iteratively 
compare observed time–pressure responses, including pressure derivatives, against a series of programme 
generated responses until a close match is obtained. In addition to providing derived best fit parameter 
values, the use of appropriate software allows sensitivity analysis to be readily undertaken. It is important 
to note, however, that agreement between the observed and modelled data may not be unique and thus any 
such solution should, at least initially, be taken to indicate only that a qualitative estimate has been found. 
Consequently, although computer assisted curve matching is a powerful tool, the role of the expert analyst 
remains important.

All methods of hydraulic testing analysis have their own simplifications and assumptions. As a 
consequence, there is usually no single definitive result from a borehole test in terms of the derived 
parameters such as transmissivity and storativity. Because of this, a range of methods of analysis should be 
applied so that the most appropriate values can be selected, together with a measure of uncertainty. When 
the use of several analysis methods provides results that converge on a solution, there is likely to be more 
confidence in an interpretation, presuming of course that the underlying data and assumptions are sound.

Monitoring of groundwater levels and head in boreholes displays periodic fluctuations. These may 
show annual cycles, representing seasonal changes in precipitation and recharge, or regular and irregular 
changes that occur on shorter timescales. Irregular changes in groundwater levels that occur throughout 

33	 Plugs are typically subsamples taken from a core. A key reason to do this is so that three mutually perpendicular 
plugs are taken at each sampling point and, in this way, the three principle orthogonal vectors for permeability and other 
properties can be obtained. 

34	 ‘Gaining’ water bodies are fed by groundwater due to the river/stream/lake intersecting a water table, while ‘losing’ 
water bodies lose water to the groundwater system as the water table is below their base.

145



a day or week are known to result from matrix constriction and dilation induced in the rock mass due to 
transient effects such as barometric pressure changes or seismicity. Individual heavy rainfall events may 
also impact on groundwater levels in an unconfined aquifer. Regular changes in groundwater heads with 
monthly, diurnal and semidiurnal frequencies are typically due to the influence of Earth and ocean tides. 
In a confined or semiconfined aquifer, once the effects of atmospheric pressure have been taken into 
account, various authors have used spectral analysis methods to estimate effective hydraulic properties 
from transient groundwater pressure responses. For example, hydraulic diffusivity can be derived by 
passing fluctuating pressure data into the frequency domain and applying a fast Fourier transform followed 
by an appropriate filter, before returning the data to the time domain for hydrogeological analysis [87]. 
Such methods have been developed for deriving regional hydraulic properties for homogeneous porous 
media and fractured aquifers.

The significance of upscaling was introduced at the start of this section. For large scale models of a 
site or region, when much of the detailed hydrogeologically relevant structure would not be represented 
explicitly, simplifications would be used instead. This does not imply that detailed knowledge of 
the small scale structure is not important, but simply that it is not necessarily directly used for some 
applications where approximations may be sufficient to address a specific problem. As an example, a 
continuous porous medium might be characterized in a regional groundwater flow model by a single 
effective permeability, to represent the groundwater flux through a highly heterogeneous porous medium. 
It is known that such a model will not predict the distribution of fluxes on a small scale, but if the value of 
effective permeability is chosen correctly, then the model would adequately predict the bulk flux through 
the system. The effective permeability can be determined in various ways, such as by simulating the 
detailed structure over a larger volume and looking at the bulk behaviour of that model. The results of 
calculations using the detailed model are then used in calculations assuming a simplified homogeneous 
structure. This is but one aspect of upscaling to derive effective properties. Further examples can be found 
in Refs [66, 83] in relation to the upscaling of fracture network properties.

It can be argued that the complexity of upscaling and the level of uncertainty associated with some 
rock types will be significantly lower than that for others, For example, upscaling from rock material to 
the rock mass at a mudstone dominated site should be more straightforward than for a crystalline site, 
due to the absence of joints, fractures and other hydraulically relevant heterogeneities. Furthermore, in 
contrast to a crystalline site, a mudstone site is generally controlled by diffusive pathways that are not 
scale dependent. Different upscaling approaches are therefore likely to be required for different rock types.

7.2.3.	 Hydrogeochemical interpretations

Knowledge about the hydrogeochemistry at a site is as important, if not more so, than knowledge 
of many other conditions, given the potential that hydrogeochemistry has to degrade barriers and control 
radionuclide dissolution and migration.

Since many of the chemical characteristics of groundwater relate to the time it has been in contact 
with rock, and the nature of that rock, and since the chemical characteristics of the minerals that fill 
voids (i.e. fractures and pores) in the rock relate to interactions with the groundwater, the composition of 
groundwater and minerals sampled at different locations can be interpreted to understand groundwater 
origins, its movement from recharge to discharge areas and its compositional evolution. With this 
understanding, one is able to develop and constrain conceptual and numerical models of groundwater flow 
and solute transport at various scales, also to support interpretations of the evolution of the groundwater 
system at a site, so that safety assessment studies can more effectively model potential future radionuclide 
dissolution and transport.

Section 3.6.2 sets out the hydrogeochemical data and information requirements. Note that an 
understanding of the hydrogeochemistry at a site cannot be divorced from an understanding of the 
hydrogeology. In order to support the development of hydrogeological and palaeohydrogeological 
conceptual and numerical models, high quality surface water and groundwater compositional data needs 
to be acquired through sampling across a site and with depth. Where they are present, minerals coating 
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and infilling voids may also be of value. The analysis of these data and their interpretation provides 
insights regarding, for example, the mixing relationships between end member water bodies, the location 
of horizontal and vertical chemical transitions and their hydrogeological significance, as well as the 
origins of any significant solutes (e.g. salinity) that might affect density and groundwater driving forces, 
residence times, recharge conditions and past and present flow directions at a site.

Aspects of hydrogeochemical understanding may be required for supporting repository design 
studies because the ability of groundwater to corrode and degrade engineered barriers and other 
structures in a repository and thus release radionuclides35 will, in large part, be dependent on the chemical 
composition of the groundwater entering the repository. In turn, it is also important to recognize that 
this interaction with engineered barriers and other repository structures may affect the composition of 
groundwater, for example interaction with cementitious materials will lead to increasing groundwater 
alkalinity in the vicinity of these materials and to an alkaline plume further downstream. Such modified 
groundwater composition and rock interactions along downstream flow paths away from a repository 
will also influence radionuclide transport. For these reasons, and others, understanding the chemical 
composition of groundwater at a site, its potential to change composition and interact with repository 
materials and rock, as well as its potential to mix with other groundwater bodies, is therefore highly 
significant for post‑closure safety studies and repository design and construction.

At a potential repository site, any mixing of compositionally discrete water bodies would reflect advective 
groundwater flow or diffusive solute transport, or a combination of both. Groundwater mixing relationships 
can be evaluated using variations in the stable isotope compositions of groundwaters and variations in the 
concentrations of any constituents assumed to be chemically non‑reactive in the groundwater/rock system of 
interest. Examples of non‑reactive solutes that are most useful for this purpose are chloride, bromide, iodide 
and boron in groundwater systems displaying variable salinity. Once the compositional data are obtained 
across a number of locations, multivariate statistical analysis of the groundwater compositions can be used for 
deriving components and interpreting mixing relationships.

Careful examination of mineral infilling relationships in fractures was shown to be particularly powerful 
for investigating spatial and temporal variations in groundwater salinity at a site for a prospective geological 
repository in the UK [66]. Nine characteristic and consecutive mineralization episodes (referred to as ME1 
to ME9) were distinguished. Of significance for understanding groundwater flow changes over the timescale 
relevant for repository studies, the latest episode of mineralization, characterized by ME9 calcite crystals, was 
observed in ‘potentially flowing features.’ These features were connected fractures that are either flowing 
at the present time, or were flowing in the geologically recent past, based on the dating of ME9 minerals. 
Calcite crystals displayed a systematic morphological variation with location (an example is shown in Fig. 43) 
whereby ME9 calcite morphology was constant or varied progressively from rhombohedral‑forms (‘nailhead’) 
through intermediate equant forms to elongate scalenohedral forms. The variation in ME9 calcite morphology 
closely follows the present day variation in groundwater salinity across the site and with depth, where it 
was established that nailhead forms of calcite typify ME9 precipitates in the freshwater zone, equant crystals 
tend to occur near the top of the saline transition zone, and scalenohedral forms are characteristic of saline 
groundwaters. Consequently, in situations where the morphology in an individual crystal has transformed 
from one form to another, this can be inferred to demonstrate there has been a fluctuation in groundwater 
salinity at that point. Where the morphological form has remained constant, it suggests that the groundwater 
salinity has remained constant over the timescale of interest. Because salinity influences groundwater flow 
and impacts on repository aspects such as the integrity of steel and bentonite barriers, detailed investigations 
have significant relevance for establishing a robust safety case.

Groundwater age, or more correctly the mean groundwater residence time, generally refers to the 
average transit time between recharge and the sampling of a groundwater body. Radiogenic and stable 
isotopes and various natural and anthropogenic tracers can be used to ‘date’ groundwaters [69] and, 
therefore, to support inferences concerning pathways (path length, flow directions and time of travel) and 
compositional evolution. For dynamic near surface groundwater systems in which groundwater bodies are 

35	 Solubility and speciation of radionuclides are particularly sensitive to variations in pH, Eh, and pCO2.
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FIG. 43. Cathodoluminescence photomicrograph of a fracture wall (left) lined by ME9 calcite. Generation of an early stage 
dull orange equant morphology calcite was superseded by precipitation of a finely zoned, bright luminescent scalenohedral 
ME9 calcite, indicating a transition from relatively brackish to saline groundwater flow locally. Field of width is 3 mm 
(reproduced courtesy of NWS).



likely to be relatively young, tritium (3H) and krypton‑85 (85Kr) can be used to investigate groundwater 
age and movement. Both are formed naturally by the interaction of cosmic radiation with natural gases 
in the atmosphere but, since the 1950s, concentrations have been swamped by anthropogenic isotope 
production. Chlorofluorocarbons (known as CFCs) can also be used to date groundwaters younger than 
60 to 70 years.

In deep and/or less dynamic environments, groundwater with ages greater than the timescale of 
anthropogenic influences can only be inferred hydrochemically from the analysis of natural tracers; usually 
isotopes. These include natural isotopes of hydrogen and oxygen, which are part of the water molecule, 
and they can also be used to infer recharge areas (based on altitude or distance from the coast) and climatic 
conditions at recharge. Other radioisotopes (e.g. 14C and 39Ar) fill the gap between young residence time 
indicators and radioisotopes used for very old age determinations (i.e. residence times from 60 years and 
up to approximately 40 000 years before present). For the very long timescales associated with ancient 
groundwater that are particularly of interest in geological repository studies, 81Kr, 129I, and 36Cl may be 
used to assess groundwater residence times, potentially up to approximately 1 million years. Naturally 
occurring radioisotopes may also be used to make inferences concerning the presence of transmissive 
faults and fractures, for example based on concentrations of radiogenic helium (e.g. 4He derived from the 
radiogenic decay of U‑Th series elements that occur naturally underground). In summary, to interpret the 
residence times associated with groundwater bodies in a complex groundwater system, a combination of 
diagnostic age indicators will need to be studied, and this is not a trivial endeavour.

7.2.4.	 Geotechnical interpretations

Geotechnical studies apply principles and techniques derived from geology, hydrogeology, rock 
mechanics and soil mechanics. They are used to investigate the nature of soils and rock exposed at 
the surface to determine their physical and mechanical properties and to assess, monitor and manage 
hazards posed by natural and artificial slopes and other site conditions. With this knowledge, geotechnical 
investigations undertaken at the surface are used to support the design and construction of earthworks 
and structural foundations. Geotechnical studies are also focused on investigating subsurface conditions 
and materials. In this regard, the underground relationship between different rock types, as well as 
the discontinuities within and between them, are to be mapped and their physical and geomechanical 
properties evaluated. This information is used to plan and excavate underground openings such as shafts, 
tunnels and vaults. The stability of these openings and the hazards posed by subsurface conditions are 
to be predicted during the design stage and continuously monitored and managed during construction 
and operations so risks can be avoided and remedial actions put in place as necessary. The geotechnical 
studies also provide vital information for designing and implementing sealing operations at the conclusion 
of waste emplacement in a repository.

Given the scope of geotechnical studies to be undertaken at a prospective disposal facility site, 
it can be appreciated that various factors associated with the acquisition of geotechnical data and their 
interpretation will directly impact on the engineering design and safety of a repository. In addition to the 
relative position of the various rock types and their geomechanical properties, they include the local in 
situ stress field (magnitude and the orientations of the principal stresses), the presence and characteristics 
of faults and fractures, the impact of weathering and alteration, and the general rock quality.

As well as supporting engineering studies for use during repository design, construction and sealing, 
geotechnical investigations also have relevance for post‑closure safety assessment studies. For example, 
scenarios used in safety assessments need to take into account interactions whereby geomechanical 
properties affect and are affected by the hydrogeological and hydrogeochemical conditions of a site. This 
may be significant in relation to an excavation damage zone, for example. Also, as a conceptual repository 
design evolves into a detailed design, advanced safety assessment calculations (and the wider safety case) 
take into account the detailed layout of a repository, which can only be determined with the support 
of geotechnical knowledge. The scope of data and information requirements relating to the mechanical 
behaviour of the rock mass at a site is provided in Section 3.6.4.
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Insights into quantitative rock mass geomechanical properties are primarily obtained from the 
laboratory analysis of drill core samples (static and dynamic methods), but can also be derived from 
surface based geophysical investigations and wireline geophysical logging in boreholes (dynamic 
methods). Routine geomechanical measurements made on core samples are typically bulk, dry and grain 
density, uniaxial compressive strength, tensile strength, triaxial strength and triaxial deformability. The 
important indices of mechanical deformation, Young’s modulus, shear modulus and Poisson’s ratio are 
also routinely calculated from stress/strain relationships. Matrix thermal properties (thermal conductivity, 
specific heat and linear thermal expansion) can be determined if required for use as input parameters in 
thermal scoping calculations. The variation in rock mechanical effects due to heating are of interest for 
disposal concepts involving HLW, where coupled thermal‑hydro‑mechanical processes may be important. 
Furthermore, a relatively wide range of geophysical measurements can be performed on core samples to 
assist in the calibration of wireline geophysical logs and to resolve specific issues concerning geotechnical 
interpretations. These include resistivity, compressional wave (P‑wave) ultrasonic velocity for application 
under unconfined conditions and compressional and shear wave (P‑wave and S‑wave) ultrasonic velocity 
for application under confined conditions.

Data on fractures and other discontinuities from field surveys, core and geophysical logging in 
boreholes can be used in association with measured geomechanical parameter values and with in situ 
stress data to establish rock quality ratings for the different rock types that might be present across a 
site. Various classification systems have been devised to assess rock quality and strength, such as the 
Norwegian Geotechnical Institute Q‑system [88, 89], the rock mass rating system [90] and the geological 
strength index [91]. Essentially, they permit a qualitative assessment of the strength and behaviour of the 
rock mass, and they are particularly of value for assessing the potential for slip and collapse in the vicinity 
of underground openings along discontinuities such as fractures and bedding planes. Such effects would 
be in response to excavation and other disturbances but may also be generated over time due to creep 
and gradual rock deformation. The rating schemes therefore inform decisions concerning the location 
and geometry of excavations and the physical support measures needed for ensuring the stability of these 
manufactured openings underground.

Parameter values obtained from geomechanical studies can be plotted in the form of depth profiles. 
These may be interpolated between boreholes using appropriate assumptions and methods, such as 3‑D 
geological modelling. Such interpolations are strengthened by correlations with data obtained from the 
use of geophysical techniques that measure related properties across the 2‑D area between boreholes or a 
3‑D volume, such as would be covered by seismic reflection surveys.

Various computer codes can be used to assist in the design of underground openings in which the 
deformability of the jointing and the rock can be simulated. The models would be informed by site data 
and observations, and predictions would be made prior to excavation. In this manner, site data can be 
used not only to populate numerical models, but also to improve them through calibration and validation. 
Adjustments to the engineering designs for layout and rock support may then be made as excavations 
progress on the basis of the results from these numerical models.

7.2.5.	 Biosphere interpretations

Biosphere data and understanding have multiple uses. For example, in post‑closure safety 
assessment studies, present day biosphere conditions may be used as an analogue for future conditions 
when a site is under similar climatic boundary conditions. By collecting and interpreting evidence in the 
present day biosphere, one can interpret past climate and landscape conditions at a site and how they have 
evolved to the present day. Such interpretations can be obtained from the analysis of data on fauna and 
flora successions, the contents of lake sediments and radioisotope dating of ice cores and cave deposits, 
for example, together with knowledge about the likely drivers for landscape changes. In this manner, 
scenarios can be established to inform safety assessment studies about the timing and nature of future 
conditions resulting from climate change and landscape evolution [92]. Biosphere data also contribute 
towards establishing baseline conditions that are used as a starting point for predicting and monitoring the 

150



impacts of repository construction. Biosphere data and information would also inform repository design 
and engineering studies, by constraining the location of surface facilities and the need for drainage, for 
example. Finally, biosphere data and information have a significant and obvious use in support of the 
development of environmental impact strategies and assessments.

Given the scope of potential uses for biosphere information, contrasts in environmental conditions 
and differences in national circumstances (e.g. whether or not an EIA would be necessary), present day 
biosphere data and information requirements are highly variable between sites. Nevertheless, illustrative 
data requirements for biosphere studies are provided in Section 3.6.5. In essence, site specific requirements 
would reflect regulatory needs and expectations, the nature of the waste inventory, the repository concept 
and the site conditions. As a result, the range of biosphere subdisciplines to be used during biosphere 
investigations at a site and the focus and prioritization of those studies may be somewhat variable when 
different programmes are compared, although there will also be similarities.

In general, it could be expected that for a major disposal programme involving relatively large 
volumes of long lived radioactive waste, comprehensive biosphere investigation studies would be required 
using experts with knowledge of climatology and other sciences relevant to understanding the climatic 
and landscape evolution of a site (e.g. palynology, palaeolimnology, speleology, as well as meteorology, 
geomorphology, hydrology, soil science, ecosystem science (with a focus on soil–plant–animal 
radionuclide transfers) and biology). Depending on the site and disposal concept, additional inputs might 
be required in relation to volcanology, seismic impacts, ice sheet and glacier dynamics, oceanography and 
marine science.

Many of these disciplines will require data obtained directly from investigations at prospective 
repository sites to develop robust and relevant interpretations and conclusions. It may also be necessary 
to use proxies from elsewhere or synthetic inputs. The scope of data analysis and interpretation methods 
in all of these areas is potentially immense and describing them is beyond the scope of this report, but 
it is important for the RWMO to be aware of their significance for supporting safety assessment and 
repository engineering studies, as well as in EIAs. Clearly, there is significant overlap with interests in 
the geological, hydrogeological, hydrochemical and geomechanical domains, especially concerning the 
nature and potential significance for radionuclide migration across the geosphere–biosphere interface 
zone (known as the GBIZ).

The IAEA has instigated several major projects of relevance to biosphere studies, including the 
Biosphere Modelling and Assessment project known as BIOMASS (concerning the development of 
reference biospheres for post‑closure safety assessment), MODARIA I and II (relating to Modelling and 
Data for Radiological Impact Assessments) and EMRAS I and II (concerned with developing and testing 
Environmental Modelling for Radiation Safety). Whilst these projects are generic in nature, they have 
used real site data in many instances and therefore provide a framework for future biosphere site data 
acquisition and interpretations. Information on all of these projects can be obtained from the IAEA web 
site. Other collaborative projects of relevance have been carried out by RWMOs and others. For example, 
BIOCLIM was a project established under the auspices of EURATOM. It aimed at providing a scientific 
basis and practical methodology for assessing the possible long term impacts on the safety of radioactive 
waste repositories in deep formations due to climate and environmental change [29]. To achieve this the 
project developed scenarios for future potential biosphere systems based on knowledge obtained from a 
range of studies in northeast France, central England, central Spain, northern Germany and central Czech 
Republic. A series of research reports and publications are available on the Andra website.36

Also of note, BIOPROTA37 is a forum established by several RWMOs and national authorities from 
around the globe. Its goal is to address key uncertainties in long term assessments of contaminant releases 
into the environment arising from radioactive waste disposal. The group has undertaken significant 
research in a number of fields of common interest on behalf of its members. Their work supplements 
national initiatives and they make a range of interpretive research reports available on their website.

36	 See: https://andra.fr/mini-sites/bioclim/
37	 See: https://bioprota.org/
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7.3.	 USE OF NUMERICAL MODELS FOR PROCESS/SYSTEM UNDERSTANDING

Numerical modelling informs site understanding as part of the interpretation process, as shown in 
Fig. 42. Models can be used to investigate specific processes operating at a site or to provide a holistic 
understanding of a larger part of the system. This may be undertaken at any stage of the project due 
to its iterative nature. Such models would be populated with data from site acquisition activities, but 
they can also be informed by generic studies undertaken elsewhere (providing raw data and/or modelling 
conclusions derived from analysis, interpretation and integration). In this publication, a distinction 
is made between site modelling, used specifically to aid process understanding and inform further site 
investigation activities, and safety assessment modelling which may use very similar tools and input 
parameters but which is particularly focused on simulating aspects of the site to derive future prospective 
dose and risk estimates. Before considering the type of information expected from numerical models, 
some contextual information is provided next.

Numerical models are one of several types of models that use mathematical concepts to translate 
aspects of the real world into simplified frameworks so they can be used to provide solutions and insights 
for the generation of knowledge and to facilitate decision making. They are essential tools to be used in a 
site investigation project, although they can be time consuming and costly to construct. One major group 
of mathematical models termed analytical models uses formulations that may provide exact solutions to a 
problem, whilst numerical formulations approximate underlying equations and thus provide approximate 
solutions. Because of the complexity associated with many real world site investigation problems, 
analytical methods may be of limited use, being restricted to an exploration of highly simplified cases. 
Numerical methods, on the other hand, are often the tool of choice for providing insights into cases of 
interest in the investigation of a site and its evolution. Other mathematical modelling approaches have also 
been used to inform problems associated with site investigations, such as statistical modelling, artificial 
neural networks and fuzzy logic. However, these and other mathematical approaches are not considered 
further in this publication.

Regardless of the approach, there are seven key steps in a modelling process, as follows:

	— Precisely specify the problem to be solved and identify the objectives that need to be addressed by 
the model.

	— Establish a sufficiently detailed conceptual model of the physical system, as needed to address the 
problem.

	— Select an appropriate modelling method together with suitable hardware and software.
	— Collate and review all of the available data and other relevant information with which to parameterize 
and calibrate the model.

	— Set up the model framework, including the size of model domain, the processes to be modelled, 
dimensionality and the discretization. Parameterize the model, including calibration as necessary, 
and run the calculations.

	— Analyse the results to ensure they are reasonable and understood. Undertake further calculations, 
including sensitivity analysis, as required.

	— Present the results and associated interpretations.

These steps may be followed by model validation, if such validation is possible (see below).
It is important to note that the level of detail to be included in any modelling activity should be 

determined by the complexity of the problem to be addressed and the availability of data to support a 
suitably detailed representation of the system, as well as the ability of the modelling tool to deal with the 
challenge. In essence, a model should be as simple as possible, but no simpler.

In the field of numerical modelling, various methods exist, such as finite difference, finite element, 
and boundary element methods, as well as hybrid methods that combine approaches. All have advantages 
and limitations and may therefore be appropriate for use in certain applications, but not in others. The 
approximations inherent in numerical model calculations may be vanishingly small and therefore not of 
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any meaningful concern. However, when dealing with highly complex challenges involving significant 
time and length scales, and where computational resources do not permit high levels of temporal or spatial 
resolution, approximations may more significantly affect results and inferences. These approximations 
stem in large part from discretization issues in which small scale heterogeneities are not adequately 
represented, which leads to truncation or rounding errors in the mathematical representation of the 
underlying physics. They are but one source of numerical modelling uncertainty. Aside from contributions 
from parameter and conceptual model uncertainty, other sources of numerical model uncertainty include 
necessary simplifications and inaccuracies during model design and set‑up, as there will always be 
differences between a model and reality.

