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EXECUTIVE SUMMARY

A safety case for a geological repository for high-level and/or long-lived radioactive waste aims
at conveying reasoned and complementary arguments to illustrate and instil confidence in the
performance of the disposal system.
Potential geological host formations and their surroundings are chosen, in particular, for their
long-term stability, their ability to accommodate the waste disposal facility, their ability to prevent or
attenuate potential release of radioactivity (e.g. through their retention capacities), and their buffering
capacity vis-à-vis external and internal perturbations. In building a safety case, it is therefore important
to assess:
• the features, events and processes (FEPs) that could influence the evolution of the geosphere;
• the long-term stability of the favourable conditions displayed by the host formation;
• the buffering capacity of the formation vis-à-vis perturbations.
The key issue is to evaluate the resilience of the main safety functions of the geosphere (including
its flow and transport properties) to natural perturbations. The relevance of various naturally occurring
processes and events will depend upon the timescale to be considered, but timescales on the order of
about one million years are typical.
The NEA Integration Group for the Safety Case (IGSC) initiated the “geosphere stability” project
to address the role and importance of geosphere stability, and to develop a better understanding of the
scientific evidence and arguments that contribute to confidence in geological stability. Under this
initiative, a first workshop in 2003 was devoted specifically to argillaceous settings. The second
workshop, which is the subject of these proceedings, focused on crystalline rocks – a term that, in this
context, encompassed all forms of hard, fractured rocks. The workshop took place on 13-15 November
2007 in Manchester, United Kingdom.
In this workshop, the stability of a crystalline rock was broadly defined as the presence of
thermal-hydrological-mechanical-chemical (THMC) conditions considered favourable for the safety of
a radioactive waste repository. Stability, in this sense, does not imply that steady-state conditions exist.
The geosphere is constantly evolving, although in many cases rather slowly, and such evolution is
perfectly acceptable for safe geological disposal. What is important is that the geosphere's evolution is
fully understood.
The main functions of a crystalline host rock for a radioactive waste repository are to contribute
to the isolation of the waste mainly by providing a favourable environment (e.g. chemically) for the
repository, by contributing to retardation of radionuclide transport and by providing containment of
waste. As a repository programme and understanding of the accompanying processes advance and
mature, it is possible to differentiate these functions into more detailed requirements or sub-functions.
Such detailed requirements of the crystalline host rock are intimately linked to the repository concept.
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The workshop underscored the fact that many crystalline rocks are intrinsically stable
environments, which provide good buffering against external events and processes. It is acknowledged
that the properties and conditions of crystalline rocks evolve with time, but generally this evolution is
limited and the erosion rates of such rocks are often extremely low. Furthermore, the geoscientific
understanding of such evolutionary processes is advanced and it is therefore possible to place
defensible bounds on many of these effects, without simply resorting to a very conservative approach
in assessments.
Regarding external disruptive events and processes for crystalline rock, the workshop concluded
that there is, in general, good confidence in the understanding of their magnitudes, causes,
characteristics and frequencies. There is less confidence in predicting where and when such a
perturbation will occur and in understanding the volume of rock affected by a perturbation.
Nevertheless, the extent to which a repository is affected by a perturbation can often be confidently
addressed by using bounding and/or pessimistic approaches. These can be supported by the results of
natural analogue studies (although relevant site-specific observations are viewed as providing stronger
evidence than those from a generic natural analogue study).
Any assessment of the long-term safety of a repository in crystalline rock will have to take into
account uncertainties relating to geosphere stability. There are good examples of safety cases for a
repository in crystalline rock where comprehensive accounts of geosphere stability issues are provided
and where compliance with regulatory criteria is indicated or expected. The results of assessments of
geosphere stability also provide feedback for repository siting and engineering with regard to factors
such as its location, depth (e.g. providing transport paths with sufficient retardation, maintaining
reducing conditions), layout (avoiding deformation zones and preferred tunnel orientations to
minimise spalling) and design of the engineered barrier system (such as canister thickness and strength
to ensure resilience to mechanical loads). This feedback is an important mechanism for addressing
geosphere stability issues in a waste management programme.
Participants agreed that the workshop had been a considerable success in helping to build
confidence in the stability of crystalline rocks, which could act as hosts for a geological disposal
facility for long-lived wastes. These proceedings synthesise the main outcomes of that workshop and
present a compilation of the related supporting papers.
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INTRODUCTION

Disposal of high-level and/or long-lived radioactive waste in engineered facilities, or repositories,
located underground in suitable geological formations, is being widely investigated world-wide as a
long-term management solution. This is in order to protect humans and the environment, both now and
in the future. From a quantitative point of view, a repository is said to be safe if it meets the relevant
safety standards, such as internationally recommended or specified by the responsible national
regulatory authorities. In recent years the scope of the safety assessment has broadened to include the
collation of a broader range of evidence and arguments that complement and support the reliability of
the results of quantitative analyses. The broader term “post-closure safety case”, or simply “safety
case”,1 is used to refer to these studies. It has also become evident that repository development will
involve a number of step-by-step stages, punctuated by interdependent decision making on whether
and how to move from one stage to the subsequent one. These decisions require a clear and traceable
presentation of robust technical arguments that will help to give confidence in the feasibility and
safety of a proposed concept. The depth of understanding and technical information available to
support decisions will increase from step to step. The safety case is a key input to support a decision to
move to the next stage in repository development. It reflects the state of understanding and the results
of the research and development (R&D) undertaken at a certain stage, and supports decisions
concerning future R&D efforts.
Potential geological host formations (and the geological environments in which they lie) for deep
repositories are chosen in particular for their long-term stability, for their ability to accommodate the
waste disposal facility, for their ability to prevent or attenuate potential releases of radioactivity and
for their buffering capacity with respect to external and internal perturbations. Natural hazards are also
considered in the choice of a site for a potential disposal facility. It is recognised that no natural
system is in equilibrium and, thus, the concept of “geosphere stability” does not imply that steadystate conditions prevail over very long periods of time. The concept of geosphere stability does imply,
however, that the changes that occur in the geological system do so to an extent and at such a rate that
their effects are unlikely to compromise the short- or long-term safety of the disposal system.
Site characterisation and evaluation are important for determining the suitability of a site and the
long-term safety of geological repositories of long-lived radioactive waste. Several previous NEA
workshops have already taken place on the subject of “geosphere stability”. The first of these was held
in Helsinki in September 1991 on “Long-term observation of the geological environment” and dealt,
in particular, with the needs and techniques for such long-term observations.2 The workshop
concluded that such long-term observation programmes are an integral part of site qualification and
confirmation for deep repositories, with the view to building confidence in geological performance

1

“The safety case is an integration of arguments and evidence that describe, quantify and substantiate the
safety, and the level of confidence in the safety, of the geological disposal facility” [see NEA, (2004),
Post-closure Safety Case for Geological Repositories – Nature and Purpose].

2

NEA (1993), Long-term Observation of the Geological Environment – Needs and Techniques.
Proceedings of an NEA Workshop, Helsinki, Finland, 9-11 September 1991. OECD/NEA, Paris.

9

models. The second workshop was held in Paris in 1994,3 and was entitled the “Characterisation of
long-term geological changes for disposal sites”. This workshop noted that scientific information
concerning long-term geological evolution is needed for several purposes, such as the design of
disposal systems, safety assessments, confidence building and siting programmes. The results of these
workshops provided the basis and context for the present project on geosphere stability.
Since the early 1990s, through various initiatives, national safety assessments have been
compared and safety cases have evolved towards providing an important basis for decision making
related to geological disposal. That evolution was made possible by an increasing depth of
understanding of both technical and non-technical issues, informed in part by extensive additional site
characterisation data.
With regards to the long timescales involved in the concept of geological disposal, the relevance
to disposal systems of various natural processes and events depends on the time frame to be
considered. As highlighted in a previous NEA workshop,4 the main concern is on the features, events
and processes over a period of about one million years – the order of magnitude of the time needed for
radioactivity to decay to levels comparable to uranium ores is about a few hundred thousand years.
Repositories are typically sited in stable geological environments in which the key characteristics that
provide safety are unlikely to change significantly in the course of time. However, over long enough
timescales, even the most stable geological environments are subject to perturbing events and changes.
Arguments for safety can be developed to build confidence in the overall safety case and an
acknowledgement of the limits of predictability of the system will be important for credibility.
With respect to the stability of the geosphere, it is necessary to develop arguments for the reliance
that can be placed on key safety functions. This applies, in particular, to the maintenance of the longterm containment capability of the geosphere and/or the maintenance of favourable mechanical or
chemical conditions in and around the engineered barrier system. In building an overall safety case, it
is therefore important to assess:
•
•
•

the features, events and processes that could affect the evolution of the geosphere;
the long-term stability of the favourable conditions displayed by the host formation; and
the buffering capacity of the formation vis-à-vis perturbations.