In general when dealing with a relatively complex issue, it is advisable to start the modelling 
process by creating coarse or highly simplified representations of the problem domain. This may initially 
be something as basic as very quick and informal analytical calculations. Such models not only provide 
a very rough estimate of the results one should expect from more detailed models, but they can also help 
to identify the critical aspects of the system that would need to be rigorously addressed when setting up 
a more detailed model, compared to those aspects that would have less impact on results (essentially an 
initial sensitivity study). In some cases, the use of a numerical model may not be justified, due to the lack 
of data or conceptual understanding. Here, any use of a numerical model would likely give ambiguous 
(at best) or misleading results. In other cases, the results from numerical models may be uncritically 
considered as accurate, when they may simply reflect the maxim ‘rubbish in, rubbish out,’ which means 
that the quality of the output depends on the quality of the input. Numerical instability can occur in a 
model when inappropriate time steps are used or the grid spacing is out of balance. There is also always 
the challenge that a software tool has been used by inexperienced practitioners without any technical 
knowledge of the application. In every modelling study, the personnel charged with the task of developing 
a model should clearly understand the underpinning physics and chemistry that direct simulations, the 
essential mathematical formulations used, and the importance of ensuring that boundary conditions, 
initialization and other aspects of parameterization are carried out appropriately and are documented. 
RWMO managers and users of information derived from numerical modelling studies should be aware 
of these potential issues and take them into account when assessing confidence in interpretations derived 
from numerical models and how they are to be used in decision making.

Despite such concerns, when properly constructed and used appropriately, numerical models find 
valuable applications in a wide range of science and engineering areas. This is due to their ability to 
deal with vast amounts of input data, complex geometries, variable boundary conditions and significant 
heterogeneities within a system, as well as many non‑linearities that are present in coupled process 
interactions. In site investigations, numerical models are used extensively to support interpretations 
associated with geology, geophysics, hydrogeology, hydrochemistry and rock mechanics. In each field 
of application there are a wide range of commercial software programmes available, as well as numerous 
open source codes. Models are used to simulate groundwater and multiphase flow, radionuclide transport, 
rock deformation, long term climate variability, land uplift and erosion, glacier dynamics and ecosystem 
evolution, to name but a few areas relevant to site interpretations. The use of numerical models for 
simulations and optimization in these and other areas allows an RWMO to perform the following:

(i)	 Reproduce the observed state of the natural system and improve the understanding of current 
conditions at a site, including for situations where there are expected to be complex coupled processes 
of interest in the subsurface;

(ii)	 Design laboratory and field experiments and analyse the resulting data;
(iii)	 Make projections based on alternative scenarios about the future performance of a proposed 

repository system over extended time periods;
(iv)	 Assess parametric and conceptual uncertainties in these projections (the above points are modified 

from information in Ref. [93]);
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(v)	 Support decision making and aid the development of safety assessment models by identify key 
processes relevant to radionuclide migration, establishing boundary conditions and providing 
derived parameter values.

As an example of how the above aims may be achieved, consider the use of hydrogeological 
numerical models in support of site interpretation. Hydrogeological models are concerned with 
groundwater flow, and hydrogeological modelling is an area of application common to almost all site 
investigation projects. Interpretations typically progress from generic models based on very limited 
data, to relatively complex models of a system supported by a considerable database of site specific 
information. Given an appropriate modelling tool and input parameters, it is possible to construct 1‑D, 
2‑D and 3‑D models for steady‑state and transient conditions. Many groundwater flow modelling codes 
are available, and several are able to incorporate solute transport processes.

Groundwater flow and solute transport models need to be able to simulate groundwater movement 
based on the equations for the flow of water through a porous or fractured medium, or a combination 
of the two. Groundwater velocity in an impermeable potential repository host rock is sufficiently low 
so that flow can be described by Darcy’s law, where the bulk flow is proportional to the gradient of the 
driving force. This force arises from a combination of pressure gradients and density differences. Salt 
and other dissolved solids, as well as temperature, affect the density of a fluid and, where present, are to 
be taken into account in setting up the model. Further equations govern the transport of dissolved solids 
and heat. These transport‑relevant equations are coupled to the equation for groundwater flow through 
the fluid density. This is appropriate because, as noted, density differences give rise to flows, which in 
turn lead to a redistribution of the concentration or temperature fields. Dispersion is often represented 
by a velocity‑dependent diffusion coefficient. The transport of solutes (or heat) in groundwater is thus 
described by an advection–dispersion equation (see Ref. [58] for its derivation).

In a fractured rock, the properties of individual fractures and their connectivity control the overall 
properties of the flow system. Several algorithms have been developed to calculate groundwater flow 
and solute transport through the fracture network. It is not generally possible to specify the detail of 
each fracture with regard to its length and width, location and orientation, so a stochastic approach is 
typically used in which realizations of the fracture network are generated, each of which exhibits the same 
statistical properties as the measured fracture network. Typically, the fractures will be categorized into a 
number of distinct fracture sets, each of which has a characteristic frequency distribution of orientation, 
fracture length and hydraulic properties. These properties are then described using simple mathematical 
distributions which are randomly sampled to generate simulations of the fracture network. Often, in the 
absence of more detailed data, the fractures are uniformly distributed in space. Enough fractures are 
generated so that the simulated fracture network has the same fracture frequency along appropriately 
oriented sample lines as the physical fracture frequency (i.e. as seen in a field setting, geophysical wireline 
images, physical core logs or otherwise inferred). More sophisticated fracture generation schemes can 
produce clustered fracture distributions or other structures where these are needed. Modelling studies 
generally assume that the same fracture statistics apply across large volumes of the fractured rock, but this 
need not be the case. Once the fracture network has been generated, fracture intersections are calculated, 
and the system is discretized, ready for use in flow and transport calculations (see also Section 7.2.1).
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It is important for hydrogeological models to be able to deal with different types of boundary 
condition, including conditions of specified groundwater pressure and concentration (e.g.  to represent 
onshore and seabed boundaries), no‑flow boundaries, and boundaries crossed by a specified flux of 
water or solute. Selecting an appropriate set of boundary conditions for a fracture network model can be 
particularly difficult. One solution is to simulate a larger volume than the volume of direct interest and 
by doing so impose boundary conditions sufficiently far away from the volume of interest internal to the 
model. Alternatively, the larger volume model (e.g. regional scale) can be used to generate representative 
boundary conditions for a smaller scale nested model.

The above discussion summarized a general modelling approach in the context of hydrogeological 
investigations and interpretations. Similar descriptions could be provided for numerical modelling applied 
to hydrochemistry, rock mechanics or elsewhere. However, in the interest of brevity the reader is advised 
to consult with experts or the literature if such information is required.

Once a numerical model has been set up to address a well defined problem with specific objectives, 
it can be used to generate initial solutions (estimates). These may then be improved by comparing 
preliminary outputs with measured site parameters that have not been previously used in the model’s 
construction. For example, a simple time varying hydrogeological model might produce estimates of 
groundwater head fluctuations over a year at a particular location where there is a monitoring instrument 
in place. The modelled time series estimates can then be compared against the monitored data. Where 
there is a mismatch, the modeller should first seek to understand possible reasons for the difference. 
Then, and because measurement observations depend strongly on the specific properties local to the 
measurement locations, the modeller should fine‑tune model parameters that relate to those local 
properties so that updated model estimates better match the measured time series observations from the 
field. This history matching is a brief and simplified explanation of the process of model calibration, 
which is a component of model development, rather than an end point in which results are produced 
for a specific application (Fig. 44). There may be several stages involved in model calibration, allowing 
for models to be progressively refined until there is sufficient confidence in the ability of the model to 
represent adequately either the system or some part of it. In this manner, the use of calibrated models not 
only significantly improves confidence in the understanding of a site, but also provides confidence in any 
model output that might be used in the form of future projections for which the term ‘predictions’ are 
inappropriate, because they can never be proven.38

Some models may be tested through the process of validation. Unlike calibration, where model 
estimates are compared to parameter values unrelated to the population of the model in order to make 
corrections prior to final outputs, validation requires predictions to be made (i.e.  they are a result with 
which there is some associated confidence). These predictions are then compared with independent 
measurements that have not been used to set up the initial model or for calibration, and the goodness of 
fit says something about the accuracy of the model. To aid model validation, specially commissioned 
tests and experiments might be used to provide additional data in the form of a disturbance independent 
from those parameters used to initially populate a model. Ideally, validation would involve blind testing, 
whereby the modeller has no early access to the data with which the model will be validated [94]. The 
predictions would then be compared with observations. In order to achieve satisfactory model validation, 
the predictions should fall within an envelope of acceptable results established before checking the results 
against observations.

As an example, a model that generates predictions of groundwater inflow locations and fluxes might 
be made in advance of tunnelling associated with the construction of an underground disposal facility. For 
this type of situation, proposals regarding which models are to be tested, the actual predictions and the 
evaluation criteria that are to be used for testing the models should all be published in advance.

38	 It is recommended that the term prediction not be used when there is no possibility to observe and analyse outcomes. 
In such situations, where future outcomes may never be known due to long timescales, for example, the terms projection or 
expectation would be more appropriate (also see footnote 39).
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Because validation requires predictions to be made and checked, this can only be achieved where 
it will be possible to observe actual outcomes.39 Therefore, for models that are generated to inform 
about possible outcomes under hypothetical conditions in the far future, as expected from safety 
assessment models, for example, a projection based on a scenario comprising a specified set of input 
conditions and assumptions is made, but validation is not strictly possible. However, the same modelling 
environment might be validated where a prediction relates to a condition that can be observed today 
and where the starting point for the model was at some time in the past. This was the approach used 
by Nirex for simulating the dynamics of density‑driven saline groundwater movement at the Sellafield 
site in the UK [95]. It does not validate a model for its application in regards to a future scenario, but if 
one presupposes the natural conditions that pertained in the past will continue into the future, with any 
necessary adjustments for human impacts and altered natural conditions, then this would suggest a degree 
of confidence in the ability of the model to simulate reality.

One final aspect to be aware of in relation to numerical modelling concerns the role of sensitivity 
studies. These studies are undertaken to investigate which parameters used to populate a model impact 
significantly on model results, why and to what degree. As such, they may be used to better calibrate a 
model or to investigate the nature of key uncertainties associated with data and conceptualization. This is 
accomplished by varying input parameter values in a systematic and structured manner and rerunning the 
simulations, so the impact of varying each set of parameters can be assessed. The change in a parameter 
value should be within the range of realistic values that exist for that parameter, such as derived from a 
frequency distribution of field measurements. These variations would not be chosen randomly, but would 
be selected methodically, typically using fixed increments. Manual sensitivity analysis can be extremely 
laborious, but many software programmes are now able to undertake an automated investigation. The 
results of a sensitivity study should be analysed to consider whether they are consistent with expectations 
with respect to the underlying conceptual model. Where this is not the case, the modeller should investigate 
possible reasons for any discrepancies. Where a particular property (or set of properties) is found to have 
a large impact on results that have some significance (e.g. for safety or engineering designs), but there is 
a high degree of uncertainty associated with parameter values, this could indicate where additional effort 
would be beneficial to reduce the uncertainties associated with those data sets to have confidence in the 
results of the modelling. If, however, the uncertainty is small or irreducible, the sensitivity study could 
suggest that planning for remedial or mitigating actions might be appropriate.

39	 A prediction is defined as a statement about future events, quantities or circumstances that are expected to happen. 
Following this definition, the term prediction can only be applied when one is very confident about a result such that it is 
probable with a high degree of certainty. Furthermore, a prediction requires that it can later be checked for accuracy against 
the outcome, otherwise a prediction becomes no better than any other statement about the future. Predictions made as 
part of the numerical modelling of a system or system component at a site may be entirely appropriate, for example when 
evaluating anticipated groundwater inflow conditions into a tunnel still to be excavated. Compare this to a situation in 
which an outcome is considered possible, as opposed to probable, such as for an outcome in relation to long term climate 
change or radionuclide transport from a geological repository to the biosphere. In such circumstances the confidence in the 
likelihood of occurrence is less than for a prediction and therefore the term projection is preferable. Confidence in realizing 
an outcome is less than that associated with a prediction because the uncertainty associated with scenarios expands non-
linearly into the future. Therefore, it is accepted that any future conditions used to populate a model or generated during its 
simulations are unlikely to match the actual conditions that will exist at a site over the simulation timescale. Confidence 
reflects many factors, for example that certain assumptions may not be correct. Consequently, it is accepted that the results 
of climate models and a post-closure radionuclide migration safety assessment model are unlikely to be entirely accurate 
and, in any case, they will never be able to be proven during our lifetime. A projection is only one among many possible 
estimates of a plausible outcome rather than an exact prediction. A ‘preferred’ or ‘best estimate’ projection may be specified, 
supported by justification. Alternatively, the results of several simulations involving different scenarios may be combined to 
be presented as an envelope of plausible outcomes within which there is high confidence that the modelled event, quantity 
or circumstance would fall.
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7.4.	 INTEGRATION AND GEOSYNTHESIS

Integration is defined here as the process of synthesizing separate and distinct data sets and 
information, together with any understanding derived from their interpretation made prior to integration 
so that, in combination, they can be further analysed and interpreted in the context of the complete 
disposal system at a site. Thus, integration requires total system thinking, rather than considering data sets 
as simply discipline specific aspects of a site description or as discrete and separate component parts of 
a larger system. Integration is here considered, therefore, to combine all available data and information, 
within specific disciplines and also across them. The expected outcome is a documented self‑consistent, 
comprehensive and holistic understanding of the site and its evolution to be presented as a series of 
conceptual or SDMs, or as a total system descriptive model (Section 6.13). Note the integration of site 
data and information may potentially include inputs from generic research studies as required to confirm 
or augment site specific understanding.

Integration is termed ‘geosynthesis’ in some programmes (e.g. by Nagra in Switzerland, Andra in 
France and the Nuclear Waste Management Organization in Canada). The Nuclear Waste Management 
Organization has formally defined geosynthesis as “a geoscientific explanation of the overall understanding 
of site characteristics, attributes and evolution (past and future) as they relate to demonstrating long‑term 
deep geological repository performance and safety” [96]. This definition emphasizes that holistic 
interpretation and integration are not just concerned with the natural evolution of the site to the present 
day, but also that geosynthesis incorporates an assessment of potential disturbances induced by repository 
construction, operation and closure, including a geologically rational assessment of the long term future 
evolution of the site that includes these and other anthropogenic disturbances, as well as the impacts of 
natural driving forces.

Integration is a vitally important aspect of the interpretation of a site, because the natural system 
is interconnected on multiple scales and through the interactions of multiple processes. Consequently, it 
is essential to allow for the potential for coupled processes to influence decisions when considering the 
post‑closure safety of a site, or the optimization of repository design elements.

It can be appreciated that personnel charged with the task of integration need to consider the 
interpretive effort associated with individual activities and disciplines, for which being familiar with 
the underlying data acquired in the field and its contextual setting is important. The mechanism for 
integration is best accomplished by setting up a specially convened group of leading experts from the 
range of disciplines represented within a site investigation project. This group should meet regularly to 
provide updates on developments in their own fields and to undertake the task of integration.

An interaction matrix has been one tool that has been used very successfully to illustrate 
potential feedbacks and relationships at a conceptual level. Originally developed for use as part of a 
rock engineering systems approach [97], this tool links FEPs to assess the significance of interactions, 
either qualitatively or through the use of process models. The resulting insight can then be used to 
generate plausible scenarios and help populate safety assessment models [98]. Because the tool is able to 
discriminate at some level between safety relevant and/or repository design relevant FEPs, as opposed to 
those that have little impact, the tool is highly useful for focusing effort. An interaction matrix comprises 
a ‘leading diagonal’ of variables or subjects that are interlinked by off‑diagonal processes or events and 
these populate the rest of the matrix (Fig. 45). The subjects of the leading diagonal might be physical 
domains (e.g. the near field, the geosphere and the biosphere) or attributes of a system that drive process 
interactions (e.g. rock stress, groundwater flow and fracture network properties).

In addition to generating interaction matrices, the group tasked with integration should be 
involved with generating conceptual models and SDMs that are approved for use. These are discussed 
in Section 6.13.

Figure  45 shows how the interaction matrix is used to support integrated interpretations and 
conceptual model development and for focusing future site investigation activities on aspects of a site 
system that have a potentially significant impact on safety or repository design. Note the off‑diagonal 
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boxes link leading diagonal boxes using a clockwise convention and these record the inferred strength 
of interactions.

7.5.	 CONCEPTUAL MODEL AND SITE DESCRIPTIVE MODEL DEVELOPMENT

Conceptual models and SDMs are two related but different instruments intended to succinctly 
integrate, capture and communicate site understanding. Although they are related to each other, they are 
considered distinct but complementary, as evidenced by their use by leading RWMOs.

7.5.1.	 Conceptual modelling

A conceptual model is defined as a brief, clear and unambiguous description of the key features 
and processes operating within a specified system. It provides a simplified, synoptic representation of 
reality intended to aid in the development of mathematical models and communicate an understanding 
of key concepts. It is essentially a framework based on justified simplifications of reality that summarize 
the understanding of the nature of a site (or other domain) at a particular time, in the sense of when the 
conceptual model was created and also in relation to the period within which the model applies: either the 
present day, the past or in a hypothetical future. A conceptual model should define the volume of interest. 
It would seek to capture relevant and significant FEPs within that volume at various length scales. It 
would also specify the nature of the boundaries encompassing the volume. The scope of a conceptual 
model and the level of complexity associated with it should be determined by the use to be made of that 
model, which itself should reflect a graded approach.

A conceptual model should be based upon observations, data and expert judgement and it may 
comprise words, illustrations, quantitative data and symbols. Any diagrammatic representation of a 
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conceptual model should be accompanied by text that clearly states the assumptions that underpin the 
model, as well as the provenance of the data and information used in its generation. Figure  46 is an 
example of an illustration associated with the conceptual model of the Yucca Mountain site in the USA, 
developed during the course of those investigations [99].

While some conceptual models may attempt to describe the nature of all relevant features and 
processes in a given system, others may be used to focus on particular aspects relating to specific 
processes (or groups of processes defined by a discipline) or for spatially discrete subdomains within a 
system. Such models can be used to describe, for example, geological, hydrogeological or hydrochemical 
conditions, and behaviours at a site (Fig.  47). Detailed conceptual models may also be generated to 
especially illustrate specific features and processes associated with radionuclide transport and the impacts 
of thermal effects.

A conceptual model is typically generated as a result of the consensus opinion of an expert group, 
taking into account all of the available information and using all of the experience of the group members. 
In establishing a conceptual model, this group should take into account the uncertainties associated with 
the values of the parameters that are used to inform the conceptual model, as well as the uncertainty 
in effective properties that might have been derived during upscaling, if these were used to inform 
conceptual model development. These effective properties will themselves be uncertain because of the 
uncertainty in the underlying parameters and simplifications inherent in the upscaling method. Because 
such uncertainties will always exist, there may be more than one concept that aligns with the available 
information. Where this occurs, and where differences between alternative models have a potentially 
significant impact on post‑closure safety or repository design, equally plausible alternative concepts 
should be carried forward in parallel until more data become available to differentiate between them and 
in turn exclude them from further consideration.

In addition to parameter uncertainty, it is important to recognize that the development of any 
conceptual model will itself generate further uncertainty. This is because a considerable amount of 
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subjective input will be required in the form of expert judgement, even when there is a high degree 
of consensus and where there are multiple lines of evidence in support of an inference. Consequently, 
and because a conceptual model only reflects a hypothesis about the nature of the site (something that 
can never be absolutely proven), there is an opportunity to specify parameters and processes for which 
further data acquisition should be given priority in later stages of site investigation. It is noteworthy that 
conceptual uncertainty may be the single biggest factor impacting an evaluation of the safety of a site. For 
this reason, considerable effort should be expended to reduce conceptual uncertainty wherever possible.

As additional data are collected, analysed and interpreted, site understanding evolves and not only 
is the range of valid conceptual models expected to decrease, but the confidence in remaining conceptual 
models should become greater. Note, however, that it is to be expected that during site investigations, 
unforeseen results will arise that may cause periodic setbacks in understanding. These results are then to 
be investigated and resolved if they potentially impact safety.

Although there may be several equally justified conceptual models of a site at any one time, it is 
reasonable for experts to select a preferred model, especially during the early stages of an investigation. 
However, there is always a risk that such a preferred model would become the de facto accepted model, to 
the exclusion of consideration of all other models.

Once a conceptual model (or series of conceptual models) has been established and approved for 
use, it can be used as the basis for constructing numerical models of the site and for informing safety 
assessment studies, as well as for communicating site system understanding to stakeholders. Conceptual 
models are a prerequisite for numerical modelling, while enhanced conceptual models may be an outcome 
of numerical models that generate additional understanding.

7.5.2.	 Site descriptive modelling

Another representation of site understanding is an SDM. According to SKB, the originators of the 
idea [101], an SDM is an integrated multidisciplinary description of a site and its regional environment 
with respect to the current state and naturally ongoing processes. The modelling strategy to develop an 
SDM involves an evaluation of primary data that has undergone interpretation and integration, as well 
as quantitative modelling in 3‑D and an overall confidence evaluation. Such numerical modelling does 
not include projections (simulations describing possible future conditions) or predictions, thus an SDM 
applies only to site conditions and behaviour on the present day. For SKB, the disciplines that contribute 
to the system‑wide SDM are:

	— Thermal;
	— Rock mechanics;
	— Hydrology and hydrogeology;
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FIG. 47. Illustration supporting a hydrochemical conceptual model of the Sellafield site in the UK [100] (reproduced 
courtesy of NWS).



	— Hydrogeochemistry;
	— Transport properties; 
	— Ecosystems.

The selection of parameters for use in SDMs and the geometrical framework adopted are based 
on an underlying conceptual model, one that is populated by primary data. This data and any derived 
data contributing to the SDM are first evaluated within each discipline and then the evaluations are 
cross‑checked between disciplines to ensure consistency and completeness. It is the individual discipline 
based models that, when combined, define the total system SDM. The use by SKB of an SDM can thus be 
taken to represent the total site system based on integrated interpretations that describes the geometry and 
properties of the bedrock, groundwater system and surface environment, and the interacting processes and 
mechanisms that are relevant for understanding the evolution of the site to the present day. All individual 
contributing models and the overall model undergo uncertainty evaluations and confidence assessments 
and the entire process is documented. The six discipline based descriptive models and the total system 
SDM are used as an input to the preparation of a performance assessment and engineering designs for the 
facility at the site.

In SKB’s use, SDMs are distinct from conceptual models mainly as their production involves the 
explicit generation and calibration of supporting numerical models that aid description. Also, conceptual 
models may incorporate future representations of FEPs and their interactions, whereas an SDM is 
confined entirely to a description of site conditions today.

There are several components to be included in the preparation of a descriptive model, including:

	— Definition of the volume to be represented;
	— Geometric units defined so that spatial variability can be adequately represented;
	— Parameter values and/or statistical distributions assigned to each of the geometric units.

An example of the strategy used for developing a geological SDM is provided by SKB in Ref. [102] 
and an illustration of an SDM developed by NUMO in Japan is provided in Fig. 48. Note that in Japan, 
host rock or site has been selected to date, but a generic safety case methodology adopting an SDM based 
approach has been developed [103].

7.6.	 CONCLUDING COMMENTS

The preceding discussion focused on data interpretation and integration activities and the uses 
that can be made of the resulting information. These activities use various methods to better understand 
present day conditions at a site and also to provide information about its geological evolution over a 
timescale that is relevant for safety assessments. Annex IV provides a case study from Sandia National 
Laboratories (USA) illustrating the relationship between site characterization data and their use in 
performance assessment modelling.

Interpretation and integration would be ongoing throughout site investigation until its conclusion 
(which would typically extend beyond siting). Numerical models are an important tool to aid 
interpretations and are likely to be used to simulate site conditions, as well as to resolve outstanding issues 
of relevance and importance to site understanding. Conceptual models are a prerequisite for numerical 
modelling and also one of the results of enhanced understanding derived from the interpretation of such 
models. Other results from interpretation efforts would inform the planning of further data acquisition 
activities, including those involving tests and experiments. At various stages, there would be planned data 
freezes established within the programme so that site data and integrated interpretations in the form of 
conceptual models and SDMs could be fed as a package to the end users.
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The main data sets of primary and processed site data to be provided directly from data acquisition 
activities were summarized at the conclusion of Section 6. The key deliverables arising from interpretation 
and integration activities are specified as follows:

	— A comprehensive database of secondary (derived) site wide and regional parameter values and 
information obtained during various stages of interpretation, including from interpretive numerical 
modelling. These data and information would be accompanied by commentary regarding their 
derivation and the confidence associated with them. This would take account of uncertain input 
parameters, numerical modelling uncertainties and alternative conceptualizations of local processes, 
including the impact of coupled processes and the system as a whole. Supplementary contextual 
information, such as reports describing the interpretation process and the tools employed, as well as 
results and conclusions, would also be provided. Results from numerical models might also include 
a temporal dimension to illustrate the evolution of the site and its environs to the present time.

	— A series of conceptual models presented at various length scales and possibly for different time 
periods, intended to briefly but clearly illustrate and document the interpreted relationship between 
the key FEPs over the domain of interest and over the timescale of interest. These might be equally 
plausible alternative models, or they might be a series of discrete conceptual models representing 
particular aspects of a site, such as the groundwater flow system, the hydrogeochemical distribution 
of groundwater bodies or the geological framework. A unifying total system conceptual model might 
also be provided to assist understanding. The conceptual model would comprise text supported by 
illustrations and numbers as necessary.

	— A series of SDMs provided as a series of discipline based site descriptions, all of which would be 
synthesized into an integrated SDM for the whole site. The descriptive model would also include 
information concerning the site’s regional setting and how this impacts local FEPs. The geology 
would provide the framework for all other models. The descriptions associated with an SDM would 
include the geometry of system components, populated by properties. These would comprehensively 
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courtesy of NUMO).



describe the site at the present day and they would include the results of any numerical modelling 
undertaken to better understand the site and its evolution to date.

8.  WHEN TO CONCLUDE SITE INVESTIGATIONS

8.1.	 INTRODUCTION

Throughout the site investigation project for radioactive waste disposal, a key challenge is to 
address all requirements in an efficient manner, iteratively informing decisions concerning site selection 
and site suitability as a programme progresses towards the implementation of a safe, effective and 
accepted disposal facility — noting that complexity and the number of requirements may increase as the 
project evolves and as it calls for a more robust basis to assess safety and feasibility. A closely linked and 
equally challenging aspect of a site investigation project is knowing when it is acceptable to conclude 
data acquisition and interpretation activities at the various stages of a siting process. In other words, what 
criteria can be used to establish when there are enough data and information available to justify a decision 
to either (i) conclude a stage of investigations undertaken as part of a screening process moving from 
many sites to one or a few; (ii) move from surface based investigations at a site to a phase of detailed 
underground characterization; or (iii) complete field and laboratory studies in advance of the submission 
of an application for regulatory approval to begin repository construction. At each of these milestone 
events, there will be a need to freeze site investigation database inputs and report the current status of data 
and interpretations.

A decision to complete site investigations, to narrow the range of potential sites during a screening 
stage in the siting process, may be entirely within the control of the RWMO. Alternatively, the decision 
making responsibility might rest with an outside agency or committee, typically nominated by national 
government. Decisions about siting should be made by the responsible entity within the framework of a 
defined and accepted decision making process established during the planning phase of the repository 
development programme. In advance of a decision to conclude investigation at a site during site screening, 
the basis for either discarding a site, collecting further data to support a decision or advancing a site to 
the next stage of the siting process should already have been set out, reflecting the social, environmental 
and technical attributes required of a site and the application of exclusionary, avoidance and preferential 
criteria. Deliberations and judgements would be based on a comparative assessment of each site, taking 
into account whether the data and understanding available is sufficient to meet specified requirements 
and of sufficient quality to adequately inform decision makers. More frequently, deliberations are being 
supported by the use of tools such as GIS and multiattribute decision analysis algorithms. Where site 
conditions indicate exclusionary criteria are not applicable, several sites may have to be evaluated against 
one another and it will be important to recognize that much uncertainty will likely remain concerning 
the characteristics of a site. However, during the screening process, the degree of uncertainty associated 
with a site should be balanced against a need to rationally assess preferences between sites on the 
basis of existing data and understanding. Also, depending on the openness of the process and national 
circumstances, the degree to which stakeholder participation is involved would also be an important 
factor during screening, such as community veto rights. Other aspects might also come into the decision 
making process including cost considerations and funding availability and other practical constraints such 
as the need to maintain momentum within a programme and limitations on access or planning rights. 
For those sites taken forward to the next stage of a siting process, investigations would resume at the 
earliest opportunity.
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The basis for a decision to move from entirely surface based investigations at a site towards 
additional work carried out underground might be more difficult to assess objectively unless specific 
criteria have been defined in advance. Ultimately though, the decision would reflect the sufficiency of 
existing data and information in relation to the costs and anticipated benefits associated with investigating 
underground. Even in the face of a high degree of uncertainty, to merit going underground there would 
have to be a reasonably high level of confidence in the prospective performance of a site and its potential 
suitability to host a repository, given the significant direct and ongoing costs likely to be incurred in 
constructing and maintaining underground structures intended to further characterize the rock mass. 
Another consideration is that investigation underground would very likely require planning permission 
from the local authority and also environmental permits. Obtaining these would not be trivial. Whether or 
not the regulatory authority responsible for the authorization of activities related to radiological protection 
or nuclear installations would also become involved at this stage would likely depend on a number of 
factors including, for example, whether the underground investigation is to be carried out in a facility 
intended to be the first phase of a repository development (should the investigations demonstrate site 
suitability) or if it is to be a stand‑alone facility independent of the repository, should one be constructed 
later. Also, the type of radiological/nuclear authority licensing permit being applied for would reflect 
whether in situ experiments involving the use of radionuclides in the subsurface environment are required 
to be carried out. Clearly, regulatory requirements will vary depending on national circumstances.

A decision to conclude the detailed site characterization phase, the last stage of a siting process, would 
be directly linked to an internal decision within the RWMO. This would reflect an overall assessment 
of site suitability and confidence in there being a good prospect for the regulatory authority granting a 
repository construction licence. The degree of political and public support could also be a contributing 
factor. The submission of a request for a construction licence would logically follow sometime after the 
final phase of site investigation inputs had been made available to the internal end users of site data 
and information. Consequently, in theory, there might be a significant lag between the conclusion of site 
investigation activities and the conclusion of safety assessment and design studies providing inputs into 
the safety case.

Note that it would be prudent for the RWMO to ensure contingency planning allows for the easy 
resumption of comprehensive site investigations, should a construction licence not be immediately 
forthcoming because of unresolved uncertainties, if the regulatory authorities were to approve this step, 
rather than rejecting a site entirely. Such conditional approval to resume investigations might be provided 
on the basis that a site continues to hold promise, but further data and understanding are required to 
strengthen arguments and build further confidence.

It is also noteworthy to mention it would be expected that repository development programmes 
would likely have certain site investigation activities continue beyond any data freeze established prior 
to a submission for a construction licence. The data and understanding derived from these activities 
would be required for additional licences to be applied for at a later date, such as for waste emplacement 
and closure.40 As an example, continued environmental monitoring would be required to supplement 
a baseline description of the site and additional data would usefully be collected to further refine and 
validate models.

There are several criteria and approaches that could be used to inform the decision to conclude 
the main phase of site investigations and apply for a repository construction licence, as discussed in the 
sections that follow.

40	 It is important to recognize the significance of a graded approach. For some repository development programmes 
involving small volumes of radioactive waste posing a low hazard, it may be appropriate for a regulatory authority to issue a 
single licence to authorize repository construction, operations and closure. This might be the case in Member States requiring 
disposal of Category 4 and 5 DSRS, for example. In such cases there may be no justification for further environmental 
monitoring or site investigation data.
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8.2.	 DEMONSTRATING THAT REQUIREMENTS HAVE BEEN MET

The simplest approach to support a decision to conclude the site investigations in support of a 
construction licence involves a simple audit, checking that sufficient data and information of appropriate 
quality in terms of accuracy, precision and representativity, have been collected to address the requirements 
defined at the start of the project or as amended during ongoing site investigations.

Based on good practices in Member States with advanced capabilities and significant experience in 
site investigations for disposal facilities, the requirements that drive the investigations can be specified in 
a number of ways and at various levels of detail. Section 3 sets out two examples as to how requirements 
might be organized at a high level. Firstly, on the basis of end user needs (e.g. for meeting international 
obligations, regulatory requirements or for use within the RWMO by addressing the needs of the internal 
customers involved in safety assessment, repository design and EIAs) and, secondly, on the basis of the 
work to be undertaken in specific disciplines. Such high level requirements categorizations can be split 
into lower level more detailed requirements resulting in a hierarchy of requirements until the stage when 
a site investigation project plan can be defined at an appropriate level of detail (e.g. as described in the 
UK Case Study in Annex I). The project plan would establish the link between requirements and site 
activities, defining what data and information are to be collected and why, what methods will be used 
to collect the data and information, and where and when will they be collected. The plan would also set 
out the basis for subsequent data processing, interpretation and integration. It would be monitored and 
updated as the site investigations progress.

As suggested in Section 4, the use of SIFDs to represent the movement of data and information 
from their collection through to end use would be a very useful tool to support a demonstration that 
requirements have been met.

Even though data and information might be provided to the internal end users in sufficient quantities 
to address their needs, without providing a robust demonstration that the data and information is of 
sufficient quality and that the people, processes and tools involved in the investigations have operated in 
line with the RWMO’s management system, it cannot be demonstrated that the data and information are 
appropriate. Consequently, there should be continuous quality checking during the activities and adequate 
auditing after the activity and documentation to provide these assurances.

This approach to defining when a site investigation project can be concluded is essentially not much 
more than simply an audit addressing a checklist. However, the major benefit is that it is a relatively 
simple exercise and it is, in theory, easy to demonstrate compliance so long as the requirements have 
been predefined at a satisfactory level of detail at the outset of the project and as long as good records 
management has been maintained during the site investigations.

8.3.	 DEMONSTRATING SITE UNDERSTANDING HAS STABILIZED

At the start of a site investigation project, when there is a general lack of data and understanding, 
various hypotheses will exist to explain the nature of the observable features and the events and processes 
that may have occurred or are occurring at a site. These hypotheses can be captured in simple conceptual 
models of the site and of the wider region. The conceptual models might not be very detailed at this early 
stage, given the high degree of uncertainty and general lack of knowledge about a site. At the same time, 
many alternative conceptualizations might be possible for the same reasons.

As the site investigations proceed and more knowledge is gained about a site, the number of 
alternative conceptual models will likely reduce significantly until there is a much smaller number that are 
consistent with the data and information available at that stage. On the basis of feedback from internal end 
users, further investigations would be undertaken to increase the database of information and to address 
safety relevant or repository design relevant uncertainties and, in doing so, the conceptualization of the site 
would be further refined. At some stage, one can foresee that the collection and interpretation of further 
site data and information would have no discernible impact on the evolution of the conceptual models of a 
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site. In other words, the reduction in uncertainty associated with the identification of additional individual 
features, more parameter values and improved process understanding and such would not fundamentally 
alter site understanding for the geoscientists involved.

As long as any equally valid and stabilized conceptual models are supported by an adequate database 
of data and information to address predefined requirements, as discussed in Section 6.16, this approach 
to support decision making is at face value appealing as it appears to establish the level of confidence in 
scientific understanding that is required about a site, as judged by the Earth scientists involved in data 
acquisition and interpretation.

8.4.	 DEMONSTRATING CALCULATED DOSE IS INSENSITIVE TO ADDITIONAL DATA 
AND UNDERSTANDING

The third approach that might be used to support a decision to conclude site investigations involves 
explicit input from the end users, particularly those responsible for safety assessment modelling. Figure 49 
illustrates how overall uncertainty (and hence confidence associated with site understanding) will likely 
rise and fall over time, but in general will reduce as more data and information become available. As 
discussed in Sections 6.16 and 6.17, at some stage in the investigations the site database of property 
values and FEPs will contain sufficient data and information to satisfy a checklist based on predefined 
requirements, supplemented by one or a small number of equally valid conceptual models of the site. The 
safety assessment modellers will use this information, together with inputs on the waste characteristics, 
the repository design and any generic data and information as needed, to ultimately derive radiological 
dose and associated measures of risk for illustrative environmental conditions and representative groups 
and individuals that might be postulated to exist in the future. These dose and risk evaluations typically 
represent the central tendency of multiple realizations of radionuclide migration from the repository to the 
biosphere, based on probabilistic sampling of distributions of parameter values.

When the dose or risk limit or target is consistently being met within an acceptable margin, 
taking into account all of the known uncertainties associated with parameter values, modelling and 
future scenarios, it is reasonable to argue that incorporating further data and information into the safety 
assessment calculations will have no significant impact on the evaluation of the safety of the site and the 
overall disposal concept. The robustness of this conclusion could possibly be demonstrated by obtaining 
yet further new data and information but, at some point, a judgement would have to be made that the costs 
and effort associated with acquiring yet more data and information do not improve the confidence in the 
safety assessment of the site.

In the same manner, when feedback from the repository design engineers and those responsible for 
EIAs indicate they have sufficient suitable high quality data, then the site investigation phase leading to a 
regulatory submission for authorization to construct can justifiably be concluded.

This is a very powerful approach to use in decision making as it relates directly to the needs 
and judgement of the end users. However, while the use of dose and risk results might be considered 
a quantitative measure, there will always be a degree of subjectivity involved in the safety analysis. 
Therefore, it is to be emphasized that the results of a safety assessment, in terms of dose and risk, are not 
sufficient alone to make a case for the safety of a disposal facility. Consequently, the approach proposed 
here cannot be used in isolation; other approaches are necessary to provide additional confidence and 
argumentation about the suitability of a site.

8.5.	 SATISFYING ADDITIONAL STAKEHOLDER EXPECTATIONS

The fourth approach that might be adopted to indicate when site investigations can be concluded 
requires that the needs and expectations of other stakeholders are met (i.e. stakeholders other than safety 
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assessment, repository design and environmental impact personnel). These stakeholders would include 
the regulatory authorities and the general public.

It can be recalled from Section 3.5, that the various factors that might promote confidence in the site 
investigations and in the overall safety case were suggested to relate to internal factors within the control 
of an RWMO and external factors, reflecting the role of the regulator(s), the government, the overall 
decision making process and precedent set by good practices elsewhere. The internal factors influencing 
stakeholder confidence are dominated by an individual’s evaluation of the safety of the concept, possibly 
guided by results from the safety assessment, and also trust in the RWMO based on its credibility and 
past behaviours, as well as the people, tools, processes, data and information used in support of the safety 
case (Fig. 10).

When there is: (a) a reasonable expectation that external stakeholders consider the RWMO to be 
trustworthy and credible, based on a culture of honesty, openness and transparency; and (b) when it is 
possible to demonstrate site understanding beyond that strictly necessary for the post‑closure safety 
assessment, repository design requirements and EIA, in line with external stakeholder expectations 
and needs, then it is reasonable to believe stakeholders would have confidence in the technical work 
undertaken on the site investigations and the resulting conclusions. It can be readily appreciated that 
a judgement about trust in the RWMO and sufficiency of site understanding will be almost entirely 
subjective, but could be informed by carefully monitoring and recording interactions with all stakeholders, 
ensuring queries and concerns are addressed at an early stage and to the satisfaction of the stakeholders.

8.6.	 CONCLUDING COMMENTS

In addition to the discussion about when site investigations during screening should be suspended, 
or when the site investigations should advance to a stage of underground characterization, four approaches 
have been provided above, illustrating the different justifications that might be used to determine when 
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FIG.  49. Fluctuation in the overall degree of uncertainty associated with the site investigations over time (adapted, 
courtesy of NWS).



site investigations in support of a repository construction licence application can be concluded. They 
are as follows:

	— Demonstrating predefined requirements have been met (an audit approach);
	— Demonstrating site understanding has stabilized (an approach largely based on the judgement of the 
data providers (i.e. the site investigation personnel));

	— Demonstrating radiological dose and risk are insensitive to additional data and understanding (an 
approach that takes into account feedback from the safety assessment end users, but also from 
repository design engineers and EIA personnel);

	— Satisfying additional stakeholder requirements that might be expected to be met by the RWMO 
(an approach that seeks to enhance the confidence that external stakeholders would have in the site 
investigations and the wider safety case).

In addition to these approaches, it is clearly the case that a site investigation project can only 
be considered to be concluded when all of the administrative responsibilities have been completed, 
such as formally compiling, reviewing and reporting the data and information obtained from the site 
investigation activities.

It is very important to be aware that the four approaches are not mutually exclusive. In fact, 
it is recommended that all four approaches be used in parallel to support a decision to conclude site 
investigations at the end of the detailed site characterization phase. Because regulator and other stakeholder 
behaviours cannot be predicted, and due to the degree of subjectivity involved in all four approaches, 
there will always be a risk that site investigations have been concluded too early. This should be 
recognized by the RWMO and dealt with as part of the project risk management approach. Consequently, 
opportunities to avoid this risk should be actively exploited and mitigating and contingency actions 
should be established so they can be enacted should the risk arise. This might mean being adaptable and 
able to re‑establish the investigation project at short notice, should it prove necessary. Having highlighted 
this risk, it is considered appropriate to emphasize the need for the sensible application of a graded 
approach to the site investigation efforts. Ultimately, it is the judgement of the regulator, through granting 
an approval to construct a repository (or not), that demonstrates whether the effort expended on‑site 
investigation is sufficient.

9.  CONCLUSIONS

The discussion, guidance and examples provided in this publication are intended to illustrate 
many of the most common management considerations and challenges encountered when planning and 
implementing a site investigation project for a radioactive waste disposal facility. They are based on 
experiences derived from a number of site investigation projects undertaken since about 1990 and they 
represent input from a number of RWMOs around the world. The case studies in the Annexes provide 
good examples of more focused good practice in several areas relevant to a site investigation project.

Each Member State will have its own radioactive waste inventory for disposal and every repository 
development programme will be unique in terms of the geological settings available to host a repository, 
as well as legislation and regulatory requirements, stakeholder acceptance, the resources available and the 
range of disposal concept options available. Taking all of this into account, an RWMO and the relevant 
regulatory authorities responsible for licensing in a Member State are advised to very carefully consider 
the application of a graded approach to the site investigation effort and the nature of the demonstration 
of safety that will be required from a site [20]. Furthermore, because the disposal of radioactive waste is 
a national challenge, constructive and regular communications between the RWMO and the regulatory 
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authorities is highly recommended to be established early on and maintained over the duration of the 
repository development programme.

The ultimate goal of site investigations during the siting process is to identify a suitable site for 
a disposal facility and to acquire the necessary authorizations for construction and disposal operations. 
The paramount concern during site investigations is to ensure the health and safety of workers and the 
public and to minimize adverse environmental impacts, but also to ensure the protection of people and 
the environment in the future, after repository closure. In order to achieve this, the RWMO will need to 
develop and implement an appropriate safety culture for all those involved in the site investigation project.

In planning a site investigation study, a very high priority should be assigned to defining data and 
information needs. Emphasis is to be placed on establishing clear relationships between:

	— The information needed;
	— The uses to be made of the information;
	— The methods to be used to obtain the information;
	— The timing of activities to address the information needs.

As a result, a site investigation project plan will be required that acknowledges a hierarchy of 
requirements established by different stakeholders and how those needs will be addressed. This is termed 
a requirements driven approach. Within a RWMO there are three key end users of the data and information 
to be obtained from a prospective repository site. These comprise safety assessment modellers, repository 
design engineers and those responsible for the EIA. The ultimate end users, though, are the regulatory 
authorities and wider stakeholder groups, including the public, who will judge the acceptability of any 
proposals. At the highest level, the requirements that are established will reflect international obligations 
and treaties, national policy and strategy, legislation and regulatory needs, and disposal system 
requirements. These will drive the types of data and information required from the site investigations, as 
well as the quality and confidence associated with them.

Comprehensive and detailed strategic planning in advance of the investigation to be undertaken 
at a site is essential so events do not drive the project and to ensure the effective use of resources. The 
planning of the site investigations should reflect a stepwise implementation approach, with clear decision 
points identified in advance, together with clear criteria for decision making. Experience indicates a 
comprehensive project risk management strategy should be established as a priority and the identified 
risks should be regularly reviewed to avoid, reduce or mitigate the various challenges that might arise on 
the basis of likelihood and potential impacts.

It can be appreciated that because the planning and implementation of a site investigation project 
requires a complicated mix of technical and traditional management experience and skills, it may be 
difficult to obtain all of the required services and personnel in a timely manner from a domestic market. 
Nevertheless, and regardless of the staffing model to be employed (e.g. full in‑house capability or mainly 
outsourcing), the RWMO’s task is to ensure there is a strong management team in place that possesses 
expertise and experience in all aspects of the investigations, such that it can effectively plan the work 
programme and manage the various specialist contractors that will be required.

Although not addressed in this report, the significance of stakeholder engagement and maintaining 
good relationships with all interested parties should not be forgotten, especially because siting is possibly 
the most contentious phase of a repository development programme.

The site investigation project should be designed as an integrated network of complementary 
activities that reinforce the overall understanding of a site, and work should be undertaken in parallel 
as far as is practicable. Critical activities that impact on other activities should be recognized and 
carefully managed.

Ensuring that a suitable and robust DMS is in place at the outset of a site investigation project 
is considered to be essential to accommodate the significant volumes of data and information that will 
rapidly be generated over the lifetime of a site investigation project. Experience indicates that this is 
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something that is very difficult to adequately achieve as the effort and degree of complexity to be managed 
is typically underestimated.

There should be established channels of communication between all of the personnel involved in the 
site investigations and also between the site investigation specialists and those from safety assessment, 
repository engineering and those responsible for the EIA. These end user teams would provide feedback 
to the site investigation personnel, identifying remaining uncertainties of safety or design relevance and 
where additional data and information are required. A site investigation project would, therefore, be 
carried out as a series of iterative loops, with the site understanding advancing progressively as refined 
hypotheses (in the form of conceptual models) are developed. These conceptual models are to be tested 
by updated predictions cross‑checked against further data collection and analysis.

Typically, an understanding of the natural environment increases with the effort expended over 
time. Initially, in the absence of significant data, understanding is low but tends to increase as more site 
specific data are collected. However, periodically it is typical that new data will be collected that are 
inconsistent with already established assumptions, hypotheses and conceptual models. Consequently, the 
understanding of one or more aspects of a site may fall and this can impact on the RWMO’s confidence in 
understanding, especially where there may be significant consequences for safety evaluations. However, 
rigorous examination of the reasons for any anomalous but valid data generally leads to a greater 
understanding of the site; hence, confidence is ultimately enhanced by these challenges. Several of these 
dips in understanding and associated data confidence should be expected during the lifetime of a site 
investigation project.

Drilling is often the single most expensive activity undertaken during a site investigation project. 
This is a highly specialist technical area and when considering alternative borehole designs, drilling 
methods and drilling fluids, appropriate advice should be sought from well‑qualified and experienced 
experts in the field. As a general principle, whichever drilling technique is selected, it has to ensure that 
the data being sought is collected with an acceptable degree of QA. Any technique employed should be 
safe, proven and designed to minimize environmental derogation. For all site investigation activities, the 
RWMO should ensure that it remains in overall control of planning and implementation. This will require 
that it acts as an educated customer for the services it contracts out and that it has its own staff involved in 
managing the data acquisition activities as much as is possible.

Delays can be expensive and can frustrate end users. Experience suggests they are particularly 
prone to occur during the process of obtaining permits and licences, when awaiting laboratory results and 
due to bottlenecks in formal reporting. Delays and overruns can come about during the investigations as a 
result of inadequate contracts and adverse field conditions or surprises, such as an unexpected discovery 
about the site.