The key issue is to evaluate the resilience of the main safety functions of the geosphere (often
relying upon flow and transport properties) to natural perturbations. Thus phenomenological evidence
of the persistence of those functions in past episodes of climatic changes, seismic activity, diagenetic
evolution, burial/uplift, etc. should enhance confidence in geosphere stability.
To provide national waste management organisations and the scientific community at large with
an overview on the subject of geosphere stability, the NEA Integration Group for the Safety Case
(IGSC) proposed a series of workshop dealing with this issue for various host rock types
(i.e. crystalline rocks, argillaceous media and evaporites). The first workshop of the series (and thus
the third to consider the subject of geosphere stability, taking into account those in the 1990s) dealt
with argillaceous formations. It was hosted by GRS (Gesellschaft für Anlagen und Reaktorsicherheit)
3.

NEA (1996), Characterisation of Long-term Geological Changes for Disposal Sites. Proceedings of an
NEA Workshop, Paris, France, 19-21 September 1994. OECD/NEA, Paris.

4.

NEA (2002), The Handling of Timescales in Assessing Post-closure Safety of Deep Geological
Repositories, Workshop Proceedings, Paris, 16-18 April 2001.
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in Braunschweig, Germany, on 9-11 December 2003; and was organised under the auspices of the
IGSC Working Group on the Characterisation, the Understanding and the Performance of
Argillaceous Rocks as Repository Host Formations (referred to as the “Clay Club”).5
The present workshop dealing with crystalline rocks thus represents the extension of the project
to address another potential host rock type. Like the earlier workshop on clays, this workshop sought
the views of the Earth Science community on the scientific and operational bases for the assessment of
geosphere stability. Due to the multidisciplinary aspect of the IGSC initiative, the workshop brought
together scientists from a variety of organisations, mainly from national waste management
organisations, but also from academic institutions, consultants and regulatory authorities.

5

Stability and Buffering Capacity of the Geosphere for Long-term Isolation of Radioactive Waste:
Application to Argillaceous Media, “Clay Club” Workshop Proceedings (Braunschweig, Germany,
9-11 December 2003), OECD, Paris, 2005.
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SCOPE AND OBJECTIVES OF THE WORKSHOP

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

Low permeability.

•

Resistance to deformation and erosion.

•

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

•

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

•

Good engineering properties.

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

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

•

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

A further important objective was to evaluate the extent to which we may be confident about the
required level of stability, whether we know what we are looking for, and if we have the necessary
tools to carry out the investigations (i.e. related to the level of predictability that is necessary).
Repository-induced effects (e.g. thermal loading, radiolysis, and migration of alkaline plumes) were,
however, generally excluded from the remit of this workshop – although some of these effects, in
particular thermal loading, were referred to in relation to their impact on the stability of the rock mass
in the near-field.
As explained in the introduction, the stability of the geosphere and the events and processes of
interest were those over the period of up to one million years into the future, but with greater emphasis
on considerably shorter times.
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The synthesis aims to summarise the oral and poster presentations given at the workshop, as well
as the outcomes of the workshop discussions. It does not aim at providing a detailed overview of the
state-of-the-art in all the geoscientific disciplines that were considered during the workshop. Rather it
focuses on providing, to the extent possible, some insights that could be helpful in developing
supporting arguments for building confidence in the stability of the geosphere for deep repositories –
notably through answering the key questions that were set by the workshop Scientific Programme
Committee.
The synthesis is completed by a compilation of technical papers supporting the oral and poster
presentations (Annex A). The list of participants is given in Annex B.
Nearly 60 participants from the academic community, research and development institutions,
national waste management organisations and regulatory authorities in 11 NEA member countries
attended the workshop.
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SYNTHESIS OF THE WORKSHOP

The workshop was divided into four plenary sessions and a poster session. The first plenary
session discussed the general framework to be followed when considering deep disposal in crystalline
rocks. The subsequent sessions focused on more specific processes of importance to the stability of
crystalline rocks, their response and resilience to natural perturbations and arguments to support
confidence in their stability.
Session I – General framework: crystalline rocks as host formations
This session established the general framework for consideration of crystalline rocks as host
formations for geological disposal. Presentations provided the perspective from both an implementer
and a regulator on the expectations for the functions to be served by the geological formation and their
treatment in the safety case.
The questions that were addressed were:
•

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

•

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

•

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

Allan Hedin (SKB, Sweden) presented the safety functions of crystalline rock formations in
deep geological disposal and their handling in a safety case, using the example of SR-Can (SKB,
2006) – the safety assessment produced during SKB’s site investigation stage at two sites in Sweden.
SR-Can is based on initial site data from Forsmark and Laxemar and was under review by SKI and
SSI at the time of the workshop. An updated assessment, SR-Site, will support the licence application
at one site in 2009. The risk criterion is applicable for 105 years after closure and the time scale for
assessment is 106 years.
For the KBS-3 disposal concept, the three main safety functions of the host rock are to provide a
favourable environment for the containment of the spent fuel in canisters, to provide retardation of
radionuclides released from a potentially imperfect container and to provide isolation of the waste
from the surface environment. The repository should, therefore, isolate the waste from the surface
environment, with the granitic host rock contributing to all these functions. For containment, in
particular, the role of the geosphere is to provide chemically, thermally and hydrogeologically
favourable conditions, and favourable transport and mechanically stable conditions.
Although the dose and risk compliance criteria are the ultimate measures of safety, intermediate
measures are also required in order to evaluate the system in a more detailed and disaggregated
manner. To do so, a number of safety function indicators (SFI) have been defined by SKB and, from
these, criteria developed to represent what can be considered as ”good” performance of the system.
These are measurable or quantifiable properties of the system, primarily related to the near-field, that
15

should preferably be fulfilled throughout the one million year assessment period. Thus, these safety
function indicator criteria (SFIC) are quantitative limits on the indicators, such that if a safety function
indicator fulfils its respective criterion, the corresponding safety function is maintained. The breaching
of a SIFC does not mean that the repository is unsafe, but rather that more elaborate analyses and data
are needed in order to evaluate safety. It is not necessary, therefore, for all SFIC to be fulfilled to argue
that a repository is safe.
A summary was provided of what were considered to be the favourable conditions referred to
above (i.e. the requirements on the host rock). These requirements are, in turn, derived from the safety
functions of the canister and the buffer. Examples of these requirements are: reducing chemical
conditions, high transport resistance, shear movements of less than 0.1 m at deposition holes, and
temperatures maintained above the buffer freezing temperature. It was emphasised that these
requirements are strongly linked to the repository concept and that, if the requirements are fulfilled
over time, this would ensure a stable geosphere for a KBS-3 repository – in particular in relation to the
repository’s capacity for containment.
It is necessary to assess the thermo-hydromechanical and chemical (THMC) evolution over the
one-million-year assessment period. Over the long-term, perturbations in Scandinavia will be caused
mainly by climate change. To examine the implications, a main scenario and an alternative climate
scenario were considered (more detailed aspects of the effect of future climate change on the stability
of the geosphere in the Swedish context were presented in Sessions II, III and IV).
Discussion on this presentation concentrated on SFIC: for example, how it was decided which
SFIC are more important when developing a safety case. It was explained that all SFIC need to be
evaluated (but that not all have to be fulfilled), and that each needs to be assessed to examine whether
the repository still conforms to the dose and risk criteria. Some SFIC are more important in this
regard, e.g. those related to canister integrity. Also, pessimistic assumptions have been made by SKB
in the evaluation of certain SFI. For example, when evaluating the presence of favourable transport
conditions in the geosphere, it was pessimistically assumed that all deposition holes suffer from
thermally-induced spalling.
Susan Duerdan (Environment Agency (EA) of England and Wales) presented a regulator’s
perspective of the confidence that can be placed on geosphere stability and its handling in a safety
case, based on the regulations in the United Kingdom (Unite Kingdom). The considerations of the
regulator were placed in terms of what was expected to be presented in a safety case, how it would be
considered and the associated rationale. It was emphasised that the level of detail in any submission
from the waste disposal organisation should be appropriate to the stage of repository development. A
full range of Principles and Requirements will need to be considered but, with reference to geosphere
stability, it was noted that that UK regulations, in this regard, are not prescriptive. These
considerations are related to: disposal layout and construction, site investigations, performance and
monitoring, modelling studies and the treatment of uncertainty. Multiple and complementary lines of
reasoning and evidence will be necessary to build a robust safety case, information gathered over
many tens of years will need to be assimilated, managed and presented, and disposal will not be
considered complete until all the requirements established and demonstrated as part of the safety case
are met.
With respect to the layout and construction of a facility, factors such as the safety of excavation
and operation, repository design, effects of excavation, potential problems and corrective action and
the stability of the excavations would need to be considered.
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Discussion of this presentation concerned the following issues:
•