A decision to complete the siting stage of site investigations prior to an application for a repository 
construction licence should be undertaken on the basis of logical reasoning. Section 8 suggests four 
complementary approaches. The final reporting associated with the completion of investigations prior to 
construction would include not just the complete set of written reports arising from the site investigations 
(designs, factual, interpretive and integrated reports), but also a specific set of deliverables passed on from 
the site investigation personnel to the safety assessment, repository design and environmental impact 
teams. These deliverables would essentially comprise:

(i)	 A comprehensive database of site wide and regional parameter values and observations together with 
their associated uncertainty limits, confidence assessments and contextual metadata.

(ii)	 A series of conceptual and descriptive models presented at various length scales to illustrate and 
document the characteristics of a site and its evolution to date, as well as the relationships between the 
key FEPs over the domain of interest. These would be underpinned by robust analysis, interpretation 
and the integration of data and information from all relevant disciplines.
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The documentation associated with the reporting will be an important component of the safety 
case [20]. Thus, the QA procedures, DMSs and any other data and information that supports the safety 
case (e.g. that demonstrates wider site understanding and strengthens confidence) should also be reported.

The management of a site investigation project leading to the identification and confirmation of 
a site suitable for hosting a repository is essentially a research endeavour as it requires not only a site 
description, but also site understanding. Consequently, and depending on the scale and complexity of the 
investigations, there are bound to be unexpected discoveries and challenges involving the characteristics 
of the site, as well as the management of personnel, funding, equipment and timing. Many competing 
constraints and expectations will have to be managed and it will be imperative to ensure that the ongoing 
situation is constantly monitored in terms of the activities being carried out and in terms of the external 
environment and its potential to impact on the work. The project design and the people involved will 
require a robust and structured framework within which to operate, however. They will also have to be 
responsive to any changing conditions that might arise. To do so, they should employ good communication 
skills, flexibility and tact, as well as technical competence.
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Annex I 
 

THE DEVELOPMENT OF INFORMATION REQUIREMENTS FOR A 
SITE INVESTIGATION PROJECT — A CASE STUDY FROM THE UK

I–1.  CONTEXT

The UK has been accumulating higher activity radioactive wastes since the 1940s as a result of the 
civil nuclear, military and research programmes. This waste is held in safe and secure interim storage at a 
number of sites across the country.

In July 2006, the Committee on Radioactive Waste Management (known as CoRWM) recommended 
that geological disposal, coupled with safe and secure interim storage, was the best available approach 
for the long term management of the legacy of higher activity radioactive wastes in the UK. In October 
2006, the UK government and the devolved administrations of Scotland, Wales and Northern Ireland 
published a response to the committee’s recommendations, explaining that geological disposal, preceded 
by safe and secure interim storage, should be the means by which the higher activity radioactive waste is 
managed in the UK, long term.

The 2014 white paper “Implementing Geological Disposal” [I–1] updates an earlier 2008 white 
paper [I–2] and confirms that the UK government is committed to the policy of geological disposal. It 
continues to favour a siting process for a geological disposal facility (GDF) that is based on the willingness 
of local communities to participate.

Once a community comes forward with a potential area in which a facility could be hosted, this area 
will need to be investigated and characterized to such a degree that a decision can be made on its suitability. 
The ultimate objective of site characterization is to provide the information that is needed to assess site 
suitability and provide input into the facility design, safety case and environmental assessments. This 
assessment of suitability is to ensure all disposals are made in a way that protects the health of people and 
the integrity of the environment at the time of disposal and in the future.

The UK Nuclear Waste Services (NWS, formerly Radioactive Waste Management) is developing a 
needs‑driven site characterization programme in preparation for work to be undertaken during the siting 
process for a GDF. Establishing geoscientific information requirements will ensure that only information 
required for the development of the safety case, engineering design or environmental assessment is 
collected (i.e. the information gathering is needs‑driven and focused in relation to its end use). This will, 
in turn, ensure timely delivery and efficient use of funds.

The information requirements will form part of a hierarchy of requirements to link to and justify 
the parameters to be measured and data to be collected during the site characterization programme. 
Nuclear Waste Services has developed the disposal system specification that sets out the requirements on 
the disposal system as part of a requirements‑led approach to the iterative development of the disposal 
system. The requirements on the disposal system are set out in two parts: Part A (high level requirements) 
[I–3] and Part B (technical requirements) [I–4]. They include the needs from the government’s 2014 
white paper [I–1] and the wider regulatory and policy framework. This needs‑driven approach is 
illustrated in Fig. I–1.

I–2.  MANAGEMENT CHALLENGES

One of the biggest challenges for the definition of information requirements is that no sites have 
yet been identified in the current generic stage of the siting programme. Due to the range of geological 
settings in the UK and the voluntary nature of the UK siting process, it is best to ensure the designs and 
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assessments cover a range of possible disposal environments and facility designs. Nuclear Waste Services 
has developed a generic disposal system specification, generic engineering designs, a generic disposal 
system safety case and generic environmental assessments.

The current illustrative GDF concept examples (Table I–1) that support NWS’s disposal system 
safety case (DSSC) are based on concepts adopted by other waste management organizations (known as 
WMOs) that were supported by site characterization programmes.

A risk associated with this approach identified by some stakeholders is that NWS may use the 
full set of generic information requirements to plan the site investigations for specific sites resulting in 
an unnecessarily large investigation programme. Nuclear Waste Services recognizes this risk and has 
undertaken the development of generic information requirements as a learning exercise in advance of 
the identification of site specific information requirements. The generic information requirements also 
provide a comprehensive checklist to advise the site specific exercise in due course.

Therefore, as the siting process progresses, the site investigation information requirements will need 
to be progressively re‑evaluated with careful consideration of the specific environment in the areas and 
then sites being studied, and with inputs from the communities affected by the project and from regulators 
through the permissioning process. At a particular site, the iterative process of site characterization, design 
and assessment will also progressively refine the information requirements — as illustrated in Fig. I–2.

It was agreed at the highest level in the organization that the information requirements are to be owned 
by the eventual end users of the information to demonstrate a truly needs driven approach to site investigations. 
Therefore, another key challenge in the development of the information requirements related to obtaining the 
time commitment of senior NWS staff from these end users at an early stage in the process. Without the 
alignment and buy‑in of these senior staff, the value of the exercise would have been significantly reduced.
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FIG. I–1. The needs driven approach to the NWS site characterization programme. The term policy here encompasses law 
and regulations (courtesy of NWS).



I–3.  STRATEGIC PLANNING

Development of the siting process in the UK is ongoing and no site has yet been identified for the GDF. 
Therefore, the disposal system development process is currently generic, in that it is not specific to any site. 
NWS’s generic site investigation information requirements were first developed and published in 2013 based 
upon the requirements of the 2010 generic disposal system specification, design, safety case and environmental 
assessments. The current update was timed to coincide with the 2016 update to the generic disposal system 
specification, design, safety case and environmental assessments that takes into account feedback on the 
2010 document suite, the increased knowledge developed since 2010 and the revised inventory published by 
the NDA in 2013.

Significant progress has been made by NWS in developing its disposal system specification in a form 
that captures the different levels of disposal system requirements. Figure I–3 illustrates the high level structure 
of these requirements.

Nuclear Waste Services intends to use a requirements management system (sometimes known as an 
RMS)1 to manage how individual requirements link back to higher level requirements contained in NWS’s 
disposal system specification. The requirements management system will eventually capture the verification 

1	 Requirements management systems can be used to capture, trace, analyse and manage changes to information and 
to demonstrate compliance with legal and other requirements. 
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TABLE I–1. ILLUSTRATIVE GEOLOGICAL DISPOSAL CONCEPT EXAMPLES 

Host rock
Illustrative Geological Disposal Concept Examplesd

LHGW HHGW

Higher strength rocksa UK LHGW concept 
(Radioactive Waste Management, UK)

KBS-3 V concept 
(SKB, Sweden)

Lower strength sedimentary 
rockb

Opalinus clay concept 
(Nagra, Switzerland)

Opalinus clay concept 
(Nagra, Switzerland)

Evaporitesc WIPP bedded salt concept 
(US-DOE, USA)

Gorleben salt dome concept 
(DBE Technology, Germany)

Notes:
a	 Higher strength rocks — the UK LHGW concept and KBS-3V concept for spent nuclear fuel were selected due to 

availability of information on these concepts for the UK context.
b	 Lower strength sedimentary rocks — the Opalinus clay concept for disposal of long lived ILW, HLW and spent fuel 

was selected because an OECD Nuclear Energy Agency review regarded the Nagra (Switzerland) assessment of 
the concept as state of the art with respect to the level of knowledge available. However, it should be noted there is 
similarly extensive information available for a concept that has been accorded strong endorsement from international 
peer review. Although we will use the Opalinus clay concept as the basis of illustrative example, we will also draw 
on information from the Andra programme. In addition, we will also draw on information from the Belgian super 
container concept, based on the disposal of HHGW in Boom clay.

c	 Evaporites — the concept for the disposal of transuranic wastes (TRU) (long lived ILW) in a bedded salt host rock 
at the Waste Isolation Pilot Plant (WIPP) in New Mexico was selected because of the wealth of knowledge available 
from this facility. The concept for disposal of HHGW in a salt dome host rock developed by DBE Technology 
(Germany) was selected due to the level of concept information available.

d	 For planning purposes, the illustrative concept for depleted, natural and low enriched uranium is assumed to be the 
same as for ILW/LLW and for plutonium and highly enriched uranium is assumed to be the same as for HLW/SNF.

LHGW = low heat generating wastes (adapted from Ref. [I–5] courtesy of NWS).
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FIG. I–2. The iterative process between design information requirements and geoscientific data acquisition (courtesy of NWS).

FIG. I–3. High level structure of the disposal system specification (reproduced from Ref. [I–3] courtesy of NWS).



that individual requirements have been met and ultimately demonstrate the validation that the disposal system 
provides a complete solution, as illustrated in Fig. I–4.

I–4.  IMPLEMENTATION

I–4.1. Project team

In order to obtain the greatest value from the exercise, senior staff in the engineering design, safety case 
and environmental assessment teams were identified as team leads for the development of the generic site 
investigation information requirements. However, to deliver the process in a robust and consistent manner 
across the three areas, a geoscientist with site investigation experience in support of geological disposal 
projects was enlisted from the supply chain to support the NWS project team.

I–4.2. Methodology

The identification of the information requirements was largely undertaken through three interactive 
workshops facilitated by the external geoscientist, one for each of engineering design, safety case and 
environmental assessments. The requirements defined in the disposal specification were considered one by 
one and the geoscientific information and understanding needed to meet that requirement were identified. 
The workshops were attended by the team lead for the relevant area and selected team members, the disposal 
system specification manager and the head of site characterization.

I–4.3. Results

The generic information requirements were captured in the design, safety case and environmental 
assessment information requirements reports [I–6 to I–8]. Table I–2 summarizes the number of requirements 
and information requirements at different levels in the hierarchy for the safety case.

Once the information requirements of the three end users had been defined in the three reports 
referred to in Table I–2, a list of consolidated information requirements (CIRs) presented below was 
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FIG. I–4. A requirements management system approach to verification and validation.



compiled by consolidating overlapping information requirements. There are 12 consolidated information 
requirement groups consisting of 63 specific information requirements. Although the information 
requirements can be consolidated at this relatively high level generic stage, it is recognized that the 
specifics of the data needed to meet those requirements may vary significantly between the different end 
users in terms of spatial distribution, resolution and accuracy.

TABLE I–2. THE NEEDS DRIVEN NWS SITE CHARACTERIZATION PROGRAMME 
HIERARCHY FOR AN ENVIRONMENTAL SAFETY CASE

Title Contents

International legal requirements [IL] 3 legal requirements to address radioactive waste facility management

UK policy requirements [PR] 13 high level requirements contained within the UK government white 
paper and Environment Agency guidance on requirements for authorization 
of geological disposal facilities on land for solid radioactive wastes [I–9]

NWS DSS requirements [SR] 23 UK policy links to DSS requirements

ESC requirements [ESCR] 25 requirements applicable to the generic GDF disposal system derived 
from the DSS Part A (high level requirements) and B (technical 
specification)

ESC information groups [IG] 12 ESC information groups that are categories for more specific 
information requirements [IR]

ESC information requirements [IR] 60 ESC information requirements that identify specific site characterization 
information required to address ESC requirements

Parameters To be specified by the site characterization team and approved by modellers 
to provide information needed by safety assessment, design and 
environmental assessment teams

Techniques To be specified by the site characterization team to measure/derive 
parameters specified

Note:	 ESC = environmental safety case; DSS = disposal system specification. The abbreviations in this table apply to 
Annex I only.

Building a 3‑D geological framework

CIR1	 Assess the topography of the surface at specified site areas
CIR2	 Assess the geomorphological evolution for specified site areas
CIR3	 Assess the lithology of the superficial deposits
CIR4	 Assess the 3‑D geometry of the superficial deposits
CIR5	 Assess the lithology of the bedrock
CIR6	 Assess the mineralogy of the bedrock
CIR7	 Assess the stratigraphy of the superficial deposits and the bedrock
CIR8	 Assess the 3‑D geometry of the bedrock
CIR9	 Assess the 3‑D geometry of the of discontinuities2

CIR10	 Assess the geometric properties of discontinuities
CIR11	 Assess the mineralogical properties of the discontinuities
CIR12	 Assess the statistical properties of the discontinuities
CIR13	 Assess the natural evolution of the geosphere

2	 CIR9 concerns the large scale 3-D geometry of discontinuities, such as the location of faults, folds and regions of 
heavy fracturing. CIR10 concerns the small scale features of these discontinuities.
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Understand the surface hydrology

CIR14	 Assess the 3-D geometry of surface and near surface hydrological features, including flow in superficial deposits
CIR15	 Assess the hydraulic properties of surface and near surface hydrological features
CIR16	 Assess sea levels in the past
CIR17	 Assess the site specific meteorological conditions
CIR18	 Assess net site infiltration, recharge sources, recharge pathways and discharge

Understand the groundwater properties

CIR19	 Assess the distribution of hydrogeologically significant features in the bedrock
CIR20	 Assess the 3-D distribution of hydraulic head
CIR21	 Assess the hydraulic properties of the bedrock
CIR22	 Assess the hydraulic properties of the discontinuities in the bedrock
CIR23	 Assess the groundwater temperature
CIR24	 Assess the local and regional groundwater flow boundaries
CIR25	 Assess the distribution of groundwater bodies

Understand the hydrogeochemistry of the subsurface environment

CIR26	 Assess the nature and distribution of groundwater salinity
CIR27	 Assess the groundwater chemistry across the site
CIR28	 Assess the nature and distribution of natural colloids
CIR29	 Assess the nature of water–rock interactions, including the potential for leachate generation and the buffering 

capacity within the superficial deposits and geological formations
CIR30	 Assess the chemistry of the water discharge and recharge
CIR31	 Assess how groundwater chemistry has changed over time
CIR32	 Assess the radionuclide transport properties of the bedrock

Understand the stability of the geological environment

CIR33	 Assess the radionuclide transport properties of the discontinuities
CIR34	 Assess the orientation and magnitude of in situ stress fields in the potential host rock environment and 

its surroundings
CIR35	 Assess the seismicity (neotectonics) now and in the past
CIR36	 Assess the uplift / subsidence rate at the site and how it has changed over the past
CIR37	 Assess the erosion / deposition rate at the site now and in the past
CIR38	 Assess the extent of permafrost during previous glaciations
CIR39	 Assess past climate over the timescale relevant to post-closure

Understand the geotechnical properties of the bedrock and superficial deposits

CIR40	 Assess the physical and geotechnical properties of the superficial deposits (including rock strength and 
deformation properties)

CIR41	 Assess the physical and geotechnical properties of the bedrock (including rock strength and deformation properties)
CIR42	 Assess physical and geotechnical properties of discontinuities

Understand the thermal properties of the subsurface

CIR43	 Assess the in situ rock temperature in the potential host rock environment and its surroundings (including 
geothermal gradient)

CIR44	 Assess the thermal properties of the bedrock

Understand the potential for gas generation and migration

CIR45	 Assess the nature and distribution of natural gases present as mobile gas
CIR46	 Assess the nature and distribution of natural gases dissolved in the groundwater
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CIR47	 Assess the gas transport properties of the superficial deposits and bedrock
CIR48	 Assess the gas transport properties of the discontinuities

Understand the natural radioactivity in the subsurface environment

CIR49	 Assess the nature and distribution of natural radioactivity in the groundwater
CIR50	 Assess the nature and distribution of natural radioactivity in the superficial deposits and bedrock
CIR51	 Assess the nature and distribution of natural radioactivity in the minerals of superficial deposits and bedrock

Understand the ecological and biological processes

CIR52	 Assess the nature and distribution of non-human biota in the environment at and near the surface 
CIR53	 Assess the nature and distribution of microbial populations in the potential host rock environment and 

its surroundings
CIR54	 Assess the potentially exposed human groups
CIR55	 Assess the habits of the potentially exposed human groups

Understand the potential for geohazards

CIR56	 Assess 3-D geometry and condition of existing underground excavations
CIR57	 Assess the frequency and severity of historical flooding
CIR58	 Assess the distribution of gases that could present a hazard during excavation or operation including radioactive, 

flammable and noxious gases likely to be emitted
CIR59	 Identify potential surface and underground geohazards resulting from superficial deposit or underground rock 

instability (e.g. rock falls, landslides, soil liquefaction, faults and fracture zones, etc.)

Understand the natural resources and human communities at the site

CIR60	 Assess the nature and distribution of human communities, including historical development
CIR61	 Assess the nature and distribution of natural resources
CIR62	 Assess the history of exploration and exploitation natural resources
CIR63	 Assess the current activities associated with exploration and exploitation of natural resources

I–4.4. Issues arising during development

The key issue arising during the development of the generic information requirements was the need 
for clarity in the terminology to describe the different elements of the requirement hierarchy. This was 
compounded by the need to group requirements at different levels in the hierarchy to make them more 
accessible to target audiences. As a result, clearly defined terms were developed and applied across the 
three information requirement reports, examples of which are provided in Table I–3.

Another issue that arose relates to how the information requirements and the links between them 
and the requirements they address are best communicated in an accessible manner. This is partly because 
individual information requirements often address more than one system requirement, a situation that will 
only become harder during the site specific stage when many more levels of requirements and information 
requirements are identified and managed in the requirements management system. Table I–4 provides an 
example of how the links are currently presented in a themed group approach in the current information 
requirement reports.

Key lessons

The most important lesson learned from the development of the generic information requirements 
was that the integration and knowledge gained by those carrying out the work was of similar value to the 
lists of information requirements produced.
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A related lesson was, it is important that this development work is undertaken by the team that will 
go on to plan and implement the site investigation programme. The roles of the RWMO and the supply 
chain in such an exercise should, therefore, be carefully considered.

Although the development of generic information requirements is an extremely useful exercise, it 
is very important that its role in the siting process is clearly understood and communicated to relevant 
stakeholders. Without this there is a risk that key stakeholders perceive that the site specific information 
requirements have not been considered appropriately.

Finally, the succinct and clear definition of requirements in a way that can be agreed by all can be 
hard to achieve but is essential. Equally, the information requirements for site investigation can only be 
developed robustly if a good set of disposal system requirements is available. A good requirements set 
should include the following strengths:

	— State the initial problem and the need that is to be satisfied;
	— Provide a clear statement of objectives;
	— Define the characteristics of the set of acceptable solutions;
	— Provide guidance in the selection of the most appropriate solution.

Additional information

The development of a generic of information requirements for site investigations is not a particularly 
expensive task in the wider context of radioactive waste management. For NWS, the exercise took 
two years to complete involving two person years of effort and 15 staff from across the specification, 
engineering, safety case and site characterization teams. A geoscientific expert from the supply chain 
facilitated the exercise.
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TABLE I–3. EXAMPLE DEFINITIONS OF TERMINOLOGY USED IN THE INFORMATION 
REQUIREMENTS REPORTS

Term Definition Example

Environmental 
safety case 
requirements

What needs to be assessed to comply with the 
regulatory and policy framework to meet 
stakeholder expectations, and to support the 
siting process 

Determine the 3-D geometry of geological 
formations
In order to make this assessment NWS needs to…

Information 
requirements 
groups

Broad categories of baseline information needed 
from the site characterization programme

Understand the 3-D geometry of superficial 
deposits and geological formations
In order to develop this understanding NWS needs 
to…

Information 
requirements

Specific baseline information needed from the 
site characterization programme

…determine the spatial distribution of the host 
geological formation that is usable for the GDF 
(i.e. avoiding faults and other unsuitable ground 
within the host formation)

Data Data are numbers, words or images that have yet 
to be organized or analysed to answer a specific 
question

Identification of geological units from borehole 
records
Needed to understand…

Information Information is produced through processing, 
manipulating and organizing data to answer 
questions, adding to the knowledge of the 
receiver

Engineering properties of identified geological 
units to support the construction of a GDF
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TABLE I–4. INFORMATION REQUIREMENTS AND SUPPORTING ENVIRONMENTAL SAFETY 
CASE REQUIREMENTS FOR INFORMATION GROUP IG2

Environmental safety case requirements

ESCR7 Assess the baseline groundwater flow system

ESCR8 Assess the potential for groundwater to move through discontinuities in the rocks

ESCR9 Assess the evolution of the groundwater flow system

ESCR10 Assess the potential for gas flow in the hydrogeological system

ESCR11 Assess the transport properties of the groundwater flow system

ESCR12 Assess the chemistry of the groundwater

ESCR16 Establish the baseline environmental radioactivity concentrations in the groundwater

ESCR20 Establish the baseline environmental chemotoxic concentrations in the groundwater

Information requirement group Information requirements

IG2 Understand groundwater flow and solute 
transport now and in the past

IR2.1 Understand the distribution of hydrogeologically 
significant features

IR2.2 Understand the local and regional groundwater 
flow boundaries

IR2.3 Understand the groundwater heads

IR2.4 Understand the hydraulic properties of the rocks

IR2.5 Understand the hydraulic properties of the 
discontinuities

IR2.6 Understand the nature and distribution of natural 
colloids

IR2.7 Understand the nature and distribution of the 
groundwater salinity

IR2.8 Understand the groundwater temperature

IR2.9 Understand the radionuclide transport properties of 
the rocks

IR2.10 Understand the radionuclide transport properties of 
the discontinuities

IR2.11 Understand the groundwater age

Note:	 ESCR = environmental safety case requirements; IG = information group; IR = information requirements.



The generic information requirements have also allowed a consideration of the specific parameters 
that may need to be measured and, therefore, the data acquisition and interpretation techniques that may 
need to be undertaken during site investigations (see Table I–5 for an example).

The generic information requirements have subsequently been used to underpin a suite of documents 
that justify the resource and budget requirements for needs driven site investigations (see Fig. I–5).

FIG. I–5. Underpinning of resource and budget requirements for needs driven investigations (courtesy of NWS). 

TABLE I–5. CONSOLIDATED INFORMATION REQUIREMENTS, PARAMETERS AND DATA 
ACQUISITION TECHNIQUES FOR UNDERSTANDING THE HYDROCHEMICAL PROPERTIES 
OF THE SUBSURFACE

CIR No. Information requirement Parameter(s) measured Principal data acquisition techniques

CIR1 Assess the nature and 
distribution of 
groundwater salinity

3-D data of saline groundwater 
bodies; salinity (TDS)

Groundwater, both near the surface and deep, 
and pore water salinity measured by TDS 
method (evaporation and gravimetric 
analysis), electrical conductivity

CIR2 Assess the 
groundwater 
chemistry across the 
site

Determination of alkalinity, 
chloride, TDS, Br, Na, Ca, Mg, K, 
SO4, Si, Al, pH, Eh, tritium, nitrate, 
TOC, TIC, δ34S, δ13C, δ2H, δ18O, 
U‑series elements, radiogenic Sr, 
inert gases

Interpretation and modelling of results from a 
suite of laboratory geochemical tests on 
groundwater across the site, including 
ICP-AES / ICP-MS, pH, Eh, radioisotope 
analysis, stable isotope analysis, TIC / TOC 
analysis, etc.