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

•

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

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

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

•

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

•

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

Neil Chapman (MCM Consulting, Switzerland) presented the International Tectonics Meeting
(ITM) methodology of the Nuclear Waste Management Organisation of Japan (NUMO), which
considers the likelihood of tectonic activity affecting the stability of a potential repository in Japan.
The methodology is designed to provide NUMO with quantitative techniques for evaluating and
comparing the geological settings of volunteer host municipalities with respect to volcanism and rock
deformation. It is aimed at assessing the likelihood of a site being significantly affected by volcanic
events and rock deformation processes within 104 years and the potential scale and nature of any such
impacts. It proceeds by assembling nationally available data and alternative models of the nature,
causes and locations of such processes and events, uses both deterministic and probabilistic techniques
to examine their future scale and likelihood and shows them as a function of their type and geographic
distribution.
There are two parallel and integrated activities in the programme: the likelihood of volcanism in
areas with no Quaternary volcanism and the likelihood, scale and nature of potential rock deformation
from such volcanism, with the results of both studies then being integrated. There are also two case
study areas, one in an area of predominantly polygenetic volcanism7 and one in an area that also
6.

The UK Government established two expert groups (on the basis of recommendations from the Royal
Society, the Geological Society, the Royal Academy of Engineering and the Defra Chief Scientific
Advisor) to develop exclusion criteria for repository siting. The two groups were a Criteria Proposals
Group (CPG) and a Criteria Review Panel (CRP). Starting in February 2007, the CPG, consisting of nine
members, developed the initial criteria proposals. These were then independently peer reviewed by the
CRP, consisting of six members. The CPG/CRP’s final recommendations are set out in Annex B of
“Managing Radioactive Waste Safely: A framework for implementing geological disposal. A White Paper
by Defra, BERR and the devolved administrations for Wales and Northern Ireland”. June 2008. (available
at: www.defra.gov.uk/environment/radioactivity/mrws/pdf/white-paper-final.pdf).

7.

Monogenetic volcanoes erupt only once, while polygenetic volcanoes erupt repeatedly.
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contains significant monogenetic volcanism. A cladistic approach8 is being taken to the classification
of volcanoes, with the result that statistical and probabilistic analysis can be applied.
The three-dimensional structure of the volcanic system in the area of polygenetic volcanism was
outlined and it was concluded that the occurrence of volcanic events was unlikely to be a random
(Poisson) process. Different probabilities are being derived, relating to factors such as the recurrence
of a volcanic edifice forming in the region of interest. A parallel deterministic approach is also being
followed, examining the correlation between possible indicator phenomena, e.g. uplift rate, gravity
anomalies and seismic velocity structure in the mantle, etc.
A similar approach is being taken to rock deformation, using independent data sets, the
development of alternative models, and the use of expect elicitation and logic trees to produce
probabilistic strain maps and allow the comparison of different strain models.
The goal at the end of the programme, in 2009, it to be able to identify appropriate siting
confidence levels relating to the level of confidence that can be assigned to the susceptibility of sites to
such hazards, for any particular volunteered investigation site.
Questions on the presentation dealt with how this work might address the probability of specific
volcanic events (e.g. the presence of a dyke or a volcanic cone) and how it was possible to deal with
volcanic events and faults that did not reach the surface (known as hidden faults); also whether the
localisation (clustering) of Quaternary volcanic events could also be seen in other parts of the world
where volcanism is prevalent. With respect to hidden faults, the consensus appears to be that such
structures would need to be considered on a site-specific basis, but that there are theories that relate the
likelihood of such faults to the structural setting. With regard to volcanic events, it is possible to
develop probability maps for each type of volcanic feature. Both these subjects are discussed in a
forthcoming book (Connor et al., in press).
On behalf of Jens-Ove Näslund (SKB, Sweden), Raymond Munier presented the work by the
Swedish waste management agency (SKB) on future climate change and its potential impact on the
mechanical, hydraulic and chemical conditions in the rock mass, which has taken place as part of the
SR-Can project (SKB 2006). SKB’s strategy for managing climate-related conditions in safety
assessment acknowledges that it is not possible to predict climate in a 100 000 year time frame.
Instead, the approach in SR-Can is to identify and analyse moderate climate evolutions, as well as
extremes within which the climate in Scandinavia may vary. Knowledge of the general climate
variation in Scandinavia has been used to identify characteristic climate domains (temperate,
periglacial and glacial) which, in turn, have been used to build a number of selected climate scenarios
– such as the base case and greenhouse variants – with additional climate-related scenarios then being
developed to examine more extreme effects, e.g. buffer freezing and canister failure due to a large ice
load. As expected, the largest impacts on the geosphere and a KBS-3 repository would occur when
glacial conditions are likely, in particular when the ice margin passes over a site (when the largest
impacts would take place with respect to stress changes, groundwater fluxes etc.). Periods of temperate
climate, including the long-term effects of global warming, would appear to be mainly beneficial to
geosphere stability in the Swedish case.

8.

Cladistics is a systematic method of classification that groups entities on the basis of sharing similar
characteristics in the most parsimonious manner.
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Discussion of the presentation brought up the following points:
•

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

•

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

Haruo Yamazaki (Tokyo Metropolitan University, Japan) presented work carried out in Japan
on uplift rates, determined from the elevation of marine terraces and the associated erosion rates.
These marine terraces, which fringe the Japanese coastline, have been formed by the combination of
sea-level fluctuations and crustal uplift. It is possible to provide estimates of the amount of tectonic
uplift in the future based on the heights of the former shorelines of the marine terraces. The dating of
these terraces is possible using a variety of techniques but, in the area studied, use is made of the
thickness of volcanic ash on the terrace surface to provide a well-constrained date, at least for many of
middle Pleistocene age.
The example used was the Shimokita Peninsula, on which Rokkasho is located (where vitrified HLW
is stored for cooling and temporary storage before final disposal, where LLW is currently disposed and
where some types of longer-lived wastes will be disposed in the future at a depth of approximately
100 m). The safety case for this additional repository needs to take into account the known uplift and
any associated increased erosion that might take place. The uplift rate here (approximately 0.4 m per
103 y), has been constant for approximately the last 2 x 105 y and is expected to continue at the same
rate in the future. An erosion model has been developed, based on the measured uplift.
Discussion of the presentation addressed the relative rates of uplift and erosion. Evidence
suggests that erosion does not keep pace with the uplift – leading to the conclusion that uplift, at least
in this specific Japanese context, may not be significant for long-term repository safety.
John Cosgrove (Imperial College, UK) and John Hudson (Imperial College, UK) gave a twopart presentation on geological and rock mechanics aspects of the long-term evolution of a site in
crystalline rocks, from the perspective of structural geology and rock engineering. The structural
geologist and the rock engineer use the same mechanical principles to predict the possibility and type
of rock deformation, but usually under very different boundary conditions, especially concerning
stress, temperature and strain rate.
The first part of the presentation considered the significance of ductile and brittle features and
fabrics and their influence on controlling the deformation behaviour of the rock mass. The most
important mechanical structure produced by ductile formation is anisotropy in the rock mass, either
linear or planar, and, in order to construct a geologically-realistic fracture network model, it is
necessary to consider the interaction of the fractures. An understanding of the mechanical principles
and processes linked to the evolution of a crystalline rock mass is, therefore, necessary if a realistic
assessment of the properties of the rock mass is to be achieved.
The main mechanical stability problems around underground openings were summarised,
together with the potential for spalling, where the proportion of, for example, canister holes that could
spall can be determined. The influence of rock mass anisotropy on such failure and the many factors
that affect the excavation disturbed/damaged zone (EdZ/EDZ) were also considered; for example, rock
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mass strength decreases with time when under load. The impact of thermal loading exacerbates the
problem of spalling, as does glacial loading.
A novel way of plotting principal stress magnitudes was shown (by plotting each of the principal
stresses in turn against the first stress invariant), using data from Australia, illustrating the fact that
structures control the principal stress ratios that a rock masses can sustain. Similar relationships are
also found in other part of the world. By assuming zero cohesion (i.e. a fractured rock mass in which
the fractures themselves are free to undergo displacement) the Earth’s crust can thus be shown to be in
a state of limiting equilibria. This has obvious implications for any future glacial loading, as
pre-existing fractures could be reactivated, thereby adversely affecting the mechanical stability and
hydrogeological characteristics of the rock mass. The highly variable stress state of a crystalline rock
mass was illustrated by the results of the 3DEC modelling9 of Laxemar, where the influence of the
brittle deformation zones was very evident in controlling the orientation and magnitude of the
maximum horizontal stress (σH).
Discussion of these two presentations addressed how it was possible to obtain knowledge of the
relative ages of fractures, with several questions regarding the significance of the 3DEC modelling
described above. It is apparent that, as deformation zones are ubiquitous in crystalline rocks, the
orientation of σH is likely to be variable, with obvious implications for tunnel and canister hole
stability, implying a need for data at the local scale. However, these needs are site specific as they
depend on the overall stress levels and on the actual occurrence and geometry of deformation zones.
Furthermore, the stress orientations resulting from the 3DEC modelling are not validated against
measured stress data.
William Murphy (Nuclear Waste Technical Review Board, USA) presented data on the
predictability and evolution of a groundwater flow system and hydrogeochemistry, using data from the
proposed geologic repository site at Yucca Mountain, Nevada. For example, two studies have
identified 36Cl/Cl ratios in excess of background in the Exploratory Studies Facility tunnel; these have
been interpreted as being due to transport along fast pathways such as zones of fracture concentration,
including faults. However, multiple studies conducted over the past decade have not resulted in
scientific consensus regarding controls on occurrence and movement of 36Cl in the unsaturated zone.
There is extensive calcite at Yucca Mountain, but groundwater sampled from saturated zone
boreholes does not appear to “see” this calcite and displays values of activity10 which are well below
the calcite solubility limit. Microstratigraphic dating of opal was used to determine average mineral
growth rates. Because the assumption that the growth rates are indicative of unsaturated zone flow has
not been demonstrated, the significance of these data is difficult to interpret.
The Nopal uranium deposit at Peña Blanca, Mexico, is a natural analogue of the proposed
repository at Yucca Mountain, having similar geology, hydrology, and climate. Information from
Nopal is relevant to the stability and predictability of the proposed repository at Yucca Mountain and
comes from studies of the geochemical alteration of primary uraninite and the formation of stable
secondary uranyl minerals in the oxidising environment. At Nopal, the secondary uranium mineral
uranophane has been immobilised over geological time scales, while primary uraninite has persisted
for millions of years as a result of a protective silica coating.
9.

3DEC is a numerical modelling code from Itasca for advanced geotechnical analysis of soil, rock, and
structural support in three dimensions.

10.

This refers to the chemical activity: a = mγ, where a is the activity of the solute species, m is the molality
and γ the activity coefficient. Activity is, therefore, the thermodynamic effective concentration.
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In conclusion, Yucca Mountain was shown to have complex hydrogeological and
hydrogeochemical systems and to be different from other potential high-level radioactive waste
repositories in many respects. The hydrogeological and hydrogeochemical data from the site yield
evidence of past discharge locations and water table elevations, and at least one zone of very high fluid
velocity. Saturated zone geochemical data suggest fracture flow paths isolated from the bulk rock
geochemistry. Site hydrogeological and hydrogeochemical computer models are consistent with many
properties of the system, including fluid potentials, aqueous chloride concentration, palaeodischarge
locations and perched water lenses. However, the models do not completely account for the all
available site-specific data.
Discussion of this presentation centred on the extent to which the models adequately captured the
uncertainties in the system and how they fed into the development of the safety case. The conflicting
36
Cl/Cl ratios were identified as a problem that requires further investigation; however developing the
understanding and models required may be beyond current scientific knowledge.
General Discussion on Session II
Following these presentations, a general discussion took place based on the three questions posed
as the framework for the session. The following points were raised:
•

Are the uncertainties in the processes considered here due to our inability to make the correct
measurements, or are they inherent in natural systems?

•

We understand the processes concerned, especially their bounding values, but perhaps the
more rapid processes are harder to understand.

•

We can predict reasonably well until the boundary conditions change – but then we are less
confident, especially about the subsequent rates of change.

It was concluded that it was relatively easy to link changes in the Holocene (anywhere in the
world) with changes in groundwater chemistry, etc., but to go back to earlier times was difficult,
specifically where these most recent changes have tended to remove the evidence for earlier changes,
i.e. where there have been previous glaciations, of which there have been many during the Quaternary.
This problem of overprinting is likely to be less severe where no such ice sheets existed, as long as
there are geological features, e.g. mineral precipitates, that are capable of preserving these changes.
This suggests that perhaps we can be confident about the stability for the next 104 years (which is a
critical time period as far as the hazard of the waste is concerned), but that we can be far less certain
about extending this to 105 years. Crystalline rocks, especially the very old ones in Scandinavia, have
suffered from repeated and significant changes and are still relatively stable, a fact that should give us
confidence in their future stability. Regarding the level of uncertainty associated with geosphere
stability, it was pointed out that, whilst recognising uncertainty was important, it was also important to
understand its significance (as illustrated well by the SFIC of SKB).
Session III: Arguments to support confidence in the stability of crystalline rocks as potential
host formations
Each presentation described specific national experience focused on the arguments in support of
the confidence in geosphere stability, such as:
•
•
•