CIR3 Assess the nature and 
distribution of natural 
colloids 

3-D data of the nature of natural 
colloids including size, 
composition, abundance

Filtration of groundwater using membrane 
filters or ultrasonic filtration, analysis using 
XRD, SEM-EDX

CIR4 Assess the nature of 
water/rock 
interactions, including 
the potential for 
leachate generation 
and the buffering 
capacity within the 
superficial deposits 
and geological 
formations

Determination of alkalinity, 
chloride, TDS, pH, Na, Ca, Mg, K, 
SO4, Si, Al, Eh conditions, δ34S, 
δ13C, δ18O, U‑series elements and 
radiogenic Sr in groundwater; 
mineralogical, elemental and 
isotopic (δ34S, δ13C, δ18O, U‑series 
elements, and radiogenic Sr) 
compositions of geological units

Porewater analysis
Interpretation and modelling of results from a 
suite of laboratory geochemical tests 
(ICP-AES / ICP-MS, pH, Eh, radioisotope 
analysis, stable isotope analysis, TIC / TOC 
analysis, etc.) on groundwater, superficial 
deposits and geological formations, and 
mineralogical analysis (CIR6 and CIR11)

Note:	 CIR = consolidated information requirements; TDS = total dissolved solids; TOC = total organic carbon; TIC = 
total inorganic carbon; ICP-AES = inductively coupled plasma atomic emission spectroscopy; ICP-MS = 
inductively coupled plasma mass spectroscopy; XRD = X  ray diffraction; SEM-EDX = scanning electron 
microscopy with energy dispersive X ray spectroscopy.
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Annex II 
 

ESTABLISHING A STEPWISE APPROACH TO THE PLANNING 
AND IMPLEMENTATION OF A SITE INVESTIGATION 

PROJECT — A CASE STUDY FROM JAPAN

II–1.  CONTEXT

Site investigations are generally implemented in a series of stages during the siting process 
in national programmes. In Japan, where siting has been initiated by a call for volunteers, the site 
investigation programme is planned to proceed in a stepwise manner to identify a suitable repository site. 
Three stages following the nationwide screening of scientifically favourable areas by the government are 
specified by law [II–1]: the initial literature survey, the following preliminary investigation and the final 
detailed investigation, as illustrated in Fig. II–1. NUMO’s structured site investigation process is thus 
characterized by the iterative refinement of a site specific knowledge base, which is developed through 
quality assured geosynthesis and integrated within an SDM [II–2]. At project milestones at the end of each 
stage, the SDM supports decisions to be made on which (if any) sites to carry forward to the next stage.

The literature survey involves a desk based study using a site specific, state of the art geoscientific 
knowledge to exclude certain areas owing to the likelihood of potentially significant impacts of natural 
disruptive events and processes (e.g. volcanic activity, fault movement, occurrence of deep‑seated fluids, 
significant uplift and erosion), the presence of thick sequences of unconsolidated Quaternary deposits, 
or the existence of significant mineral resources. The subsequent preliminary investigation and detailed 
investigation for non‑excluded target area(s) involve field characterization at a progressively increasing 
level of detail: from early surface geological and geomorphological surveys through geophysical surveys 
and shallow to deep borehole investigations to the final more detailed subsurface characterization after 
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the construction of an underground investigation facility [II–2]. The basic strategy for site investigations 
during the preliminary investigation and detailed investigation involves the following iterative process:

	— On the basis of knowledge of the site geological environment from preceding investigations, key 
aspects are characterized and the type and degree of uncertainties are identified. These are particularly 
sensitive to the key safety functions of the specific host geological environment.

	— The investigation targets and associated priorities are specified.
	— The series of field investigations with a supporting laboratory programme are planned.
	— The planned investigations are carried out.
	— The knowledge gains are assessed to determine how well the site fulfils the requirements for 
repository design (RD) and safety assessment (SA). Such requirements are also developed in a 
stepwise manner to tailor the repository concept and the associated safety case to the specific siting 
environments under consideration.

To facilitate this in a logical and effective manner, which is one of the key challenges, site 
investigations within individual stages will be implemented in work steps (or milestones) based on a 
‘geosynthesis methodology.’ This methodology clearly defines the goals of individual investigations and, 
finally, synthesizes a site specific knowledge base into a consistent SDM together with associated datasets 
(as required for RD and SA) ensuring the transparency, traceability, and quality of all output to be used to 
support decision making. The geosynthesis methodology specifies for each work step the requirements in 
terms of the following:

	— Investigation and data acquisition;
	— Data interpretation;
	— Conceptualization;
	— Numerical modelling and simulation;
	— Derivation of output in a required form (e.g. SDM and associated data sets).

The rationale for the structured approach includes ensuring the impact of limitations in site 
specific knowledge and the significance of uncertainties can be explicitly assessed by the RD and SA. 
More importantly, information on the sensitivity of particular characteristics to the key safety functions 
of the host geological environment can be fed back at the end of each work step to guide focusing or 
optimizing investigations on reducing uncertainties that have the greatest impact in the subsequent work 
steps. Indeed, if appropriate, identifying ‘hopeless’ cases as early as possible avoids wasting limited 
resources on them.

During the implementation of site investigations at any work step, technical constraints associated 
with the characterization of the host geological environment should be recognized. It is thus of importance 
that site investigations have sufficient flexibility to respond to not only the expanding site specific 
knowledge base, but also the surprises that inevitably occur during the investigations. The stepwise 
approach provides the opportunity to enhance tailoring of investigations to the site specific conditions 
from this practical point of view.

In stepwise site investigations, the management of uncertainty is a critical issue, which is also one 
of the challenges, as uncertainty is inherent in natural systems. Uncertainty is inevitably associated with 
data acquisition and interpretation and the subsequent SDM development over a wide range of spatial 
scales and, particularly, very long temporal scales. In general, many uncertainties are expected to be 
reduced, in an iterative manner, to a level either deemed acceptable or unimportant in the context of the 
key safety functions of the host geological environment as the site specific knowledge base expands. This 
results in an enhancement of confidence in the decisions made at the end of each work step. However, 
there will always be a certain residual uncertainty that cannot be further reduced by any measures and, 
hence, should be captured in the geosynthesis process and its impact directly assessed by close interaction 
with the RD and SA.
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To date, there has been no selection of either host rock or a repository site in Japan. NUMO does, 
however, benefit from a long history of geoscientific research and development (R&D) that has been 
undertaken by fundamental R&D organizations in Japan (e.g.  JAEA) and also the ongoing repository 
site investigations in other countries, as extensive knowledge and hands‑on experience have been gained 
and developed to date in such programmes. The JAEA’s generic URL projects, which have been being 
implemented in a granite basement with sedimentary overburden at Mizunami in Gifu [II–4] and in a 
thick sedimentary formation at Horonobe in Hokkaido [II–5], are particularly appropriate. Although these 
URLs are NOT in selected repository sites, they have been developed in this kind of stepwise manner 
with a site specific knowledge base being integrated within SDMs. In the following case study, the 
stepwise approach to the planning and execution of surface based investigations at the Mizunami URL 
site is described.

II–2.  MANAGEMENT CHALLENGES

The boundary conditions for the Mizunami URL project are rather unique. As the project has been 
implemented only for geoscientific R&D purposes, specific challenges have focused on the development 
of the technical basis for the characterization of the geological environment by applying various 
technologies relevant to site investigations. For the execution of the surface based investigations prior 
to URL construction, spatial and temporal constraints had to be considered. Since rough terrain prevails, 
the limited flat land available should primarily be used for URL construction at the Mizunami URL site 
(approximately 78 000 m2) and, hence, only a few locations were available for borehole investigations. In 
addition, the surface based investigations were required to be completed within three years.

Despite such constraints, an approach involving an iterative loop of planning, execution, and 
geosynthesis of investigations was adopted to execute surface based investigations in an effective manner. 
This allowed assessing whether the outcomes of each investigation step actually meet the requirements (or 
particular aims), specified on the basis of earlier findings, leading to the identification and prioritization of 
key issues to be addressed in the subsequent investigation step. The details of the following investigations 
(e.g.  where and how to investigate the key issues) were then drawn up. A  significant management 
challenge, therefore, involved making decisions to proceed to the next investigation steps in as appropriate 
and prompt a manner as practicable, taking all the boundary conditions into consideration.

Although feedback from the RD and SA were not expected in such a generic URL project, the 
surface based investigations aimed at understanding the key characteristics of, and processes ongoing in, 
the geological environment in a comprehensive manner, which would be of great relevance to the RD and 
SA. In particular, the spatial variability of magnitude of hydraulic gradient and hydraulic properties of 
rock mass / major geological structures (e.g. faults of a larger scale) has a great impact on site suitability. 
The main focus was thus on geological / hydrogeological characterization and synthesis.

For making an appropriate and prompt decision in a practical manner during such iterative loops, 
geological / hydrogeological conceptualization was assessed to ensure it met the main aims and then 
particular investigation targets were specified and prioritized. This process based on conceptualization is 
different from that to be adopted in site investigations during the preliminary investigation and detailed 
investigation. Here, the management challenge also involved balancing the level of details of the next 
investigations with practical, temporal, and financial constraints, which eventually required trade‑offs to 
be made in the optimization of the next investigation programme. It should be noted that trade‑offs would 
reflect quite different boundary conditions in actual site investigations.

II–3.  STRATEGIC PLANNING

The surface based investigations were planned to include, in an early phase, the characterization 
of sedimentary overburden (with thickness of up to 250 m) over a wider area around the Mizunami URL 
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site and, in a later phase, the granite basement by deep borehole investigations [II–6]. Attention was 
paid here to the timing and location of investigations, so any interactions between borehole drilling and 
other investigations could be precluded. Specifically, the planned investigations were categorized into 
five steps, as illustrated in Fig. II–2.

Although the particular investigation targets were specified on the basis of feedback from the 
previous step, the general aims of investigations in each step were defined in advance as follows:

	— Step 0: Compilation of available information to understand the 3‑D distribution of geological 
structures and groundwater flow characteristics on a regional scale;

	— Step 1: Geological mapping and seismic reflection survey to estimate the 3‑D distribution of faults 
and geological boundaries;

	— Step 2: Borehole investigations in an existing 500 m deep borehole and four newly drilled 100 m to 
200 m deep boreholes to characterize rock mass and faults;

	— Step 3: Deep borehole investigations in two new boreholes (1300 m and 1000 m deep) to characterize 
rock mass and faults;

	— Step 4: Cross‑hole tomography and hydraulic tests in these deep boreholes to determine the locations, 
geometry, hydraulic properties and continuity of faults.

Because of temporal constraints, the borehole investigations in the existing deep borehole and the 
new shallow boreholes were planned to be executed in parallel in Step 2.

Taking into consideration the number and resolution of the surface based investigations, the 
reduction of the uncertainties associated with the output of geosynthesis was expected to be limited. The 
primary output from the stepwise surface based investigations was, therefore, defined to clarify through 
the 2‑D conceptualization and 3‑D SDM development processes particularly, the relationship between the 
type, quality and quantity of the investigations, the corresponding level of detail that was expected to be 
achieved and the type and degree of uncertainties with respect to the particular investigation target. For the 
testing of conceptualization and SDMs developed during the surface based investigations, performance 
measures were identified and included in the programme for investigations during URL construction.

II–4.  IMPLEMENTATION

Following the review of relevant pre‑existing information, field investigations commenced with 
geological mapping and a seismic reflection survey. These were followed by a large programme of 
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investigations in boreholes (100 m to 1300 m deep), with comprehensive study of core and groundwater 
samples. This programme was extended by subsequent cross‑hole tomography and hydraulic tests 
between the deep boreholes.

II–4.1.	 Step 0: Compilation of available information

Information from the literature, geological maps and geoscientific studies that had been conducted 
at the scale of regional groundwater flow from areas of recharge to discharge (approximately a few tens 
of square kilometres) prior to the initiation of the Mizunami URL project were compiled and reviewed. 
Based on the results of this review, the step 0 geological conceptualization and SDM were developed. The 
geological SDM shown in Fig. II–3(a) describes best estimates of the geometry of significant geological / 
stratigraphical units and a well‑studied 8 km long major fault within the granite basement.

It was shown from groundwater flow simulations based on the step 0 hydrogeological SDM that 
a major fault zone acts as a hydraulic barrier, as can be seen in Fig. II–3(a). In addition, fluxes and 
flow velocities in the basement are considered to be related to the density of smaller water‑conducting 
fractures that are either distributed throughout the rock mass or concentrated in damaged zones alongside 
the major fault. A key goal of subsequent geological / hydrogeological characterization and synthesis was, 
therefore, to better define the role of major faults on local groundwater flow.

II–4.2.	 Step 1: Geological mapping and seismic reflection survey

Detailed geological mapping and a seismic reflection survey provided information on the spatial 
extent and geometry of newly identified major faults and lithostratigraphical boundaries at the scale of 
the local groundwater flow from areas of recharge to discharge to a depth of 1000 m at the Mizunami 
URL site. Based on such information and complementary lineament interpretations, the initial geological 
conceptualization and SDM were refined. The step 1 geological SDM is shown in Fig. II–3(b). As the 
hydraulic properties of the newly identified major faults were not understood, these were grouped into 
five sets on the basis of their orientations and then represented as discrete hydraulic features in the updated 
hydrogeological conceptualization and SDM.

Groundwater flow simulations that focus on uncertainties in the hydraulic anisotropy of faults 
involved 32 sensitivity cases, in which the model variants assume that either all or particular sets of the 
faults act as hydraulic barriers or otherwise major conduits. Visualizations of the 3‑D hydraulic head 
distribution demonstrate the uncertainty in the hydraulic anisotropy of the faults that trend NNW and NE 
has the greatest impact on modelled heads, with significantly reduced heads being presented when the 
faults trending NNW act as hydraulic barriers. As an example, the simulated hydraulic head distribution 
for the case that provides the best fit to the hydraulic measurements is illustrated in Fig. II–3(b). 
Geological / hydrogeological characterization of the faults trending NNW was, therefore, identified as a 
key issue for further steps.

II–4.3.	 Step 2: Borehole investigations in existing borehole and new shallow boreholes

A combination of techniques, including core logging, borehole wall imaging, geophysical and fluid 
logging, hydraulic tests and hydraulic pressure monitoring was applied in the existing 500 m deep borehole 
and the new shallow boreholes. The geological characteristics and hydraulic properties of sedimentary 
overburden and granite basement to a depth of 500 m were determined, with special emphasis on the 
geological / hydrogeological significance of the faults trending NNW and EW.

Such input allowed the interpretations of orientation and continuity of major faults to be refined 
and, hence, the number of fault groups to be reduced in the modified geological conceptualization and 
SDM, as can be seen in Fig. II–3(c). The hydrogeological conceptualization and SDM were also revised 
as the hydraulic conductivities of the faults were explicitly defined, which resulted in decreasing the 
number of variants to a total of 12 sensitivity cases. Groundwater flow simulations clearly show that the 
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faults trending NNW, NW and EW have the significant impact on groundwater flow conditions at a depth 
of 1000 m in the granite basement. The simulated 3‑D hydraulic head distribution for the ‘best fit’ case 
is illustrated in Fig. II–3(c). Geological / hydrogeological characterization of such faults was, therefore, 
identified as a key focus of surface based investigations in step 3.

II–4.4.	 Deep borehole investigations in new boreholes

Comprehensive field investigations were executed in newly drilled boreholes 1300 m deep deviated 
and 1000 m deep vertical, located at / near the Mizunami URL site, respectively. These investigations 
provided the detailed characterization of the faults trending NNW, NW and EW and also the background 
fractured granite basement. In particular, the hydrogeological characteristics of the major faults were 
estimated on the basis of the groundwater pressure responses monitored at the existing deep and shallow 
boreholes during the drilling of the deep boreholes and the subsequent investigations (e.g.  hydraulic 
pumping tests) in these boreholes.

Through the geosynthesis of such information, the geological / hydrogeological conceptualization 
and SDMs developed in step 2 were further revised, with most of the faults trending NNW and EW being 
defined as either being hydraulic barriers or conduits. The step 3 geological SDM is shown in Fig. II–3(d). 
The refined hydrogeological conceptualization and SDM required eight variant cases for groundwater 
flow simulations, which resulted in decreasing the resultant range of the hydraulic head distributions, 
thereby significantly reducing remaining uncertainties in hydrogeological characteristics of key groups of 
faults. Fig. II–3(d) illustrates the 3‑D hydraulic head distribution for the ‘best fit’ case.

II–4.5.	 Step 4: Cross‑hole tomography and hydraulic tests in deep boreholes

The execution of a variety of cross‑hole tests allowed more precise interpretation of the geological 
/ hydrogeological connectivity of major faults and subhorizontal fractured zones developed in the upper 
domain of the granite basement. In particular, cross‑hole seismic and resistivity tomography surveys, 
multioffset VSP surveys and additional seismic reflection surveys on two lines provided information on 
the distribution of the faults trending NNW, NW and EW and the fractured zones with more confidence. 
In addition, cross‑hole hydraulic tests characterized all major faults between the boreholes as either being 
hydraulic barriers or conduits.

The hydrogeological SDM was then calibrated by focusing on geometry and hydrogeological 
characteristics of the major faults illustrated in the updated geological SDM. The step 4 geological SDM 
is shown in Fig. II–3(e). As the only remaining major uncertainty is associated with a minor fault that 
lies outside the Mizunami URL site, the number of model variants was greatly reduced and, hence, quite 
similar hydraulic head distributions derived from only two cases; the simulated hydraulic head distribution 
for the ‘best fit’ case is illustrated in Fig. II–3(e). These results are consistent with other site information, 
which indicates the geosynthesis process is leading to convergence on a consistent SDM.

II–5.  ISSUES ARISING DURING IMPLEMENTATION

The most significant issue to be noted here is that an unavoidable delay in drilling the deep deviated 
borehole in step 3, which was mainly due to the inadequacies of systems and procedures for drilling, 
necessitated the revision and extension of the ongoing deep borehole investigation programme [II–7]. 
Specifically, as the deepest target fault was predicted to intersect the planned URL shafts subvertically, 
the direction and deviation of the borehole was optimized so the fault could be characterized in detail 
as early as practicable, which allowed providing relevant input to the revision of detailed design and 
construction plan of the Mizunami URL. The methodologies for deviated borehole drilling and subsequent 
investigations were, thus, refined and the amount of time available for these activities maximized. It 
should be noted here such revision did not cause a decrease in the quality and quantity of the remainder of 
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the investigations carried out to fulfil the overall goals and specific aims of the deep borehole programme. 
This did, however, result in the postponement of the planned investigations in step 4.
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investigations at/around the Mizunami URL site (modified from Ref. [II–6]).



II–5.1.	 Key lessons

Feasibility of reducing key uncertainties in a stepwise manner

The most important lesson learned from the stepwise surface based investigations at or around 
the Mizunami URL site, in which the entire geosynthesis process was incorporated, is this approach is 
indeed effective in reducing key uncertainties that greatly impact safety relevant aspects captured in the 
geological / hydrogeological conceptualization and SDMs [II–6]. Site understanding has, therefore, been 
substantially improved as shown in Fig. II–3. This is clearly shown by the comparison of the calculated 
hydraulic heads of groundwater flow variants in each step with the best measured hydraulic heads from 
monitoring intervals in the existing deep and shallow boreholes at the Mizunami URL site. The standard 
deviation of differences between measured and calculated hydraulic heads, which is illustrated in 
Fig. II–4, clearly shows the number of model cases, the variation of results from sensitivity analyses, and 
the difference between measured and calculated hydraulic heads have been greatly reduced as the surface 
based investigations proceeded.

Need to optimize investigation steps

The number of investigation steps to be involved in individual stages should be carefully optimized 
when the stepwise site investigations are planned, taking temporal and financial constraints into 
consideration. Specifically, it would be appropriate to establish only a few investigation steps with an 
increasing level of detail (e.g. from general understanding over a wider area to detailed characterization 
to greater depth) and, in each step, the planned activities executed as much in parallel as practicable and, 
more importantly, in such a way that they cannot interfere with each other. As a number of steps require a 
long time to complete the planned investigations, any major unexpected setback encountered in an earlier 
step could produce significant temporal and financial impacts on remaining the investigation steps, thus 
reducing the flexibility in optimizing the investigations. In addition, the accumulation of small delays in 
individual steps could eventually result in unacceptable overall delay.

II–6.  ADDITIONAL INFORMATION

To facilitate stepwise surface based investigations in which the geosynthesis methodology was 
effectively introduced at both URL sites, a ‘Geosynthesis Data Flow Diagram’ (GDFD) was formulated 
for each investigation step [II–6, II–8]. This provides a systematic and comprehensive framework for 
the geosynthesis, illustrating a sequence of processes, in a logical manner, that can guide which type and 
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combination of investigation techniques are employed, which type of data are acquired, how to interpret 
the range of acquired data, how to derive a consistent data set, how to integrate relevant information that 
was obtained from different disciplines, etc. Application to coastal geological environment has also been 
illustrated within the framework of JAEA’s Horonobe URL project [II–9]. The geosynthesis methodology 
and these GDFDs will be refined on the basis of accumulated knowledge and experience and further 
optimized for application to NUMO’s site investigations.

As the fluxes of information from modern investigation techniques and the sophistication of 
preprocessing technology increase at an exponential rate, the capacity of geosynthesis is expanding 
rapidly. A smart system has thus been developed, which provides specific functionalities for a 
user‑friendly interface to the wide range of personnel involved in site investigations. In particular, 
know‑how or tacit knowledge developed mainly in JAEA’s URL projects is managed in a knowledge 
base and can be transferred not only to make the geosynthesis process faster and more interactive but also 
to facilitate planning and tailoring the investigation programme in a more effective manner to improved 
site understanding and changes in site environmental conditions. This could also allow risks of costly 
mistakes to be minimized in such a process.
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Annex III 
 

DATA COLLECTION AND SITE DESCRIPTIVE MODELLING 
TO SUPPORT REPOSITORY SITE CHARACTERIZATION 
FOR DESIGN, SAFETY AND ENVIRONMENTAL IMPACT 

ASSESSMENTS — A CASE STUDY FROM SWEDEN

III–1.  STRATEGIC PLANNING

At the time when the preinvestigations for the Äspö HRL were carried out, there was no structured 
goal for how the data and information was to be used for engineering and safety assessment. With the 
outcome of preinvestigations and construction in hand, it was possible to define the contents of the site 
investigations to be carried out at the selected repository candidate sites [III–1].

Many different investigation techniques and methods were tested and evaluated as the construction 
of the tunnel gradually revealed the conditions in the rock mass. This was made systematically by 
comparing predictions and outcome. The overall experience from this work was the selected investigation 
methods could give a correct description of the rock and the relevant processes in the rock on the basis of 
the preinvestigations [III–2, III–3]. The onset of the site descriptive modelling was based on this outcome.

The siting work leading to the selection of Forsmark as the repository site in 2009 was initiated in 
1992 by asking all municipalities in Sweden (284 municipalities) whether they would be interested in 
discussing how to host the repository for the SNF within their municipality. Discussions started in many 
municipalities and feasibility studies were carried out in eight municipalities. These studies were mainly 
focused on the future development options of the municipalities, with or without a repository. Efforts 
were also made to compile and assess the scientific data (especially the geoscientific data) available for 
the potential sites within the municipalities. By the year 2000, SKB selected Oskarshamn, Östhammar 
and Tierp as candidates for the site investigations. Oskarshamn and Östhammar both accepted, and the 
site investigations were started in both municipalities in 2002. Additional research and safety assessment 
studies were made in parallel during 1990 to 2000.

In 2002, a permanent organization was established in both municipalities with the mission to conduct 
the investigation programme. Due to a good detailed planning, it was mostly a question of executing the 
plans. The simple task was to conduct the investigations, the more demanding tasks were to create real 
multidisciplinary exchange of knowledge and to have fruitful feedback from the repository engineering 
and safety assessment work.

A necessity and, simultaneously, a challenge during the site investigation stage was the 
individual projects (investigations, SDM, repository design and safety assessment) were run in parallel. 
Investigations had to be done before the data could be evaluated and the integrated evaluation (SDM) 
had to be made before the repository engineering design and the safety assessment could make use of the 
outcome. The investigations, evaluation, engineering and safety assessment were looped twice while the 
individual projects had several loops. For the SDM, there were four loops where the second and the fourth 
fed into safety assessment; all of them fed into repository engineering. There was always feedback from 
repository design to the SDM and to investigations but, due to the time delay, there was little feedback 
from safety assessment to SDM and none to investigations.