the long-term stability of the favourable conditions displayed by host formations;
the buffering capacity of the formation vis-à-vis perturbations; and
the predictability and ability to bound the effects of perturbations.
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Liisa Wikström (Posiva, Finland) gave a presentation on the lessons that could be learnt from
lithological history and ductile deformation regarding the long-term stability of large-scale structures
at Olkiluoto, which is the proposed site for the disposal spent fuel in Finland. Evidence was presented
that showed the relationships between the shallow-dipping shear zones, the later brittle deformation
zones (BDZ) and the alteration, with the location of large BDZs being controlled by earlier ductile
deformation and superseded by subsequent alteration. Lithological units are also displaced by both the
shear zones and the BDZs which affect the distribution of lithologies on the site.
The largest movement (of 0.23 ± 0.023 mm/year) from GPS (Global Positioning System)
measurements is consistent with lateral displacement on a BDZ. Dating of the BDZs shows that they
formed about 1.8 Ga, that the illitisation from hydrothermal alteration took place between 1.6 – 1.2 Ga
and that at least one of these zones close to the repository site is still active, probably due to the effect
of post-glacial rebound (aided perhaps by ridge push). Deformation can, therefore, be shown to be
localized over extensive periods of time and this evidence supports the concept that the rock mass
lying between these deformation zones is inherently more stable.
It was concluded that, whereas it is not possible to state that the major ductile and large-scale brittle
deformation zones are stable, it is possible to state that tectonic processes have been active in a
semi-stable manner for approximately one billion years, by repeatedly reactivating existing features
which, having been formed, remain inherently weaker (a process referred to as strain weakening). In
addition, there are no signs of recent large features having been formed in the vicinity of the site,
including during the post-glacial period. A corollary is that studies cannot be restricted to existing
brittle deformation features, but must also include older ductile and lithological features. This is
necessary so as to understand the reasons for the locations and orientations of BDZs and their possible
extensions into parts of the rock mass where data may be sparse.
Discussion of this presentation centred on the ‘buffering capacity’ of such BDZs to accommodate
current and future deformation, i.e. due to post-glacial rebound plus ridge push, and further in the
future due to ice loading. Posiva’s safety concept is not contingent on specific properties of such
zones, but on the fact that any major movement will take place only on such zones, with the
intervening rock being protected from such movement (see presentations and papers by Hökmark and
Follin that discuss related subjects). The GPS data are relatively new, and it is unclear how such
information will be included in any future safety case.
Paul LaPointe (Golder Associates, USA) gave a presentation on the evolution of the fracture
system in the Fennoscandian shield and evidence for its stability over repository timeframes. He
defined a stable fracture system as one in which perturbations produce negligible changes over the
time frame and spatial domain of interest, thereby suggesting that abundant new fractures can be
produced only by rare events, in which highly anisotropic stresses occur over a large area. The
geological events that have affected the Fennoscandian shield (with data from Forsmark and
Laxemar), from the time when ductile deformation was still prevalent (>1.83 – 1.7 Ga) to the time
when brittle deformation commenced (1.7 – 1.6 Ga) to the time that mineralisation of fractures by
epidote occurred (1.4 Ga), were linked to the various tectonic phases (1–5) which could have resulted
in fracture sets with specific orientations. It was concluded that the fracture pattern seen today differs
little, except in its intensity, from the pattern of the epidote-filled fractures, formed in 1.4 Ga – which
is consistent with the premise that the majority of the fracture pattern formed in the Proterozoic.
Future deformation, due to continual ridge push and, more importantly, to glacial loading, will add
only a small number of near-surface, sub-horizontal fractures. It can, therefore, be concluded that the
majority of the fracture system and, in particular, all of the fracture system at depth, is inherently
stable and is unlikely to change over the period of interest of a safety case for the repository in
Sweden.
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Discussion of this presentation considered what additional information on fracture properties had
been taken into account, e.g. their transmissivity, and the differences seen between borehole data and
surface measurements. The vast majority of fractures at Forsmark are all old in geological terms (i.e.
probably in >1 Ga) but their hydraulic properties are to some extent affected by the current stress field.
An integrated approach is now being taken by SKB when investigating fractures, with structural
geology being linked to hydrogeology, hydrogeochemistry, etc. (see Posiva, 2005 and Andersson et
al., 2007 for Posiva’s integrated approach with similar rocks at Olkiluoto).
Shizuo Yoshida (Central Research Institute of Electrical Power Industry, CRIEPI, Japan)
presented the stability and predictability of a younger crystalline rock system (crystalline rocks occupy
60% of the land area of Japan). He outlined the tectonic history and current tectonic state of Japan – it
is not a simple volcanic arc – and the basement rocks formed before the opening of the Japan Sea
(30 – 13 Ma), with current tectonic conditions being established 14-15 Ma and conditions at 1.8 Ma
being virtually identical to those at present. The volcanic front is unlikely to change for the next
100 000 years, as it has migrated only 10-20 km during the Quaternary, and plate motions are
expected to remain the same, so that future faulting is expected to be confined to the 150 major active
faults and bulk strain rates to remain as they are at present (and cannot exceed 10-14 s-1).
Earthquake data demonstrate that the hypocenters are located at considerable depths (for example
over a 20-year period only 0.1% of earthquakes with M>3 occurred at depths <5 km) and the empirical
relationship between fault length and earthquake magnitude means that it is highly unlikely that fault
displacement or strain will directly affect a repository for 100 000 years in the future (as long as it is
correctly located).
An interesting discussion took place comparing the situation in Japan, where displacement is
thought likely to occur on known active faults (which can only extend in size relatively slowly), and
the situation in Sweden, where approximately 20-30 potentially active faults could be present on one
investigation site (but would be significant probably only during glacial retreat).
Björn Lund (Uppsala University, Sweden) gave a presentation on the evolution of crustal stress
during a glacial cycle, using data from Sweden, in particular the Pärvie fault, a 160 km fault in
northern Sweden which shows 10 m of reverse slip and whose movement during glacial retreat is
thought to have been associated with a single Mw ~8 event. There is no evidence for such faults
further south in Sweden or in other countries that were similarly glaciated, such as Canada.
The modelling approach employed for estimating glacially-induced stresses and the associated
fault stability was outlined, firstly using simple earth models, followed by more realistic models of the
Weichselian ice sheet. Using these models, the maximum and minimum horizontal glacially-induced
stresses for Forsmark and Oskarshamn have been determined.
Research is continuing in several areas (e.g. on the introduction of pore pressure and on the
effects of the accumulation of tectonic strain) and there are considerable uncertainties associated with
the modelling, which will be investigated by examining extreme conditions. The models do predict
that some fault instability may be expected during deglaciation at either of the sites.
Discussion centred on the Pärvie fault, particularly regarding what evidence there was to prove it
was a end-glacial fault (there is extensive evidence, including liquefaction of sediments and
displacement of glacial till), and what its form was at depth (it is likely to be listric or gently-dipping –
and a seismic survey will be carried out as part of this research programme).
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Eric Smistad (Department of Energy (DOE), USA) gave a presentation on developing
confidence in stability and predictability for the geological setting of the proposed repository at Yucca
Mountain. The licence application for Yucca Mountain, to be submitted in 2008, must demonstrate
that the site provides a reasonably stable and predictable repository environment. Data supporting this
position comes from numerous field and laboratory studies on the geological, hydrogeological,
geochemical, isotopic, and climatological aspects of the site.
The climate models use data from the Yucca Mountain area and from analogue sites to estimate
future climate states. This allows comparisons to be made between the percolation flux at the
repository horizon for present-day and future climate states. Infiltration changes are effectively
damped by the presence of a non-welded tuff high in the sequence (known as PTn), in which there is
matrix-dominated flow. Fracture coating studies, using calcite coatings, are used to demonstrate the
amount of water that has passed through the unsaturated zone. Data from calcite and opal fracture
fillings can be used to provide spatial and temporal data on palaeopercolation fluxes.
The conclusion is that, although future climate states may bring greater precipitation and lower
temperatures, the infiltration model and the hydrogeological properties of particular formations show
that only limited amounts of water can be recharged. Specifically, the mineral precipitates suggest that
steady rates of deposition have occurred over the last 10 Ma, regardless of significant changes in
climate. The slow, steady growth rates of 1-5 mm Ma-1 observed throughout the repository horizon
confirm its stability and suggest that it is approximately steady-state.
Discussion of this presentation considered the following matters:
•

DOE was sufficiently confident that the PTn does offer this important damping effect, based
on knowledge of its properties.

•

There was discussion as to the chemical process that leads to calcite deposition. It was
suggested that its deposition could be due not to the downward transport by water, but to
evaporative processes, perhaps associated with gas flow from depth.

•

The temporal resolution of the opal deposits is 4 000-5 000 years, so there could be events
taking place on the shorter time scale that would not be recorded.

General discussion on Session III
Below is a compilation of the discussion that took place at the end of Session III:
•

There was a running theme in this session on the importance, or possible lack of importance,
of active faults. The approaches being taken in Japan and Scandinavia with regard to active
faults both appear to be conservative (even extremely conservative in the case of Sweden)
but, because of the very different tectonic settings, the effect of such features is quite
different. There was some uncertainty as to whether the 150 major active faults in Japan
referred to by Yoshida really represented all the active faults, or whether there were others,
perhaps smaller active faults that are hidden (possibly below Quaternary cover). If so, it is not
clear what would be the consequences of their possible presence.