III–2.  SITE DESCRIPTIVE MODELS

Site descriptive modelling is a collective term for all evaluation and interpretation of the data 
collected by the investigations carried out. On the first hand, it was relevant to make the modelling 
work within the different disciplines of investigation/evaluation, which were geology, hydrogeology, 
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hydrogeochemistry, geomechanical and thermal properties, and radionuclide transport properties. Within 
each of these several types of investigations were carried out. Together with the on‑site activity leader of 
the investigations the interdisciplinary evaluation was made before the integrated modelling between the 
disciplines started.

The results of measurements were analysed and evaluated to provide a description of the site 
that can be used for design and safety assessment. Primary investigation data are collected and stored 
in a dedicated site characterization database (known as SICADA). For the most part, the data mainly 
comprise parameter values for single measurement points or limited measurement objects. Primary data 
are subjected to discipline specific and integrated analysis and interpretation. Based on this, the model 
is developed and subdivided into suitable geometric units and assigned discipline specific properties. As 
a result, a 3‑D SDM of the rock volume and ground surface can be constructed. The SDM is presented 
through the use of GIS and, above all, a CAD based computer tool, called the rock visualization system. 
This system also used as an instrument used for the interpretation of information, especially to support a 
judgement concerning the relative locations of different deformation zones.

The ultimate goal of the SDM is to make a visualization/understanding of the site useful for 
repository design, long term safety assessment and EIA.

III–2.1.	Modelling steps

The SDM provides a multidisciplinary interpretation of geology, rock mechanics, thermal properties, 
hydrogeology, hydrogeochemistry, transport properties and ecosystems using data and understanding 
derived from deep boreholes and surface based investigations. Model development comprises: an 
evaluation of primary data followed by descriptive and quantitative modelling in 3‑D and an overall 
evaluation of confidence Refs [III–4, III–5].

The measured (primary) data comprise a wide range of measurement results that need to be checked 
for consistency and processed into a format more amenable for use in 3‑D modelling. Examples of data 
evaluations reflect data sets used in the estimation of surface geology, lineament interpretation, geological 
single hole interpretation, assessment of reflection seismics, hydrogeological single hole interpretation, 
assessment of hydrogeochemical data and single hole assessment of rock stress measurements. The data 
are first evaluated within each discipline and then the evaluations are checked to ensure consistency 
between the disciplines (see Fig. III–1).

3‑D modelling to provide estimates of the distribution of parameter values in space is made in a 
sequence, where the geometrical framework is first taken from the geological model and this in turn is 
used for the rock mechanics, thermal and hydrogeological modelling purposes. The hydrogeochemical 
description is to some extent developed independently of the geology, but its consistency with the 
hydrogeological description is closely checked. The description of transport properties is based on the 
hydrogeological and hydrogeochemical descriptions, although additional data are assessed as well. 
Lastly, a description of the near surface environment is made that is essentially independent of the 
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other descriptions, although the interface between the geosphere and biosphere is handled together with 
geosphere hydrogeology.

After the individual discipline specific modelling and uncertainty assessment is carried out, a phase 
of overall confidence evaluation follows. The various modelling teams assess the suggested uncertainties 
and evaluate dependencies and feedbacks between disciplines, in particular between the geology, 
hydrogeology and hydrogeochemistry. After revisions, the teams reassess the model description together 
with uncertainty and confidence statements. These discussions assess overall confidence by:

	— Checking that all relevant data are used (and appropriately);
	— Checking that information used in previous versions of the model is considered;
	— Checking that the different kinds of uncertainty are adequately addressed;
	— Checking whether suggested alternative descriptions make sense and whether there is the potential 
for additional alternatives;

	— Discussing, if appropriate, how additional measurements (i.e. more data) would affect confidence;
	— Making an assessment of uncertainty and confidence.

There are always uncertainties associated with measurements and rock parameters, which vary in 
space. A 3‑D description should present the parameters based on their an evaluation of spatial variability 
over a relevant and specified length scale, with the uncertainty included in this description. Alternative 
descriptions may be required. However, instead of trying to only find alternative (hypothetical) 
explanations for data, the modelling work was focusing on describing the confidence in the model 
predictions and identifying weaknesses to be strengthened in the next batch of investigation and 
data evaluation.

There are several challenges that need to be addressed when dealing with alternative descriptions 
of a site and disciplines. In particular, it may be difficult for modelling teams to develop more than one 
alternative model in parallel. Furthermore, as models are used as input to other models, the total number 
of possible alternatives may become impractical to handle — a situation known as ‘variant explosion.’ 
Alternative model generation is typically seen as a component of model development and as a means of 
exploring the confidence. However, all alternatives need not be equally probable. Different alternatives 
can focus on clear differences in the geometrical framework and on clear differences in the description of 
rock and hydrogeological properties.

It is important to assess the potential benefit of undertaking additional measurements. Clearly, if 
new data compare well with the predictions made in advance of measurements, the need for yet additional 
data may diminish.

III–2.2.	Documentation

Modelling results and findings are to be documented in a site description. This description 
encompasses the different databases and digital models developed, as well as a model report with 
supporting documentation. It is essential that the model report includes the following information:

	— Data sources and identification of previous model versions;
	— Methods of primary data evaluation for each discipline and for data previously evaluated, as well as 
the means of interdisciplinary comparisons;

	— The 3‑D modelling approach used, including comparisons with approaches used to generate previous 
model versions, uncertainty estimates for individual data sets and joint uncertainty, and confidence 
evaluations;

	— The SDM (discipline by discipline) together with its uncertainties and alternatives;
	— Comparison of results with previous model versions, an assessment of overall confidence and 
discussion concerning potentially fruitful additions to the measurement programme;

	— Implementation details.
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Site investigations consisted of different investigation activities: geological (surface mapping and 
drillcore logging), geophysical (survey and borehole logging), hydrogeological (recharge–discharge 
mapping, a whole set of borehole investigations), hydrogeochemical (fracture mineral and groundwater 
and surface water chemical investigations) and surface ecological (flora, fauna and marine) investigations. 
Drilling (percussion and core drilling), infrastructure (roads, electricity, drilling water handling, data 
communication and authorization/permissions) and landowner communication activities were supported 
at the same level of the other investigation activities.

The site investigation activities were managed at the site office where all activity leaders were 
gathered. Many of the activities required several activity leaders to manage the workload. The site 
investigation team consisted of 35 people.

To execute the investigations, the main stages of initial and complete site investigation were further 
broken down into smaller steps. Stepwise execution provides better opportunities for a site‑adapted 
investigation methodology and more effective feedback from evaluation. In general, each new step 
consists of confirming or rejecting the main results of the preceding step, answering questions that have 
been raised and achieving the goals set for the particular stage. Each step builds further on the description 
that emerged from the preceding investigation step. In each step, all disciplines interact in the planning of 
the investigations and the evaluation of results.

Additional knowledge needed for the safety assessment had to be gathered through research 
carried out in parallel with the investigations, but was not considered part of the site investigations. Such 
knowledge was mostly taken directly into the safety assessment, outside of the SDM. This is particularly 
the case for the development of the engineered barriers (canister and clay) and for better understanding of 
the source term (i.e. the dissolution of the SNF).

The main purpose of interpreting measurement data is to obtain values for the different parameters 
in the descriptive model. At the same time, an evaluation of the uncertainties in individual parameter 
values and an assessment of whether the geometric subdivision is reasonable are made.

III–2.3.	Related issues

Investigations were carried out according to a detailed planned generic programme [III–1]. The 
objective of the investigation(s) was to collect relevant data for further evaluation of site suitability as host 
rock for the repository. These data collection activities gave practical as well as conceptual ambiguities.

An example of a practical obstacle was insufficient rock stability which caused breakouts to fall 
into the borehole.. As there was a need to be able to pass up and down the hole and to pack it off and 
investigate the hydraulic properties, a method was needed to stabilize the borehole without sealing it with 
grout. A service team with good technical skill was always available to support such cases. In this case, a 
rather sophisticated method was developed for emplacing a perforated stainless steel plate in the borehole 
wall where there was a risk of rock pieces falling out. This method turned out to be reliable.

An example of a conceptual ambiguity was a few very high uranium concentrations in groundwater 
samples collected in Forsmark. Careful checking of the sampling and analytical procedures ruled out 
errors due to bad handling of samples. The highest observed concentration of dissolved uranium could 
only be explained by oxidized uranium (VI) being dissolved from the bedrock or from fracture infillings. 
It was concluded that the very high uranium concentration had no impact on the outcome of the safety 
assessment. However, for the confidence in the overall understanding of processes in the rock, it was 
important to get deeper in this assessment. In a PhD thesis [III–6], the most plausible explanation is 
presented to be that uranium (VI) mineral present ever since the formation of the rocks had been mobilized 
due to the drilling.

During the design assessment, the thermal properties of the rock were observed to vary more than 
expected with a large impact on the repository layout at both sites (Laxemar and Forsmark). This led to 
more sampling of rock cores for analyses of thermal properties. In that way, it was possible to obtain 
enough data to correlate the thermal properties to rock types and, thus, use the 3‑D model of rock types to 
describe the thermal properties.

201



The intensive investigations brought a huge amount of data to be reported. This issue was handled 
by introducing a strict hierarchy for reporting. The first level of reporting was the primary data set together 
with relevant information about the quality of the data. These reports were to be published and accessible 
shortly after completing the data collection (days to week timescale). For the site description, there was 
a need to define the data sets to be included into the present loop of data evaluation. These so‑called data 
freezes were very strict, as no data later than this point could be used for the ongoing SDM work.

III–2.4.	Lessons learned

The modelling methodology was developed to focus on early data assessment, visualization 
and conceptual model building. It was necessary to take a freeze of data at four specific points, after 
which modelling and evaluation was conducted. The final SDM reporting placed more emphasis on 
the documents presenting the main disciplines; the evaluation and results were further summarized in 
the SDM report, the main document which focused on presenting a synthesis of all information in an 
integrated model and its associated descriptions.

Different conceptual approaches were intended from the onset of the site descriptive modelling. 
Uncertainty in interpretation in combination with little or non‑existing data made it very difficult to come 
up with alternative conceptual suggestions. The integrated modelling, therefore, focused on managing the 
uncertainty in a strict, traceable manner. Uncertainty workshops held in the beginning of the SDM work 
became integrated confidence workshops by the end.

At the start of the investigations, it took a long time before SDM provided feedback to support the 
planning of the investigations. There was a strong need for such feedback as there were many different 
tracks to follow. The pragmatic approach from the investigation point of view was then to focus on the 
obvious most important object to investigate. This strategy applied to the drilling activities resulted in 
a target on the most relevant unknown potential fracture zone that could disqualify the intended area 
from being a repository site. This strategy was supported by the fact that, even though the target for the 
borehole was a specific potential fracture zone, the main part of the borehole passed through the potential 
intact rock mass giving ample data for representing the rock mass.

The SDM is used as input to repository design and safety assessment. However, an additional 
interpretation was needed for the information transfer. A separate product, the site engineering report, was 
compiled for design, construction and operation planning. For the long term safety assessment, all site 
data are assessed in a data report, using the SDM as input.

These and more lessons learned are presented in Ref. [III–7].

III–2.5.	Note on resource use

The Äspö Hard Rock Laboratory was the dress rehearsal for the entire KBS‑3 repository development. 
Site investigations prior to the construction of the Äspö facility were done to test investigation methods, 
techniques, equipment and to train people for the upcoming repository candidate site investigations. The 
experiences from Äspö were very useful for the planning of the site investigation stage. The programme 
for this stage was put on different levels depending on whom to approach: internally SKB, regulator, 
municipality, general public and experts. Regardless of which level, the programme was always driven by 
the requirements to be met.

The programming of the site investigation stage was done during the site selection phase, 1992–2000. 
The site selection phase ended in the selection of three candidate municipalities to be investigated. At this 
point, the programming could be made site specific. When this was done and the planning for investigation 
activities could start, it became obvious that running the site investigation would require roughly three to 
four times more money and people for each site compared to what was required for Äspö HRL. The 
planning of resources was later proven accurate once the site investigation stage had been completed.
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Annex IV 
 

SITE INVESTIGATIONS AND PERFORMANCE ASSESSMENT 
MODELLING — A CASE STUDY FROM THE USA

IV–1.  CONTEXT

Collection of site investigation data, for characterizing a radioactive waste disposal site, is 
fundamental to safety case development. Performance assessment modelling to quantify long term 
safety of the repository is also fundamental to the safety case. This report discusses the observed relation 
between these two components of the overall safety case. The AMIGO project (short for Approaches and 
Methods for Integrating Geological Information into the Safety Case) summary discussed the findings 
of three working group meetings on incorporation of geoscientific information into the safety case for 
radioactive waste disposal facilities [IV–1]. Here, the discussion on the relationship from the modelling 
point of view is drawn from the findings of the AMIGO project.

The safety case is a collection of evidence and technical arguments in support of the safety of a 
radioactive waste disposal facility. The evidence ranges from the suitability of the site to the design and 
operation of the facility, including the long term assessment of risk related to release of radionuclides. 
Site conceptual models are part of the safety case, integrating multiple lines of evidence to illustrate an 
understanding of past and current site conditions. Performance assessment modelling is also an integral 
part of the safety case, involving a quantification and forecast of the likely radiation dose and risk to the 
environment under a range of nominal and off‑nominal future scenarios. The safety case, site conceptual 
models and performance assessment model evolve with the siting, characterization, development and 
construction of the disposal facility.

IV–2.  MANAGEMENT CHALLENGES

It is important for data collected during the characterization phase of the repository development 
programme to be effectively incorporated into the modelling and prediction component of the repository 
development programme. This discussion defines the following forms of modelling, which range from 
informal to formal and high level to detailed. At the beginning of any study, conceptual models, sometimes 
called the geosynthesis, are used first. These models assemble geologic understanding, expert knowledge, 
field data and natural analogues into a consistent story that explains observed site conditions. Conceptual 
models are the framework within which site investigation experts assemble data they collect, and 
through which they motivate and justify further data collection. Data collection and analysis may lead to 
alternative conceptual models or interpretations for the same data. More formal models (i.e. mathematical 
and numerical) are used throughout any modern study and are sometimes involved in the geosynthesis 
stage. Mathematical and numerical models constrain conceptual models through governing equations or 
relationships between the inputs and outputs. Inputs to numerical models may be uncertain, but typically 
numerical and mathematical models have certain outputs, given a set of inputs. Numerical models should 
be consistently reproducible, even if they incorporate some aspect of randomness in their formulation. 
Different researchers using the same inputs should get the same outputs, as the process is formalized 
mathematically and expressed in a programme implementation.

Numerical modelling is here further subdivided into data analysis models, process models and 
performance assessment models. Figure IV–1 shows how these four types of modelling fit into the 
spectrum of abstraction and process integration (i.e.  complexity). The arrows indicate the primary 
pathway during programme life, but a programme should re‑evaluate and improve conceptual models 
given insights learned from process modelling and development of performance assessment models.
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Data analysis models are used to analyse field or laboratory data, are the least complex and typically 
involve little integration across multiple processes. They may be analytical solutions or approximations 
with simple problem geometry. The models are required to determine values of parameters (such as 
hydraulic conductivity or diffusion coefficient) not directly observable in the field or laboratory. They are 
often well established, rarely change and are sometimes handled directly by software built into instruments 
for field or laboratory data collection. Examples of field data interpretation models include aquifer test 
solutions for interpreting pumping tests and approximate methods for quickly interpreting geophysical 
data in the field. In the laboratory, a simple model may be used to infer geomechanical properties, such as 
bulk modulus from applied loads and observed strains on a rock core.

Near the other end of the complexity spectrum are what are referred to here as ‘process models’ 
or models based on physics. Process models typically include more relevant processes explicitly and 
often minimize abstraction. These gridded numerical models often can include multiple coupled physical 
processes, include complex non‑linear constitutive models, represent physically realistic geometry and 
allow parameter variability in space. State of the art process models will evolve and change, based on 
advances in domain and computational sciences. Advances may allow incorporation of higher resolution 
discretizations, more physical processes, increasingly mechanistic representations of processes or 
non‑linear coupling and constitutive laws. In terms of complexity, performance assessment models 
typically fall between the simplest data analysis models and the most complex or mechanistic process 
models. However, along with continued advances in domain and computational sciences, performance 
assessment models are approaching the complexity and degree of process integration of process models. 
Domain experts and process models are essential in addressing ‘what if’ questions that arise in repository 
safety case development. Process models sometimes point to the need for more experimentation or field 
data collection, either through sensitivity analysis and the desire to reduce parameter or conceptual model 
uncertainty, or because questions can’t be adequately answered with the current models and data.

A performance assessment model may be implemented using different software than the process 
models upon which it is based, or it may be a simpler form of a process model using (for example) a 
coarser mesh, simpler constitutive relations and the same software. One defining feature of performance 
assessment models is they explicitly consider model parameter uncertainty. Considering parameter 
uncertainty often means a large number of model runs, and the performance assessment model is typically 
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abstracted away from the high level detail included in the process model to achieve practical ensemble 
runtimes. The uncertainty quantification may be handled by a separate driver programme that treats each 
individual forward simulation as a black box (e.g. using Monte Carlo sampling of parameter distributions) 
or they can consider uncertainty in their formulation directly (e.g.  solve for mean and variance of the 
outputs given the distributions of the inputs). Caution should be exercised when performance assessment 
models are used to ask ‘what if’ questions during safety case development, because they are often built 
on more assumptions or simplifications than process models. When process models and performance 
assessment models are run with the same simulator (software), bridging the gap between the two is 
simpler than when different numerical models are used.

IV–3.  STRATEGIC PLANNING

Development of a repository is a complex process and takes years to complete. The high level 
strategic plan laid out here is necessarily idealized. The path outlined in Fig. IV–1 shows a typical path 
from initial conceptualization to performance assessment required for final regulatory approval. In reality, 
this is not a simple linear path but will involve backtracking to re‑evaluate the conceptual model, collect 
additional data and reconcile any discrepancies that may become apparent during the overall process.

All types of numerical and conceptual models are typically used in the development of the safety 
case for a repository. Field and laboratory data are initially interpreted and worked into the context of 
the site conceptual models. Model parameters will be interpreted from raw data and those parameters 
may be put into process models to investigate the relative importance of various physical processes. 
Process models may involve different spatial scales and time horizons different from those used in the 
performance assessment model. The performance assessment model will likely include a large physical 
domain and cover a long period of time due to regulatory requirements. Effective performance assessment 
models incorporate the important processes at the appropriate fidelity and address uncertainty in model 
parameters, uncertainty in underlying processes and multiple possible conceptualizations, and possible 
future scenarios. Finalizing what processes are important enough to include and what spatial and temporal 
fidelity to use are part of the balance that should be investigated during performance assessment model 
development. Geometric detail and mechanistic process representation should be balanced against model 
runtime and conceptual parsimony.

Performance assessment involves the development, parameterization, execution and peer review 
of an interconnected system of numerical models. Site investigations, data collection and performance 
assessment are necessarily performed by different groups of staff, with different areas of expertise. To 
ensure effective cooperation between these two groups, integration and collaboration are essential; one 
group’s task cannot be performed in isolation from the other group.

IV–4.  IMPLEMENTATION

Site investigation efforts are obviously required as part of the site selection process. The role of 
site investigations in establishing numerical model parameter ranges for performance assessment is also 
well‑known. Beyond simply specifying model parameters and parameter ranges, site investigation efforts 
also help define location and nature of model features and boundaries and indicate which processes 
should be included in final performance assessment modelling. Site conceptual models, built directly 
from geologic understanding and site observations, provide evidence to illustrate the investigators’ 
understanding of the geosphere, which is a prerequisite to communicating the results of performance 
assessment to stakeholders and during peer review. Often site data contributed to the geological conceptual 
model include qualitative, complementary or ‘soft’ data. Even if it is difficult to incorporate these types 
of observations directly into performance assessment models, confidence is enhanced by using multiple 
lines of reasoning to construct a waste isolation safety case. Performance assessment is an important 
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aspect of the overall safety case and is likewise bolstered by a firm site specific foundation of defensible 
geologic, geohydrologic, geochemical and geomechanical understanding.

IV–4.1.	Using numerical models to guide site characterization

Site investigation efforts typically begin early in the overall life of a repository project, and 
early stage numerical modelling is often so generic that it may not be very helpful in guiding the site 
investigation process. As the conceptual models of a site mature, they will motivate new data collection 
locations and data types. The uncertainty associated with the conceptual models will tend to decrease as 
additional data are collected (i.e. additional data are less likely to be surprising), while the complexity 
and level of process integration in the conceptual models will tend to increase (i.e. more processes and 
higher‑order effects are incorporated). A natural way to further verify and mature conceptual models is 
to implement and validate aspects of them using numerical models. The numerical modelling effort will 
also become more site specific as the database of site specific information grows and the site conceptual 
models mature. Once numerical models are site specific enough, they may become useful to help plan 
and guide additional site investigation activities. Any field test of significant cost or complexity should 
be simulated before execution, to optimize sensor location or data collection frequency. Models should 
also be compared to data post‑experiment to calibrate and improve their accuracy and assess uncertainty. 
Models being used for experiment design would likely require the level of complexity found in process 
models. When applicable, modifications made to process models to improve model–data agreement 
are also propagated to performance assessment models. As models gain site‑specificity and represent 
observed processes more realistically, they contribute back to the site conceptual model and contribute to 
overall confidence in the safety case.

IV–4.2.	Process models vs. performance assessment models

Ideally, performance assessment models would have all relevant physical processes represented 
mechanistically and include sufficiently fine temporal and spatial resolution to resolve transient 
processes, heterogeneity and geometrical complexities observed in reality. Likewise, process models used 
to interpret site observations and assess the importance of physical processes should explicitly address 
uncertainty. In reality, these two goals (physical realism and uncertainty quantification) are at odds with 
one another, because of the finite computational resources available. Increasing spatial and temporal 
resolution increases execution time and memory footprint for each model that is run, as does increasing 
additional physical coupling or non‑linear constitutive laws. Assessing uncertainty in predictions requires 
many model evaluations with different combinations of parameters, which increases the overall execution 
time, typically demanding the analyst use lower‑resolution or simplified models to achieve acceptable 
runtimes across an ensemble of simulations.

The distinction between process models and performance assessment models may seem artificial, but 
it often exists because domain experts and performance assessment experts may use different modelling 
tools and because of computational costs and constraints. From a practical point of view, it is beneficial 
to remove ancillary differences between different process models and between performance assessment 
and process models (i.e.  finite volume vs. finite element, and differences in how boundary conditions 
are specified) and use the same numerical models for the performance assessment and process model 
stages. On the other hand, it is useful to validate numerical models with different formulations against one 
another, as this provides more confidence in the model formulation. It is useful to use the same numerical 
model for process modelling and performance assessment modelling and, if possible, this same model 
could be used to interpret field data. This uniformity would improve consistency, since putting parameters 
inferred using one set of assumptions into a different numerical model with another set of assumptions 
might lead to subtle inconsistencies. This step makes more explicit the upscaling of field and laboratory 
data into the framework of the process model, and necessarily the performance assessment model.
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IV–4.3.	Key lessons

Realistically, site investigation efforts will often only indirectly feed into performance assessment 
models through specifying parameter ranges and development of a robust site conceptual model from 
which the numerical models can be constructed. Collaboration is critical between groups running 
numerical models and groups conducting the geosynthesis of site information. Collaboration is also 
critical between domain experts (process modellers) and performance assessment modellers. Each of these 
efforts may proceed individually, but they should strive to integrate as much as possible, sharing data, 
lessons learned and site specific understanding. An exchange of information between site investigation, 
process modelling and performance assessment modelling will increase the consistency and completeness 
of site specific data used in long term performance assessment forecasts, increase confidence in the site 
conceptual model and lead to a more robust safety case.
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Annex V 
 

THE DEVELOPMENT AND APPLICATION OF A MONITORING 
STRATEGY AS PART OF SITE INVESTIGATIONS FOR RADIOACTIVE 

WASTE REPOSITORIES — A CASE STUDY FROM FRANCE

V–1.  INTRODUCTION

As stated in the IAEA Safety Standards [V–1], different kinds of monitoring activities are necessary 
during the lifetime of a radioactive waste disposal facility. Facility lifetime is divided into four periods as 
referenced in the standards: preoperational, operational, closure and post‑closure.

The preoperational period includes concept definition, site evaluation (i.e.  site investigation 
period comprising selection, verification and confirmation), safety assessment and design studies. The 
preoperational period also includes the development of programmes and procedures required in support 
of the licence application for construction and initial operation of a disposal facility.

The operational period will begin when waste is first received at the facility. This annex describes 
the monitoring strategy that has been developed during the preoperational period in Meuse/Haute‑Marne 
districts within the framework of the Cigéo project, from the first phases of investigations up to the licence 
application, which was submitted in January 2023.

For the French case, besides the conventional surface investigations carried out during the early 
phases, three major scientific tools were used to support the monitoring strategies: (i) deep boreholes, (ii) 
the URL, and (iii) the perennial observatory of the environment (OPE).

However, these tools are not only used for monitoring, they are also used for site characterization 
and design of a disposal facility. The OPE is also a tool used for establishing initial reference state, as 
well as keeping memory of the environmental state prior the construction of the disposal facility. Thus, 
the overall monitoring strategy presented below has been developed during the siting phase which lasted 
30 years. It should be noted that the monitoring strategy is fully integrated in the characterization and 
experimental programme. In addition, the monitoring programme aimed mainly to measure disturbances 
created by ‘natural’ factors such as seasons and rainfall but also due to changes in agricultural practices or 
climate. Monitoring was also developed in order to follow‑up disturbances created by the URL (shaft and 
drift constructions), identifying intrinsic properties of the rocks as well as the impact on the environment 
of constructing and operating a large underground structure.

V–2.  OVERVIEW OF THE CIGÉO PROJECT MONITORING PROGRAMMES

V–2.1.	 General framework

Since it was set up in 1991, Andra has been carrying out research linked to the management of HLW 
and intermediate level, long lived radioactive waste (IL‑LLW) in France. The French Industrial Centre for 
Geological Disposal project is called ‘Cigéo’ (Centre Industriel de stockage GEOlogique).

Since 1991, the development of the Cigéo project has been supported by an R&D programme. 
Surveys of the clay formation included surface investigations (geological mapping, seismic survey, etc.) 
and boreholes. Actually, four borehole drillings and seismic survey campaigns were carried out throughout 
the preoperational phase. More than 50 deep geological boreholes have been drilled.

Prior to construction of and then during operation of the URL, geoscientific research programmes 
have been carried out to provide data for regional geological and hydrogeological modelling. The URL 
(also called a Bure URL) was licensed for construction in November 1999. Its main purpose was to give 
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access to, in real repository‑like conditions, the argillaceous rock formation identified in the region and 
expected to be suitable for deep geological disposal to guarantee the long term safety of high level and 
intermediate level, long lived radioactive waste.

From 2004 to 2019, 1700 m of scientific and technical drifts up to 9 m in diameter were excavated 
in the URL. Four technical excavation techniques have been used (drill and blast, pneumatic hammer, 
road header and tunnel boring machine with segment erectors). The name Cigéo was adopted in 2009.

In 2007, Andra set up OPE with an aim of establishing the initial state of the current environment 
around the future disposal facility for a 10  year period and then to track its evolution during Cigéo’s 
construction and throughout its operating life. It should be noted that the OPE is currently not part of the 
regulatory environmental monitoring of the URL.

The knowledge gradually built up by Andra has been used to progressively develop the Cigéo 
project in line with the major milestones.

V–2.2.	 Monitoring in R&D programmes and link with safety assessment

Monitoring is an activity that may be required for a range of reasons at each of the phases of 
repository development and implementation. At those various phases, it may address requirements related 
to the need for baseline information, to contribute to operational safety, to ensure practical operability 
of the disposal facility or to confirm that conditions and evolutions remain consistent with the envelope 
considered for the assessment of long term safety.

The general objectives of the monitoring programme for the Cigéo project during the 
construction/operational phases are connected to:

	— Compliance with operational safety and regulatory requirements;
	— The acquisition of data to develop a deeper understanding of models and parameters underlying;
	— The long term safety assessment;
	— Reversibility, as well as demonstration or retrievability of waste canisters.

These objectives, however, have not resulted in three disconnected monitoring programmes. For 
example, drift deformation provided information pertaining to reversibility (adequate space to transfer 
canisters), operational safety (risk of drift collapse) and long term safety (excavation damaged/disturbed 
zone evolution).

Actually, the monitoring programme should be seen as a way to inform the safety case as it evolves 
during the various stages of the operations; in this sense, it can provide additional confidence in the 
assessments. Part of it is designed to assess regulatory compliance during operation and so is largely 
inspired by practices in other facilities (nuclear and others).

However, operational monitoring is not used to support the preoperational safety case. Its purpose 
is not to compensate for a lack of confidence in site characterization data, in URL experiments or in 
the safety case.

V–2.3.	 Monitoring programme during the preoperational phase

The French Agency for Nuclear Safety (known as ASN) published a 2008 ‘safety guide’, in which it 
explicitly requests the implementation of a ‘surveillance’ programme (i.e. a monitoring programme) [V–2]. 
As per the requirements of that guide, monitoring is to also be carried out in the phase before operation.

The general objective of monitoring programmes during the preoperational period is to establish a 
baseline of pre‑existing levels of contaminants, to enable an evaluation of the impact of the waste disposal 
system and to identify parameters that may be indicative of performance in the post‑closure period.

As stated by the IAEA safety guide on monitoring and surveillance [V–1], site characterization 
programmes (as conducted in the preoperational period) typically establish natural characteristics of the 
FEPs. These FEPs occurring in the environment of the disposal facility (e.g. water table fluctuations) may 
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significantly influence the design and subsequent short term performance (i.e. in the operational period) 
and long term performance (in the post‑closure period) of the facility.

In this regard, the monitoring programme should be closely integrated with the safety case and 
supporting safety assessment and procedures for construction and operation. The baseline should be 
developed to allow for the identification of trends. The baseline should also enable the impact of the 
facility as it evolves over time to be determined; this information can then be used to update the safety case.

Therefore, for Andra, the monitoring programmes during the preoperational phase were intended to 
provide the following:

	— Additional information on site characterization (ongoing site characterization, hydrogeology, 
spatial variability of rock properties, etc.), mainly through specific surface survey and setting up 
hydrogeological networks;

	— Additional information on short term disturbance of the host formation, mainly by the monitoring of 
the URL construction and its impacts on the environment in the short term.

V–2.4.	 The French siting R&D approach

The basic strategy and road map for defining scientific and technological R&D programmes related 
to the URL, as part of Andra’s overall R&D programmes, were driven by the legal framework adopted by 
the French parliament. The laws required submitting reports, which paved the way to Andra’s technical 
and scientific approach for the development of the Cigéo project (Fig. V–1).

The activities related to the Cigéo project were broken down into successive research iterations in 
order to achieve continuous progress towards an industrial solution. The completion of each development 
phase of Cigéo has been confirmed, usually by a project review.

During these reviews, the performance of the overall system was assessed by compiling the 
information obtained. In addition, they assessed the ways in which the remaining uncertainties could 
jeopardize the functions of the disposal facility. The results were reported to the assessment bodies and 
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FIG. V–1. Global overview of the Cigéo development process (courtesy of Andra).



stakeholders. The objectives of the following iteration were then updated. To date, seven main research 
iterations of the Cigéo project have been carried out, as follows:

(1)	 Within the framework of the 1991 Act:
	— 1996: Licence application for three URLs;
	— 2001: Initial design option and international peer review (NEA);
	— 2005: Principle demonstration of Cigéo (long term safety and operation) and international peer 
review (NEA).

(2)	 Within the framework of the 2006 Act:
	— 2009: Operating safety options and choice of locations for an underground facility (ZIRA) and 
surface facilities;

	— 2011: Conceptual design;
	— 2015: Basic design and international peer review (IAEA).

(3)	 Within the framework of the 2016 Act:
	— 2016: Cigéo operating safety options report (called the DOS) in preparation for the licence 
application to be submitted in 2020.

In April 2016, Andra sent ASN the safety options report for the Cigéo project. Submission of the 
report meant that the project became part of a process governed by the regulations concerning basic 
nuclear installations (shortened to INB), more specifically by Article 6 of the Decree of 2 November 
2007. Furthermore, ASN submitted the safety options report for review by experts from foreign safety 
regulators, coordinated by the IAEA.

The iteration currently in progress is the Cigéo project technical design, safety case and licence 
application, which has been submitted in January 2023.

V–3.  DEVELOPING A MONITORING STRATEGY

Within the framework of the site characterization process, during the different phases of the site 
investigation, Andra worked on the development and implementation of monitoring programmes designed 
for the study of fundamental parameters (data acquired periodically and continuously) that were aimed at:

	— Selecting the disposal facility site and its design;
	— Assessing the behaviour of components of the disposal facility system;
	— Assessing the impacts of the facility and its operation on the environment (need to define the initial 
reference state first);

	— Supporting decision making during the disposal process to enhance confidence in geological disposal.

In addition, Andra’s monitoring programme comprises environmental monitoring activities that will 
be undertaken after a disposal facility has been constructed (post‑siting and post‑closure environmental 
monitoring). The agency is currently working on planning future optimization options, observation and 
control of the disposal facility through the development of techniques and observation resources for the 
disposal facility (sensors, etc.) which will eventually demonstrate the ability to control operations in the 
context of stepwise management, reversibility and facility governance.

V–3.1.	 Surface investigations and deep boreholes

Following on from the 1991 Act, Andra’s activities focused on surveying the Callovo‑Oxfordian 
argillaceous rock in the sector south of the Meuse and north of the Haute‑Marne departments, whose 
general characteristics were already known.
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The following sections present the monitoring strategy developed using the boreholes during initial 
characterization of the site and up to the period preceding submission of the licence application.

Characterization and monitoring activities in the sector bordering the Meuse and Haute‑Marne 
departments (1994 to 1996)

The preliminary investigation phase had as primary objective to verify the existence and 
characteristics of the selected host formation as well as the parameters of the surrounding rocks, especially 
the hydrogeological parameters of the Oxfordian and Dogger formations. Only limited knowledge was 
available at the time on the deep hydrogeology of the sector, therefore survey work focused on this aspect. 
An initial understanding of the sector was largely based on previous work performed for oil prospecting, 
as well as the use of relatively conventional site investigation tools such as surface mapping, seismic 
geophysics, borehole drilling and analyses of drill cores. From the outset, specific techniques were 
implemented that were designed for geochemical monitoring and hydrogeological testing in boreholes 
drilled in very low permeability formations.

Preliminary research in the sector involved:

	— Detailed surface geological surveys;
	— Deep borehole drillings;
	— 2‑D seismic profiles;
	— Systematic and exhaustive search for data resulting from previous geological surveys and borehole 
drilling operations carried out in the sector.

Further to the systematic sampling of geologic formations, the scientific programme also included 
the following activities in specific formations.

In the limestone formations (Oxfordian, Dogger):

	— Overall transmissivity was determined with hydrogeological testing with and without packers;
	— Piezometric heads were measured;
	— Geochemical characterization was obtained from water samples;
	— Lithology and porosity of the Oxfordian carbonated formations were characterized with geophysical 
logging;

	— Seismic profiles were adjusted and spatial variability of porosity was assessed based on VSP.

In the Callovo‑Oxfordian formation:

	— Lithological profile was acquired with geophysical logging;
	— Sedimentation modes and associated paleo‑geographic reconstruction were characterized based on 
core sampling results.

Sensors were installed in both boreholes and this marked the beginning of long term hydrogeological 
pressure monitoring.

V–3.2.	 Characterization and monitoring activities from late 1999 to mid‑2002: implementing the 
site monitoring network

Shallow boreholes monitoring

Prior to a seismic data acquisition programme, 15 boreholes 41–62  m deep were drilled as part 
of the 3‑D seismic campaign for surface correction purposes. These boreholes intersect all the Barrois 
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formations (Tithonian) and penetrate approximately 30  m into the Kimmeridgian age formation. The 
monitoring led to obtaining a piezometric map of the base of the Barrois limestone.

Deep boreholes at the URL location

Since the construction of access shafts to the URL were expected to affect all formations, the 
effects of drainage on the Kimmeridgian marls and Oxfordian limestone were monitored. In March 2000, 
boreholes for monitoring hydrogeological and geochemical disturbances were air drilled using an inverse 
circulation method that minimized contamination from drilling fluids (Fig. V–2).

Two 420 m deep boreholes (EST201 and EST203) were drilled and equipped with five measuring 
chambers to monitor the Oxfordian formation, thereby supplementing boreholes EST103 and EST104 
located north of the laboratory site.

For the Kimmeridgian marls, a single borehole (EST202) equipped with three measuring 
chambers was initially planned. However, this borehole was completely dry and displayed a very low 
permeability. Since slight seepage was observed during the drilling of borehole EST203, a borehole into 
the Kimmeridgian marls was drilled from the same platform (borehole EST206).

V–3.3.	 Characterization and monitoring activities 2003–2005: Implementing a regional network

Hydrogeological measurements were made in boreholes during the 1996 campaign. This 
information, linked with studies on outcrops, allowed initial estimates of regional water flows to be 
made. In 2001, Andra developed a number of groundwater flow models that took into account all the 
hydrogeological and geological data then available for the Meuse/Haute‑Marne sectors. These models 
integrated data obtained from 2‑D and 3‑D seismic profiles, geological and hydrogeological exploratory 
boreholes drilled from the MSE, HTM and EST platforms between 1994 and 1996 (Meuse/Haute‑Marne 
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FIG.  V–2. Location of shaft drawdown monitoring boreholes at the Meuse/Haute‑Marne site studied for the Cigéo 
geological disposal facility (courtesy of Andra).



URL site) and boreholes drilled in the underground laboratory site in 2000. However, the underpinning 
hydrogeological and geological conceptual models included uncertainties associated with the following:

	— Hydrodynamic properties of the Dogger and Oxfordian limestone formations (spatial distribution of 
permeability);

	— Hydrodynamic properties of the tectonic discontinuities in the sector;
	— Variation of rock lithology and their physical properties with depth.

As a result, the scientific objectives of the complementary borehole campaign involved 
consolidating the hydrogeological model, completing a lateral survey of the formations, performing 
additional permeability measurements and taking new samples in order to:

	— Supplement the input data for hydrogeological modelling;
	— Determine the geological model and the geometry of the transposition zone proposed in the geological 
baseline;

	— Reduce uncertainties and better assess the variability of geochemical, hydrogeological, petrophysical 
and stratigraphic parameters.

Borehole locations were selected in accordance with the following criteria:

	— Location within the sector of the URL covering the equivalent transposition zone or the local springs 
of the Oxfordian formation;

	— Location within at least 5 km of each of the three existing boreholes;
	— Location on or in the immediate vicinity of the seismic lines used during oil prospecting in order to 
improve the calibration parameters used for subsequent seismic data reprocessing and thereby obtain 
a better understanding of the geometry of the sedimentary structures (layer boundaries, faults, etc.);

	— Location to collect adequate data for estimating groundwater residence durations using isotopic 
tracers.

During this campaign, a total of eight boreholes (Fig.  V–3) were drilled from five platforms 
distributed throughout the sector.

The scientific programme included hydrogeological and geochemical monitoring in the carbonated 
formations (Oxfordian, Dogger) in order to collect uncontaminated water and gas samples.

V–3.4.	 Overall layout of the deep borehole monitoring network (1993–2019)

It is obvious that the monitoring programme should not compromise the passive safety of a 
GDF. Thus, it was decided to drastically limit the number of boreholes going through the host rock, 
meaning reaching the Dogger formation in order to mitigate any potential risk of a leak through an 
inadequate borehole seal.

Figure  V–4 shows the location of the boreholes drilled during the main campaigns of the site 
characterization phase, including the URL construction and operation. It should be noted that the zone 
selected for the underground installations (Zira: zone d’investigation pour la reconnaissance approfondie 
[i.e. disposal footprint]) is free of any deep boreholes.

Due to the French legal framework, most of these boreholes were dismantled (filled with cement) 
one year after their construction to comply with administrative requirements. Thus, the monitoring period 
lasted (with the exception of regulatory monitoring of the URL) less than one year.

This also means that a new network will have to be built after the licensing of Cigéo.
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FIG. V–3. Location of sector survey boreholes at the Meuse/Haute‑Marne URL (courtesy of Andra).

FIG. V–4. Deep boreholes drilled during Cigéo’s preoperational phase (1993–2019) (courtesy of Andra).



V–4.  THE UNDERGROUND RESEARCH LABORATORY

Currently, the most important technical information regarding monitoring is being compiled by the 
Bure URL because of follow‑up on the construction and the need to conduct experiments lasting several 
years or decades. Bure URL is a site specific URL that could be seen as a precursor or the initial stage 
of Cigéo, the facility that will be implemented in the same geological formation. Consequently, the Bure 
URL provides data for scientific purposes (monitoring of experiments) and for characterizing the host 
formation (monitoring of the site). In other words, Bure URL is a subject of experiments, as well as a tool 
for experiments.

There are three main challenges specifically involved in monitoring in the URL. The first is related 
to construction of the URL itself, which may cause disturbances at a reduced or similar level as the 
industrial centre for geological disposal.

The second is an intrinsic factor in the experimental programme. It deals with the long term 
behaviour of the host rock and the long term behaviour of drifts, cells and vaults. One part of these 
studies deals with the durability of the materials used (concrete, bentonite plug structures, etc.) and the 
geochemical interaction with the pore water and the host rock. It  involves understanding the processes 
occurring within the system, including potential coupling effects.

The third deals with strategic studies such as selecting the parameters to be monitored during 
disposal facility operating, long term data management and selecting representative parameters for long 
term facility surveillance. Facility operation monitoring comprises the objectives or retrievability.

These three challenges will be illustrated in the following sections by hydraulic and geomechanical 
disturbance monitoring.

The main level of the URL (490  m) is implemented in the middle of the Callovo‑Oxfordian 
formation where the clay content is at its maximum (55%). This level is also the level defined for the 
waste disposal vaults. In the URL, the drift at 455 m is aimed at starting the experiment programme in the 
upper part of the layer.

V–4.1.	 Monitoring hydraulic disturbances during shaft excavation

As noted in Section V.2.3, the shafts leading to the underground facilities were expected to affect 
all formations, and the impact of drainage on the Kimmeridgian marls and Oxfordian limestone was 
monitored in boreholes drilled for hydrogeological and geochemical purposes (Fig. V–2).

Investigations on the laboratory site prior to the sinking of two shafts started in November 1999. 
The sinking of the shafts started in September 2000.

The excavation of the Oxfordian limestone started on 11 November 2001 in the main shaft and on 
29 March 2002 in the auxiliary shaft. The excavation lasted 909 days in the main shaft and 748 days in 
the auxiliary shaft. Overall outflow measured just after the excavation of the Oxfordian limestone was 
9.7 L/min in the main shaft and 8.4 L/min in the auxiliary shaft.

Pressure monitoring in borehole EST201 provides a good example of hydraulic interference 
between shafts and monitoring boreholes. Figure V–5 shows penetration versus time for the upper part of 
the main shaft. The hydraulic head versus time is shown in the lower part of the figure.

V–4.2.	 Monitoring the rock behaviour during drift excavation

Knowledge of the fracturing occurring during the early stage of the drift excavation in claystone is 
one of the major questions to be answered in order to estimate the geometry and extension of the damaged 
zone. Geological mapping of the front face of the drift from the beginning of excavation and systematic 
analysis of borehole cores provides a significant amount of data on the orientation of the fracturing planes 
induced by excavation processes.

It was thus possible to build a 3‑D model of the geometry of the fracture network (Fig. V–6). The 
damage to the rock is characterized by the initiation of shear fractures from the excavation front face and 
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FIG. V–5. Shaft sinking and hydraulic head measurements in borehole EST201. Porous levels are represented by blue bars 
corresponding to the depth and time the boreholes were drilled during shaft sinking (courtesy of Andra).

FIG. V–6. Fractures induced during excavation processes (courtesy of Andra).



extensional/unloading fractures after the excavation front has passed. If the nature of induced fracturing 
does not depend significantly on the direction of the excavation, its expression — and particularly the 
extension of the zone where the different kind of fractures coexist — depends on the orientation of the 
drift with respect to the major horizontal stress.

Systematic characterization of rock behaviour (the OHZ experiment) around drifts (deformation, 
interstitial pressure) and rock/support interaction (the ORS experiment) is carried out in the URL during 
the excavation of every new drift and is monitored over time. This experimental strategy allows for the 
comparison of the behaviour of drifts built with different excavation/support methods.

When possible, measuring equipment in the rock mass is installed before excavation (a mine‑by 
test) in order to monitor the deformation and the interstitial pressure evolution throughout the entire 
construction activity period.

V–4.3.	 Planning monitoring tools and strategies during disposal facility operating: The 
modern project

Associated with almost all the experiments carried out in the URL, development of the monitoring 
tools and strategies is an integral part of the experimental R&D programmes carried out in Bure.

As already presented, the monitoring programmes to be implemented within Cigéo will have to 
fulfil three objectives: operating safety, long term safety and reversibility. However, the programmes 
are not unrelated. For instance, the drift deformation monitoring programmes may provide information 
pertaining to reversibility (adequate space to transfer canisters), operating safety (risk of rock fall or drift 
collapse) and long term safety (excavation damaged/disturbed zone evolution and fracture healing).

The monitoring devices are subjected to specific repository constraints:

	— Devices are required not to interfere with operating safety (cables, data acquisition stations, operator 
traffic, etc.);

	— Devices are required to not significantly reduce long term safety (mechanical, hydrological or 
chemical footprint, etc.);

	— Devices need to operate under expected environmental conditions (heat, humidity, pressure, 
radiation, lack of access, etc.);

	— The cost needs to be acceptable (choice of device, density and distribution of monitoring equipment, 
etc.).

They are specific requirements for the devices that could be used in a disposal facility, for example:

	— Equipment should not jeopardize safety:
	● (No significant long term) disturbance of containment barriers;
	● (No significant long term) chemical disturbance;
	● Adapted to operating safety (ease of construction, no interference with construction and 

operating activities, etc.).
	— Equipment should demonstrate sufficient robustness over time:

	● Accuracy (no drift):
○	 Lifetime (50 years is common, 100 years appears reasonable), otherwise maintenance 

needs to be possible.
	● Resistance to disposal facility environment (temperature, humidity, radiation only inside waste 

emplacement tunnels, etc.):
○	 The environment inside a waste emplacement tunnel is demanding.

	— The equipment should be easy to integrate in an automated data acquisition network.
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Considering this issue is of critical importance for the Cigéo project, Andra has coordinated two 
European projects: MoDeRn project [V–3] (FP7, 2009–2013) and MoDeRn 2020 [V–4] (Horizon 2020 
and 2014–2019).

The MoDeRn project was designed to provide a reference framework for the development and 
possible implementation of monitoring activities and associated stakeholder engagement during the 
various phases of a radioactive waste disposal programme (i.e. during site characterization, repository 
construction, operations and during a staged closure of the repository, as well as for a post‑closure 
institutional control phase).

The project was implemented through six work packages (known as WPs). The first four work 
packages were designed to (i) define key objectives and propose viable monitoring strategies, based 
on technical and stakeholder considerations; (ii) establish the state of the art and provide information 
concerning technical developments to reflect specific repository requirements; (iii) conduct in situ 
monitoring demonstration experiments using innovative techniques; and (iv) undertake a case study on 
monitoring and its integration within staged disposal operations, including specific scenario analysis 
aimed at providing guidance on how to handle and communicate monitoring results, in particular when 
these results provide ‘unexpected’ information.

A main objective was to provide a shared international understanding on how monitoring can be 
developed within a given national context. Work package 5 undertook dissemination activities and work 
package 6 provided a reference framework for integrating the results of the project and describing feasible 
monitoring activities. It also suggested relevant stakeholder engagement activities and illustrated how 
monitoring results could be used to support decision making.