•

Questions were raised regarding the strain that is expected to build up between active faults
in Japan (see Chapman et al., this report) and how it was expected to dissipate.

•

The stability of mineral fracture fills was introduced. These can become unstable due to
chemical changes (e.g. dissolution of fracture fills), which could then influence the
hydrogeological regime. This has been considered in SKB’s and Posiva’s programmes,
though it appears to be significant only in the near-surface zone.
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Session IV: Response and resilience of crystalline rock to natural perturbations and geosphere
evolution (buffering)
Presentations in this session described the experience and conclusions of national programmes
regarding the response and resilience of crystalline rocks to natural perturbations. The questions that
were addressed in this session were:
•

What is the stability of key transport processes and parameters (fracture networks,
mineralogy, rock-matrix diffusion)?

•

What kind of analogues should be used to support confidence (e.g. other types of formations
and coming from other industry, e.g. mining or tunnelling/hydroelectric power)?

•

What kind of arguments could support the THMC buffering or absence of buffering?
(N.B. repository-induced effects are excluded).

Harald Hökmark (Clay Technology AB, Sweden) presented information on the reactivation of
fractures in response to seismic events. A canister damage criterion of 0.1 m displacement is used by
SKB for fractures that intersect canister holes. Such a displacement can be related to the moment
magnitude of an earthquake and to its surface rupture length and, when combined with the process for
rejecting potential canister holes, means that potential earthquake faults are either too small to give
shear displacements >0.1 m or too large to avoid detection during repository construction. Only
secondary fracture shear displacements can, therefore, be significant.
Dynamic 3DEC modelling of the repository region, with explicitly modelled fractures, showed
that, at a distance of 200 m from a fault (associated with an earthquake of Mw 7.5), only one fracture
slipped more than 0.1 m and at a distance of 1 000 m, none slipped more than 25 mm. It is expected
that only 1-2 fractures with diameters >300 m will intersect any of the 6 000 canister holes in a
Swedish repository. Therefore, it is very unlikely that any should slip >0.1 m. The seismically-induced
shear was associated in the models with slip velocities in excess of those found in large earthquakes,
suggesting that the results are also likely to be overestimates.
In the discussion following the presentation, it became apparent that an exchange of information
between SKB and researchers in Japan would be useful, as Japanese researchers have considerable
experience of earthquake effects, which could contribute to confirming or adjusting some of the
assumptions made in the model.
Petteri Pitkänen (VTT, Finland) presented information on the buffering offered by the rock at
Olkiluoto against the intrusion of groundwater of undesirable composition (from a repository
perspective). The major chemical parameters considered in this investigation were salinity, pH, redox
and sulphide, with additional information being provided from other sources, such as the mineralogy
of facture in fills. Favourable hydrogeochemical conditions appear to be prevalent at depth in
crystalline rocks that have been studied in Finland, Sweden and Canada. However, it is also necessary
to determine whether the hydrogeochemical and hydrogeological systems are sufficiently buffered
against external changes, in particular those associated with future glacial cycling. Key to
understanding the extent of this buffering are the knowledge of past changes and an understanding of
how they have affected the hydrogeochemical system. Known changes were linked to the groundwater
types found at Olkiluoto to explain the origins of the salinity, the groundwater mixing that is evident,
the depth-dependence of groundwater types and the inferred infiltration of glacially-derived
groundwaters (that is limited in extent).
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Buffering of the Olkiluoto ground waters against oxygen and low pH waters was demonstrated.
The existence of SO4 reduction, although in principle unfortunate from a repository perspective (as the
presence of the resulting sulphide increases the anyway very slow rate of corrosion of the copper
canisters) provides further evidence of chemical stability. Uncertainties remain and the supporting
observations are not unambiguous, but it was concluded that the groundwater system at Olkiluoto is
adequately buffered and will remain so for the foreseeable future, i.e. probably many tens of thousands
of years.
Discussion of this presentation focussed on the boundary between the SO4 and CH4 zones, the
methane flux and the buffering processes. It was emphasised that the hydrogeological system (with a
small number of transmissive, sub-parallel, low angle hydrogeological zones) was more of a buffer
against the injection of dilute glacial meltwater than the hydrogeochemical system.
Mahrez Ben Belfadhel (Nuclear Waste Management Organisation (NWMO), Canada)
presented NWMO’s understanding of the groundwater flow system in the Canadian Shield and its
evolution during the Quaternary. He outlined NWMO’s current remit, their decision to pursue
Adaptive Phased Management and their geoscience work programme, with an illustration of NWMO’s
approach to assessing long-term climate change, including future glaciation and permafrost evolution.
Predictions of future glaciation are based on a dynamic simulation of the last Laurentide glacial
cycle, resulting in predictions of transient features such as ice sheet geometry, ground surface
temperatures, permafrost evolution and basal ice sheet meltwater production. The investigation of the
effect of these changes on the groundwater system in the Shield employs the Mean Life Expectancy
(MLE) as a performance measure, where the MLE represents the average travel time for any
subsurface particle to discharge to the biosphere, honouring both advective and diffusive dispersive
processes. This modelling suggests that the dimension of the flow system, when combined with the
salinity and permeability distributions assumed, provides a system in which solute transport at depth
may be diffusion-dominated.
Preliminary THMC modelling results (as part of the European Commission’s DECOVALEX –
THMC programme11) suggest that glacial loading increases the hydraulic heads by approximately 33%
of the normal stress applied by the ice sheet. It also suggests that only a small fraction of glacial
meltwater recharges to depths of several hundred metres, limited by the depth-dependent salinity.
Palaeohydrogeological studies and numerical simulations suggest that dissolved oxygen migration is
limited to depths of approximately 100 m.
Discussion of the presentation centred on the statement that diffusion-dominated transport existed
at depth and whether this was due to the boundary conditions or to the very low hydraulic conductivity
assumed. NWMO’s assessment is that it is due to both of these. Concerns were raised about the
adequacy of modelling groundwater regional scale models in the crystalline basement rock, since data
on hydraulic properties usually can only be obtained from a limited area and may not necessarily
represent the entire model volume. It was agreed that large scale numerical models can provide useful
insight into the processes and factors controlling the evolution of deep groundwater flow systems.

11.

DECOVALEX (DEvelopment of COupled models and their VALidation against EXperiments in waste
isolation) is an international, multi-disciplinary, interactive and co-operative research programme in
modelling Thermo-Hydro-Mechanical-Chemical (THMC) processes in fractured rocks and buffer
materials and their role in performance assessment for radioactive waste disposal.
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However, the results obtained from such models need to be treated with caution when transferred to
site-specific conditions.
Sven Follin (SF GeoLogic AB, Sweden) gave a presentation on the hydrogeology of the
Fennoscandian shield, in particular the development of an understanding of the evolution of the
groundwater flow system since the last glaciation, using the example of Forsmark. Having introduced
the modelling strategy and the development of a Site Descriptive Model (SDM), he illustrated the
deformation zones and fracture domains present at the site and their relationships with the stress state
and their transmissivities. An integrated approach, using both hydrogeochemical and hydrogeological
data, was being taken to the investigations and the modelling (using data from single-hole hydraulic
tests, interference tests, natural groundwater levels and hydrogeochemistry). Two vertical bounding
shear zones, bounding the tectonic lens at the site, with gently-dipping deformation zones within the
lens, provide the main controls on the flow system. One gently-dipping deformation zone in particular,
Zone A2, provides an important boundary between a more fractured and more transmissive rock mass
above and a considerably less transmissive rock mass below, with few conductive fractures and a
fracture network system close to the percolation threshold. Heads at shallow depths display a small
range of values, indicating a well-connected fracture network.
The hydrogeological models simulate the evolution during the Holocene, using conservative
hydrochemical constituents (e.g. chloride and bromide); a key reactive constituent in the model is
magnesium. In a similar manner to Olkiluoto (see Pitkänen), combining a knowledge of past climate
change and hydrogeology shows that groundwater mixing is controlled by the gently-dipping
transmissive zones. There are differences in the chemistry of the water in the fractures and the matrix,
showing that the system is not in equilibrium. The improved understanding of the initial
hydrochemical conditions of the groundwater system at the start of the simulation period (8000 BC) is
believed to have had a considerable impact on the confidence in the Site Descriptive Model in general
and for the description of the future groundwater flow and chemical transport in Forsmark in
particular.
Discussion of this presentation considered the following matters:
•

The matrix pore water was collected (from drill core, using a variety of techniques, including
diffusion experiments and leaching) and analysed at the University of Bern.