The overall objective of the Modern2020 Project was based on the outcomes of the MoDeRn 
Project and aimed at providing the means for developing and implementing an effective and efficient 
repository operational monitoring programme, driven by safety case needs and taking into account 
the specific national context requirements — including waste inventory, host rock characteristics and 
alternative repository concepts and regulations, all of which differ between Member States, as well as 
public stakeholder expectations, particularly those of local public stakeholders at potential disposal sites.

Modern2020 focused on monitoring of the near field in a repository during the operational phase. 
The work addressed the following issues: 

(i)	 Strategy: development of detailed methodologies for screening safety cases to identify repository 
monitoring methods driven by needs and to develop operational approaches for responding to 
monitoring information;

(ii)	 Technology: carry out R&D to solve outstanding technical issues associated with repository 
monitoring which are related to wireless data transmission technologies, alternative long term power 
supplies, new sensors, geophysics, reliability and qualification of components;

(iii)	 Demonstration and practical implementation: to enhance knowledge relating to operational 
implementation and demonstrate the performance of state of the art and innovative techniques by 
running full‑scale and in situ experiments;

(iv)	 Societal concerns and stakeholder involvement: develop and evaluate methods for integrating public 
stakeholder concerns and societal expectations into repository monitoring programmes.

All the publications resulting from the two projects are available on their respective web sites.

V–5.  THE PERENNIAL OBSERVATORY OF THE ENVIRONMENT

V–5.1.	 Objectives

The OPE founded in 2007 is designed to respond to the need for the Cigéo project to record the 
reference state of the surface environment prior to starting construction of Cigéo. It aims to assess 
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potential environmental changes that could occur, to identify their origins and to discriminate between 
changes due to the construction and operation of Cigéo surface and underground facilities and changes 
due to other natural or human reasons [V–5].

The OPE will provide access to environmental dynamics from the local scale up to an area of 
900 km2, with the objective of recording integrated responses on the state of the environment at the scale 
of this area and beyond, thanks to multiple collaborations with national and international environmental 
observatories, this for around 100 years. Within this area, more detailed studies are being conducted on 
a reference sector of around 240 km², encompassing the zone proposed by Andra for siting the Cigéo 
industrial centre.

Andra also decided to open access to the OPE to the scientific community in order to develop 
innovative programmes addressing environmental questions (e.g.  long term changes caused by global 
climate change, ecosystem responses to land use, critical zone dynamics, biogeochemical and biochemical 
cycles, as well as the socioeconomic impacts of industrial projects).

In addition, the OPE has a role to play in local economic development.
The OPE is a unique facility which reflects the exceptional nature and operating lifetime of 

the Cigéo project. The OPE, along with its measurement equipment and protocols, was defined in 
collaboration with expert scientific organizations recognized in their fields (INRA (National Institute 
for Agricultural Research), AirLorraine, etc.). Many of these organizations are tasked with performing 
measurements and analyses.

V–5.2.	 Monitoring tools and activities

The OPE is composed of several observation units and networks which are located within a 900 km2 
area (Fig. V–7).

The observatory units are located to enable the study of the main agricultural land types (forest, 
grassland and crops).

The OPE encompasses two ecosystem observatory units, a forest observatory unit (fully equipped 
biochemical stations, including an Integrated Carbon Observation System (shortened to ICOS) flux tower 
for biomass budget) and a grassland observatory unit (included in that ecosystem).

In addition, the OPE comprises:

	— Four observation units and networks dedicated to specific environmental compartments (water, 
atmosphere, soil, biodiversity);

	— A network for water quality observation (surface and groundwater);
	— An atmospheric observatory unit (including an Integrated Carbon Observation System mast for 
monitoring greenhouse gases);

	— A soil quality monitoring network (grid sampling of 1.5 km, integrated within national soil quality 
survey network (known as RMQS) in France managed by the National Institute for Agricultural 
Research);

	— A biodiversity monitoring network including flora, fauna, and agricultural practices.

Satellite data and aerial photos are also acquired in order to track land cover changes. All data are 
collated within a single databank designed to facilitate cross‑checking and interpreting data acquired by 
the different observation units.

V–5.3.	 The environmental specimen bank

In 2014, Andra opened the Environmental Specimen Bank located in Bure. This hi‑tech building 
is designed and equipped for the preparation and long term conservation of samples taken as part of the 
work carried out at the OPE. The Environmental Specimen Bank will thus preserve the memory of the 
environment surrounding the Cigéo facility throughout its operating lifetime of around a hundred years. 
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Furthermore, the Environmental Specimen Bank will make it possible to track environmental changes by 
allowing analysis at a secular scale. Thus, Andra will be able to verify and repeat further analysis in the 
future, chronicling variations over the long term and correlations between parameters.

In the 1400 m² Environmental Specimen Bank, two new spaces have been opened: a ‘clean room’ 
for preparing specimens destined for cryogenic conservation (–180°C) and a public information centre 
that introduces people to the local environment and the work carried out at the OPE.

V–5.4.	 Example of Andra’s overall environmental monitoring strategy

The OPE, which is scheduled to continuously monitor the environment for around a hundred years, 
is designed to facilitate the efficient integration of data at the scale of the observation area by providing 
detailed data from each of its specialized observatory units.

The OPE specifically encourages multidisciplinary research programmes that may benefit from a 
broad spectrum of data: physical and chemical parameters, biodiversity, land use and land cover, etc., all 
on a single and well defined area.

Since the outset, the OPE has developed strong links with other similar observatories through 
national and international environmental research collaborations. All the observations made by Andra and 
its associated research partners are used to understand, at different scales (local to global), the dynamics 
of individual environmental components (soil, hydrosphere, biodiversity, etc.) in response to natural 
changes or ones due to humans.

The data can be integrated and used to evaluate their impact on forest/grassland ecosystem health 
(the influence of climate change on forest/grassland ecosystem health, for instance). The OPE observations 
will also help to finesse environmental monitoring strategies for the future, taking into account spatial and 
temporal environmental variabilities, instrumentation limitations, human and financial costs.

The overall monitoring strategy is a long term iterative process that includes different steps 
presented in Fig. V–8.
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FIG. V–7. OPE monitoring network (courtesy of Andra).



The outputs of this strategy aim to answer objectives already identified, and output deliverables 
include EIA reports, potential locations for facilities, hydrological and biosphere modelling, and 
requirements for disposal monitoring programmes.

V–6.  DATA MANAGEMENT

For the scientific needs of the Cigéo project, Andra has developed its own scientific information 
system designed to gather all the acquired data in one place and ensure, over the long term, traceability of 
the information recorded.

The scientific investigation programme carried out from the surface in boreholes and in the URL 
makes it possible to provide the data necessary for qualification of the geological site, the disposal facility 
design and optimization, and the safety assessment for the deep GDF.

The data accumulated over 25 years is exceptional in terms of its quantity and diversity. Billions 
of values were acquired and millions of new values were recorded daily on hydrogeological parameters, 
logs of geochemical, environmental, geo‑mechanical and geological data, seismic data, etc. All this data 
acquired over many years required the set‑up of a georeferenced scientific information system capable of 
managing it all.

V–6.1.	 The geoscientific information system

The raw data collected manually (through boreholes and measurements on samples) are 
georeferenced and integrated into the information system using the Meuse/Haute‑Marne Centre’s 
geoscientific database called GEO. As for data acquired via sensors installed in boreholes and in the URL, 
this is georeferenced and integrated into the information system using the SAGD database (Système 
d’Acquisition et de Gestion des Données: a data acquisition and management system).
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FIG. V–8. Environmental observation and monitoring strategy: an iterative process.



V–6.2.	 The geodatabase and its applications

Andra has developed an integrated methodology for the traceability of its samples: identification, 
coding, packaging, recording, localization and consultation, using the GEO database which is used with 
dedicated software.

Since it was set up in 1992, this database has constantly evolved technically and in terms of 
functionality to better meet the different needs of scientists.

At present, the GEO database has the following three main features:

	— Data acquisition and management functions and data files relating to geological, geomechanical, 
hydrogeological and chemical measurements on solid and fluid samples and on field measurements 
(logging, measurements on samples, geological logs, etc.), as well as observations of flora and fauna;

	— Consulting functions, accessible by all the staff on Andra’s internal network, by selective displays 
that make it possible to search the data related to a drilling, a sample or a monitoring point, and to 
make calculations and graphs on series of laboratory measurements related to a sample;

	— Physical management functions of the fluid and solid samples stored in a building called a ‘core 
library’, which makes it possible to locate a core sample, move it to an analysis organization (and 
return a sample not completely used after analysis) and vice versa, and to carry out regular inventories.

At of early 2022), the GEO database gathers data on the following:

	— Over 3000 listed works (drifts, boreholes, instrumented zones, geological drift surveys);
	— Over 70 000 solid samples;
	— Over 15 000 fluid samples.

These objects include over 50 000 photos of samples and works, as well as over 20 000 measurement 
files acquired during geological survey and logging operations.

V–6.3.	 The SAGD data acquisition and management system

Andra is directly responsible for all scientific data acquired at the Meuse/Haute‑Marne URL and 
has developed and installed the SAGD data acquisition and management system to fulfil the requirements 
for acquisition, storage and display of real time data. SAGD was initially deployed in November 2004 for 
the first experimental drift at –445 m. Its use was subsequently extended to the underground Mont Terri 
Rock Laboratory in Switzerland in 2005, to the entire surface logging network of the Meuse/Haute‑Marne 
Centre in 2008 and to the environmental network in 2011.

SAGD fulfils its objectives by performing the following:

	— Real time availability through a single system for all data acquired at the Meuse/Haute‑Marne Centre 
and the Mont Terri Rock Laboratory;

	— Recorded data display in temporal windows and for specific time steps;
	— Allowing remote control of the experiments;
	— Ensuring the traceability of all recorded information;
	— Ensuring data storage in a database.

The sensors are connected to data loggers, connected to a computer network through a set of servers 
and computer communication devices (switches, optical fibre, copper cable, etc.). The SAGD’s computer 
network is an autonomous network of fibre optic links that brings the data from experiments located in 
the URL or at the surface to a control room where servers and computers are located. Today, the SAGD 
allows scientists to visualize in real time from any computer connected to the Internet, the evolution of 
different experimental parameters thanks to a user‑friendly graphical interface called Geoscope.
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This software, which has been continuously developed for more than 15 years, manages and stores 
the following information:

	— Over 200 data loggers;
	— 20 000 measurement points (pressure sensors, deformation, displacement, convergence, etc.);
	— 2 million values/day recorded on average in the SAGD database;
	— 3 billion values recorded in the SAGD database;
	— Over 5000 logbooks (data related events such as a loss of power, maintenance on a sensor, dismantling 
of an experiment, etc.).

V–6.4.	 Geographic information system and data analysis

A GIS server, in addition to GEO’s and SAGD’s software, has been set up to allow users to benefit 
from a graphical visualization of georeferenced data from a single interface and to check data consistency. 
However, there is no software that can integrate all available data formats, and conversions often lead to 
a loss of information. It became important to set up an efficient and scalable spatial data infrastructure 
to manage the geographic information available at Andra. This infrastructure serves as a basis for data 
consultation and provides data in standard formats. By centralizing data, it also ensures a unified vision 
for all the different users.

The application server is the central component of the spatial data infrastructure. It allows 
processing and publishing geographic data. It generates map representations in raster or vector formats 
using data from different sources and provides them to users using Open Geospatial Consortium (known 
as OGC) web services such as their Web Mapping Service, Web Feature Service and Web Coverage 
Service (known as WMS, WFS and WCS respectively). Other data (from sensors, observations, analysis, 
etc.) can also be published though web services using a well defined application programming interface 
(better known as an API). Furthermore, the server provides the following features:

	— Filters: Entities can be requested with specific conditions (simple or spatial queries).
	— Styling: Geographical data does not inherently have any visual component. It is therefore necessary 
to apply a style to them to visualize this data (i.e.  define the colour, thickness and other visible 
attributes used to render data on a map).

	— Processing: Operation on the topology, aggregations and statistics.
	— Data caching: The map server generates all the images needed for a map immediately during a user 
query. This task requires server time and resources. In order to improve server performance, it is 
possible to set up a cache system that stores each image made for a user request and deliver that for 
future requests, making results faster.

	— Security management: It is possible to define users and assign them read/write rules on the different 
data available on the server.

The OGC web services provide an interface for server features with quick data access for all users 
(Fig. V–9). Using the dashboard, spatial data can be combined with other data on a single screen which 
gives a quick overview of a monitoring station or an experiment with predefined indicators.

It is also possible to access server data using desktop GIS software such as MapInfo or BentleyMap, 
or 3‑D viewers such as Google Earth or ArcGIS Explorer, and even non‑spatial software like a spreadsheet 
or Grapher. These programmes enable advanced users to create and edit data and to perform specific 
data processing or analysis. Finally, data scientists have access to all the collected data though an API 
integrating many different programming languages, and are able to process data to discover new insight.
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V–7.  CONCLUSION

Most of the data obtained from monitoring will be used for the environmental assessment. In 
general, environmental and health impact studies contribute to the regulatory, scientific and technical 
studies designed to provide information and support decision making by assessing the impact a project 
could have on the environment and the health of local populations. Assessments are carried out throughout 
the life of a project, from construction to closure.

Andra has set up local consultation forums to involve civil society, particularly on subjects related 
to environmental and regional integration such as the water cycle, the energy supply to Cigéo, transport 
infrastructure, spatial planning and quality of life. These consultations will be fed into the EIA.

The EIA is part of an ongoing iterative process throughout the life of the project. It will be updated 
as the project progresses, particularly in liaison with subsequent administrative stages scheduled on the 
issue of its reversibility. Its content is proportionate to the environmental sensitivity of the area, the scale 
and nature of the work and any foreseeable impact of the work on the environment and human health.
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GLOSSARY

conceptual model. A set of qualitative assumptions used to describe a system (or part thereof). These 
assumptions would normally cover, as a minimum, the geometry and dimensionality of the system, 
initial and boundary conditions, time dependence, and the nature of the relevant physical, chemical 
and biological processes and phenomena. 

containment. Methods or physical structures designed to prevent or control the release and the dispersion 
of radioactive substances.

data. Factual records of observations and measurements, but often without context. Raw (primary) data 
are differentiated from processed (secondary or derived) data and from metadata. Modelling and 
interpretations can result in the generation of further data. Data can generally be easily encoded for 
record keeping and further use.

data management system. A system usually comprising hardware and a structured software platform that 
interacts with data providers and users as well as other applications, to capture, store and present 
data. (may also be used implicitly for the management of information).

disposal. Emplacement of waste in an appropriate facility without the intention of retrieval.

disposal concept. A description of an idea or plan for disposal (i.e. its facility and its setting that has not 
yet been implemented or realized) implicitly containing many components, including: the type of 
waste to be disposed of and its form; engineered barrier materials and their functions; a description 
of the engineered system; the geological environment and natural barrier functions; and potential 
radionuclide pathways. May include provisions for the reversal of decisions and retrieval of the 
waste prior to final closure.

disposal facility. An engineered facility where waste is emplaced for disposal.

high level waste. The radioactive liquid containing most of the fission products and actinides present 
in spent fuel — which forms the residue from the first solvent extraction cycle in reprocessing — 
and some of the associated waste streams; this material following solidification; spent fuel (if it is 
declared as waste); or any other waste with similar radiological characteristics.

information. When data have been analysed, interpreted, structured and combined with other data, so 
their context and meaning are better understood, they become useful information. Information can 
be communicated as symbols (including numbers), words and figures. Information can require 
certain assumptions to be made and may include subjective interpretation. Therefore, unlike verified 
data, information may not be factually correct in all cases.

intermediate level waste. Radioactive waste that, because of its content, in particular its content of long 
lived radionuclides, requires a greater degree of containment and isolation than that provided by 
near surface disposal.

isolation. The physical separation and retention of radioactive waste away from people and from the 
environment. 
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knowledge. Data, information and ability gained by training or experience; a theoretical or practical 
understanding. Knowledge that resides in individuals may be difficult to encode and communicate, 
while corporate or institutional knowledge is the sum of knowledge in an organisation that should 
be effectively shared and stored as necessary, hence the need for knowledge management.

low level waste. Radioactive waste that is above clearance levels, but with limited amounts of long lived 
radionuclides.	

metadata. Data that describe other data to provide information on their source and derivation, as well as 
any other contextual information, and to facilitate the proper use and interpretation of the underlying 
data.

model application. The specific or general area of use that is to be made of the model.

model calibration. The process whereby predictions by a model are compared with field observations 
and/or experimental measurements from the system being modelled, and the model is adjusted for 
bias if necessary to achieve a best fit to the measured and/or observed data.

model estimation. A stage of model development in which the generates early stage output based on a 
limited set of input parameters or an otherwise incomplete model set‑up.

model validation. The process of determining whether a model is an adequate representation — within a 
predefined envelope of tolerance — of the real system being modelled, by comparing the predictions 
of the model with observations of the real system.

model verification. The process of determining whether a computational model correctly implements the 
intended conceptual model or mathematical model.	

parameter uncertainty. The degree to which the value of a sampled parameter deviates from the true 
value it is intended to represent.

prediction. A prediction is defined as a statement about future events, quantities or circumstances that are 
expected to happen. Following this definition, the term prediction can only be applied when one is 
very confident about a result such that it is probable with a high degree of certainty. Furthermore, 
a prediction requires that it can later be checked for accuracy against the outcome, otherwise a 
prediction becomes no better than any other statement about the future. Predictions made as part 
of the numerical modelling of a system or system component at a site may be entirely appropriate, 
for example when evaluating anticipated groundwater inflow conditions into a tunnel still to be 
excavated.

projection. Outcome of a simulation which is considered possible, as opposed to probable, i.e.  for 
which the confidence in the likelihood of occurrence is less than for a prediction and therefore the 
term projection is preferable. This is because the uncertainty associated with scenarios expands 
non‑linearly into the future and any future conditions used to populate a model or generated during 
its simulations are unlikely to match the actual conditions that will exist at a site over the simulation 
timescale. In addition, such long term simulation results cannot be proven or verified during our 
lifetime. A projection is only one among many possible estimates of a plausible outcome rather than 
an exact prediction.

radioactive waste management organization. Radioactive waste management organization; the entity 
responsible for planning and implementing a radioactive waste disposal programme. It requires an 
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appropriate mandate and sufficient resources to carry out its mission. The form of ownership and 
scope of responsibility varies depending on national circumstances.

repository. An engineered facility where waste is emplaced for disposal. Synonymous with disposal 
facility.

requirement. Any project constraint (i.e. a quantitative or qualitative boundary condition or goal to be 
satisfied by the site investigation project). 

requirements management. The identification, structuring and response to the suite of requirements 
that the disposal system is expected to meet. It further provides for the management of evolving 
requirement specifications as the disposal programme progresses from initial studies to licensing and 
on to implementation, as well as a basis for clear and factual communication on how requirements 
are being met.

site characterization. Detailed surface and subsurface investigations and activities at a site to determine 
the radiological conditions at the site or to evaluate candidate disposal sites to obtain information to 
determine the suitability of the site for a disposal facility and to evaluate the long term performance 
of a disposal facility at the site.

site descriptive model. An integrated description of the site and its regional environment with respect to 
the current geometry and properties of the bedrock and water, as well as the naturally ongoing and 
interacting processes and mechanisms, to generate a better and more holistic understanding of a site 
and its evolution and to make results more widely available for use. Integration may be undertaken 
at several stages in a site investigation programme and can be generated for individual disciplines 
(e.g. geology or hydrogeology) or for all disciplines needed to describe the site as a whole, thus 
providing what is sometimes termed geosynthesis.

site investigation. A general term for an activity or series of activities undertaken to understand and 
describe the nature of a site for a prospective radioactive waste disposal facility.

site investigation flow diagram. A diagram that demonstrates the links between data collection methods 
and the ultimate use to be made of the data. 

siting. The process of selecting a suitable site for a disposal facility, including appropriate assessment and 
definition of the related design bases. The siting process for a repository is particularly crucial to its 
long term safety; it may therefore be a particularly extensive process, and when using a screening 
approach is divided into stages of concept and planning, area survey, site investigation and detailed 
site characterization.

spent nuclear fuel. Nuclear fuel removed from a reactor following irradiation that is no longer usable in 
its present form because of depletion of fissile material, poison buildup or radiation damage.

storage. The holding of radioactive sources, radioactive material, spent fuel or radioactive waste in a 
facility that provides for their/its containment, with the intention of retrieval.

very low level waste. Radioactive waste that does not necessarily meet the criteria of exempt waste, but 
that does not need a high level of containment and isolation and, therefore, is suitable for disposal in 
landfill type near surface repositories with limited regulatory control.

229



very short lived waste. Radioactive waste that can be stored for decay over a limited period of up to a 
few years and subsequently cleared from regulatory control according to arrangements approved by 
the regulatory body, for uncontrolled disposal, use or discharge.
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ABBREVIATIONS

DGR	 deep geological repository
DMS	 data management system 
DSC	 detailed site characterization 
DSCS	 detailed site characterization stage
DSS	 disposal system specification
DSSC	 disposal system safety case 
EIA	 environmental impact assessment 
ESC	 environmental safety case
FEP	 features, events and processes 
GDF	 geological disposal facility 
GIS	 geographical information systems 
HLW	 high level waste 
ILW	 intermediate level waste 
JAEA	 Japan Atomic Energy Agency
LLW	 low level waste
NDA	 Nuclear Decommissioning Authority
NUMO	 Nuclear Waste Management Organization of Japan 
NWS	 Nuclear Waste Services 
OPE	 perennial observatory of the environment 
QA	 quality assurance 
QC	 quality control 
RWMO	 radioactive waste management organization 
SDM	 site descriptive model
SIFD	 site investigation flow diagram 
SIS	 site investigation stage
SKB	 Swedish Nuclear Fuel and Waste Management Company 
SNF	 spent nuclear fuel
URL	 underground research laboratory
VLLW	 very low level waste
VSP	 vertical seismic profiling 
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IAEA NUCLEAR ENERGY SERIES PUBLICATIONS 

STRUCTURE OF THE IAEA NUCLEAR ENERGY SERIES 

Under the terms of Articles III.A.3 and VIII.C of its Statute, the IAEA is 
authorized to “foster the exchange of scientific and technical information on the 
peaceful uses of atomic energy”. The publications in the IAEA Nuclear Energy 
Series present good practices and advances in technology, as well as practical 
examples and experience in the areas of nuclear reactors, the nuclear fuel cycle, 
radioactive waste management and decommissioning, and on general issues relevant 
to nuclear energy. The IAEA Nuclear Energy Series is structured into four levels: 

(1) The Nuclear Energy Basic Principles publication describes the rationale 
and vision for the peaceful uses of nuclear energy. 

(2) Nuclear Energy Series Objectives publications describe what needs to 
be considered and the specific goals to be achieved in the subject areas at 
different stages of implementation. 

(3) Nuclear Energy Series Guides and Methodologies provide high level 
guidance or methods on how to achieve the objectives related to the various 
topics and areas involving the peaceful uses of nuclear energy. 

(4) Nuclear Energy Series Technical Reports provide additional, more 
detailed information on activities relating to topics explored in the 
IAEA Nuclear Energy Series. 

Each publication undergoes internal peer review and is made available to 
Member States for comment prior to publication. 

The IAEA Nuclear Energy Series publications are coded as follows: 
NG – nuclear energy general; NR – nuclear reactors (formerly NP– nuclear power); 
NF – nuclear fuel cycle; NW – radioactive waste management and 
decommissioning. In addition, the publications are available in English on the 
IAEA web site: 

 

www.iaea.org/publications 
 

For further information, please contact the IAEA at Vienna International Centre, 
PO Box 100, 1400 Vienna, Austria. 

All users of the IAEA Nuclear Energy Series publications are invited to 
inform the IAEA of their experience for the purpose of ensuring that they continue 
to meet user needs. Information may be provided via the IAEA web site, by post, or 
by email to Official.Mail@iaea.org. 
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