•

It is unclear whether such tectonic lenses (together with the associated stress decoupling and
the resulting implications for groundwater flow) are more common than is realised. This may
be because there is limited experience of investigating such tectonic lenses; in fact, the
Forsmark area and the site of the Canadian URL may be the only two such structures that
have been studied in detail.

•

No overpressures have been found at Forsmark and the system is sensitive to tidal effects and
barometric changes, implying that the hydraulic conductivity of the rock mass is sufficiently
great.

•

It is apparent that the fracture system has not changed much over time (see LaPointe), but
that changes in the stress conditions could influence its connectivity and transmissivity.
However, assessment of the field data suggests a weak link between these properties and the
current stress field.
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Tony Milodowski (British Geological Survey, UK) presented information on a study of the
impact of Quaternary changes on deep groundwater systems, using the results from Sellafield in the
UK; much of the work has been carried out as part of the PADAMOT12 project. The various drivers
for changing the groundwater system and the potential impacts were outlined and the mineralisation
and fracture history explained, in particular the distribution and crystal morphology of late calcite.
Changes in crystal growth fabrics provide a record of groundwater salinity and redox, which can
be studied using cathodoluminescence, and He-LACE (Helium-flushed laser-assisted carbonate
extraction) and ion microprobe studies have been used to measure changes in δ18O and δ13C to
examine changes in recharge chemistry. Using such data, it is possible to demonstrate certain features,
such as the penetration of oxidising groundwaters to depth (with no evidence of oxidising waters at
potential repository depths, based on the lack of a negative Ce anomaly) and the vertical movement of
the saline transition zone. An examination of present-day fracture porosity (the basement rocks and
much of the overlying sedimentary sequence have fracture-controlled flow) shows that it is dominated
by secondary porosity and by the extent to which fracture filling minerals have been removed in the
past. A west-to-east evolution of the flow system is evident (with some evolution over time), with
anhydrite and carbonate dissolution having occurred in the uppermost part of the site (in the
transmissive sandstones); anhydrite dissolution and secondary porosity formation in the basement
rocks; and anhydrite and gypsum precipitation, with associated loss of porosity, in the west. The
changes to the fracture pore network (which, in turn, determine the hydraulic conductivity of the
network) are, therefore, dynamic and irreversible – and the next climatic cycle will not necessarily be
associated with the same flow paths and mineralogy/chemistry.
Discussion of this presentation considered the following matters: The negative Ce anomaly,
indicative of oxidising conditions, is also found in Scandinavia, but only at shallow depths due to postglacial recharge, not at depths of 400-500 m. At Sellafield there is a barrier to flow, in the form of a
less permeable formation overlying the basement, so that its presence and the increase in salinity with
depth have the same effect.
Tsuyoshi Nohara (Japan Atomic Energy Agency, Japan) gave a presentation on the hydraulic
and hydrochemical response to seismic events. He showed how coseismic groundwater level changes
could be correlated with earthquake magnitude and epicentral distance, using data from Tono and
Kamaishi, where the hydrochemical changes due to such events have also been monitored. The
reasons for coseismic changes have been investigated by studying the relationships between strain and
changes in groundwater head, modelling the volumetric strain associated with faulting, comparing
changes in strain with specific earthquake events and measuring changes in groundwater head and
estimating the changes of hydraulic conductivity over time.
Research towards the development of an evaluation technique for such events includes examining the
recurrence intervals of different types of earthquakes (e.g. interplate and inland shallow earthquakes)
and the likely future values of volumetric strain. Trenching studies of active faults, making use of
datable tephra deposits, geomorphological studies of river basins and data from the high density GPS
network, are being used to examine the recurrence intervals of faults. Geochemical changes due to
seismic activity are being investigated using data from the alteration zones and the mineralisation
associated with faults.
12.

PADAMOT is the research project on “Palaeohydrogeological Data Analysis and Model Testing”
conducted in the 5th Framework Programme of the European Union. PADAMOT investigates how
minerals and groundwater at a number of sites have evolved through past climate changes and what their
compositions record about the sensitivity of groundwater conditions to climate at various depths, in order
to improve understanding of long-term safety for geological repositories..
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The conclusions of this research were that the changes in groundwater flow accompanying fault
activity are generally small, that groundwater heads in a confined aquifer correspond to changes in
volumetric strain in response to fault movement and that fault movement can be associated with an
initial increase in permeability, followed by a groundwater table decline in the recharge areas,
accompanied by a rise in the groundwater table in discharge areas. The overall conclusion is thus that
the changes associated with earthquakes are limited in their extent.
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POSTER SESSION

Summary of posters
J. Andersson et al. (Streamflow AB, Posiva, REC, VTT and Pöyry Environment) presented the
discipline-integrated approach to modelling that is being used for describing the Olkiluoto site in
Finland. The Olkiluoto Modelling Task Force (OMTF) has been established for planning and
integrating the results and the modelling work in the different supporting disciplines. The main duty of
the OMTF is to develop site descriptive models of the Olkiluoto site, as well as predicting and
evaluating the disturbance created by construction of the ONKALO ramp and the characterisation
tunnels. The resulting geosynthesis is reported in a series of Site Reports. Future updates of the Site
Report will form part of the Safety Case portfolio, supporting a licence application for constructing a
repository for Finland’s spent nuclear fuel at the site.
R. Hayata et al. (CRIEPI and Hanshin Consultants) presented a study on the characterisation of
Quaternary tectonic uplift using fluvial terraces in inland areas of Japan. Estimates based on these
fluvial terraces have been compared with those based on the displacement on active faults to
demonstrate that an analysis of fluvial terraces provides an adequate method of determining uplift.
J. Goto et al. (NUMO and TEPSCO) presented an examination on the recent data from a seismic
observation network in Japan to reconfirm the general understanding that the ground motion in deep
underground openings is smaller than at the surface. Through a detailed analysis of the exceptional
cases,, they identified three important parameters for evaluating earthquake ground motion in such
openings: the depth and velocity distribution of the rock formations of interest, the intensity of the
short period component of the earthquakes and the incident angle of seismic waves to the rock
formations.
H. Shiratsuchi (TEPSCO and CRIEPI) presented information on the frequency of fault
occurrence at shallow depths during the Plio-Pleistocene in Japan and an estimation of the incidence
of new fault development. The probability of such development has been estimated from the frequency
of faults which exist in Pliocene and Pleistocene strata distributed beneath three large plains in Japan,
where a large number of seismic profiles and borehole data have been obtained.
N. Marcos et al. (Saanio and Riekkola, Pöyry Environment, Safram and Posiva) presented the
role of the geosphere in the safety case for Olkiluoto. In Posiva’s safety concept, the key functions of
the geosphere are to provide favourable and predictable conditions for the engineered barrier system,
to isolate this system against processes taking place close to and at the surface and to lower the
probability of inadvertent human intrusion. A discussion was presented of the evolution of these
favourable properties (an important issue in compiling the safety case) due to the disturbance from the
construction of the ONKALO underground research facility, and later the repository, and also over at
least the next several hundreds of thousands of years, driven by the effects of climate change.
H. Kondo (CRIEPI) presented a study, based on Japanese data, for characterising the long-term
spatio-temporal variation in volcanism and the continuity of related phenomena in estimating regions
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where the development of new volcanoes is more likely. He shows how regions of future volcanism
can be estimated by extrapolations based on plausible geological models, which are based on the
trends and distributions deduced from past volcanic activities.
H. Saegusa et al. (JAEA) presented a numerical analysis of the influence of topographic and
climatic perturbations on groundwater flow conditions, such as hydraulic gradient, velocity
distribution and flow paths and lengths, using simulations of landform development and groundwater
flow, carried out in the Tono area, Japan. This study confirmed that the method of combining
simulations of landform development with groundwater flow is useful in such assessments.
T. Niizato et al. (JAEA) presented a study of the impacts of natural events and processes on
groundwater flow conditions from a case study in the Horonobe area in northern Japan. A conceptual
model of future natural events and processes, which have potential impacts on the groundwater flow
conditions, has been developed, based on the neotectonics, palaeogeography, palaeoclimate, the
historical development of landforms and the present state of groundwater flow conditions.
T. Sasaki et al. (JNFL, Shimizu and Dia Consultants) presented a method for predicting changes
in groundwater flow driven by long-term topographic changes due to uplift and erosion. The long-term
(up to tens of thousands of years) prediction of groundwater flow, and the changes to this flow due to
topographic and climatic changes, are based on realistic examples from the Rokkasho area, Japan, and
the effectiveness of the method of prediction is examined.
K. Umeda (JAEA) presented an integrated approach for detecting latent magmatic activity
beneath non-volcanic regions, using an example from the Iide Mountains of northeastern Japan.
Although no evidence of volcanism during the Pliocene and the Quaternary is known in this area, the
region has long been recognised to be unusual compared with other non-volcanic regions, as indicated
by the presence of high temperature hot springs. An integrated approach, using seismic tomography
and wide-band magnetotelluric soundings, together with determination of the content of helium
isotopes in gas samples from hot springs, has been used to examine the reason for these anomalies.
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CONCLUSIONS

The workshop ended with an extensive period of discussion, followed by a presentation and
discussion of the key concluding messages. The discussion period was initially divided into the
subjects covered by the four sessions.
Session I
Many of the subjects that emerged during discussion of this session have already been reported
under the description of the session itself. The two most significant points that were raised were:
•

The fact that not all safety function criteria – or their equivalent in programmes outside
Sweden – need to be fulfilled in order to ensure repository safety. The ultimate answer is
given by integrated assessments, where the results are compared with dose/risk criteria. It is
not always possible a priori to prioritise the ones considered to be the most important.

•

There is no absolute measure of geosphere stability. Rather, stability must be judged in
relation to the specific disposal concept or repository design being considered (and the site at
which it is proposed to be located).

Session II
This session considered the key processes affecting the geosphere for crystalline rocks. A
summary of the key processes raised during the presentations can be divided into two parts:
•
•

The natural evolutionary processes that are considered relevant to geological disposal and
The predictability of these processes over different times frames.

The natural evolutionary processes that are considered relevant to geological disposal
•

During the early stage of site selection in Japan (i.e. selecting Preliminary Investigation
Areas, PIAs) the main processes considered are volcanism and earthquakes or the occurrence
of active faults. In later stages of the process, the occurrence of active faults is still relevant
for the siting of the repository and its evolution over time.

•

In northern Europe and Canada, the evolutionary processes triggered by climatic changes
relevant to repository safety are: mechanical (e.g. changes in bedrock stresses), hydraulic
(e.g. changes in groundwater flow) and chemical (e.g. changes in groundwater chemistry).

•

Uplift and erosion can be linked to tectonic processes (plate tectonics and earthquakes) and/or
climatic processes (e.g. isostatic rebound after melting of an ice sheet).

•

Fracturing and faulting are correlated with any previous ductile deformation and past
evolution of the stress field, with the implication that the fracture geometry is thus not fully
stochastic. In rocks that are old, i.e. Precambrian, the majority of the fracturing took place in
the long distant past.
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The predictability of these processes over different time frames
The key message from the presentations is the importance of understanding past events, so that
this information can be used to develop predictions of future conditions in a defensible manner:
•

Climate changes in northern countries can be bounded sufficiently well up to at least
100 000 years into the future, based on the climatic records of the recent past (i.e. the most
recent glacial cycle, the Weichselian), but detailed predictions are not possible. More recent
climatic records can be used for predicting climatic changes for the next 10 000 years, e.g. in
the situation of Yucca Mountain.

•

Future changes in stresses that could modify groundwater flow paths are more difficult to
predict, but the past geological evolution of the structures at a site can be used to place
bounds on the changes that could occur in these stresses, triggered by processes such as the
excavation of the repository, the thermal effects of the waste and the loading caused by future
ice sheets.

•

Changes in groundwater chemistry can be also bounded, by assessing site-specific
hydrochemical and mineralogical observations that provide information on the past evolution
of the site or of similar analogue sites (e.g. Yucca Mountain and Peña Blanca; other examples
were presented in Session III).

The subsequent discussion raised the following points;
•

The processes that are considered need to be associated with specific time frames, i.e. when
they are significant for the safety of a repository. An example of this is spalling: it may be
most prevalent during the thermal phase of the repository, and its most significant
consequences may be during this phase; however, it may also have long-term consequences,
if it results in the creation of faster transport pathways in the near-field.

•

Where the exact consequences of a process are not well understood, e.g. the effect of
glaciation in terms of the changes in stresses, there is often information that will allow us to
place bounds on the impacts. In the case of glaciation, for example, the rock will have
suffered from repeated glacial cycles and this provides evidence of the outer limits of
potential impacts. In any case, the effects of such stress changes can be mitigated by using
appropriate engineering (this subject is addressed in greater detail in the discussion of
Session III).

•

It is important to distinguish between processes that are significant and those that are perhaps
interesting, but perhaps of limited impact. The Swedish regulators are, for example, interested
in understanding whether there are what are termed “show stoppers”.

Session III
This session considered arguments to support confidence in the stability of crystalline rock as a
potential host formation. A summary of the subjects raised during the presentations can be divided into
three parts:
•
•
•

Fracture regimes in stable geological environments, e.g. Scandinavia.
Areas of active tectonics, e.g. Japan.
The possibility of being able to bound adequately the likelihood and effects of perturbations.
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Fracture regimes in stable geological environments,13 e.g. Scandinavia, Canadian Shield
•

Fracture patterns in Fennoscandia are generally very old, so, with the exception of shallow,
post-glacial horizontal fractures formed due to stress relief, new fractures are not likely to be
forming today or, except in exceptional circumstances (e.g. the Pärvie fault), to form in the
future.

•

Even stable tectonic environments can show deformation on brittle deformation zones – e.g.
at Olkiluoto or end-glacial faults such as the Pärvie fault – but current deformation is not
likely to have any significant impact on the intervening rock blocks.

•

Although the fracture regime may be old and stable, its response to perturbations, e.g.
changing stress patters and magnitudes, is spatially variable and time-dependent and
relatively difficult to predict, but could be bounded (as demonstrated in SKB SR-Can).

Areas of active tectonics
•

Even in areas of active tectonics, the overall patterns of the driving forces are generally
constant, or change only slowly, over periods of 105 – 106 years. This provides a good
framework for examining in more detail localised activity, e.g. local strain rates, magma
intrusion, uplift etc.

•

The difference in approach between the Swedish and Finnish and the Japanese evaluation of
earthquakes and their effects can be summarised in the following manner:
–

In Japan it is possible to obtain detailed histories of fault activity by, for example,
trenching. Large earthquakes are located on existing large active faults, and strain budget
mapping (based on GPS strain, seismology and uplift/tilt data) can fill in the gaps in
strain behaviour between these features. Current tectonic strains inland are predominantly
taken up on upper crustal active faults, which can only extend relatively slowly, whilst
new faults will nucleate and grow only slowly with time and therefore cannot host large
earthquakes for a long time in the future. A key aspect of site selection is thus to identify
and avoid active faults and their process zones.

–

Sweden and Finland have a single earthquake-generating mechanism for large events (i.e.
due to glacial retreat) and faults do not have to have been demonstrably active to be
susceptible to future activity (although similar length/magnitude ratios apply, i.e. it is not
possible to have a large earthquake on a small fault). A conservative assumption thus
needs to be used with regard to any future earthquake location. It is also generally not
possible to obtain data on the past activity of specific faults.

The possibility of being able to bound adequately the likelihood and effects of perturbations
•

How large can they be, what is their cause, how frequent are they and what are their
characteristics?
–

13.

Good confidence has been developed regarding predictions in this regard, at least related
to tectonic activity. There are good modern geological analogues of tectonic and climatic
events and processes.

The term stable geological environment is being used here in the broadest sense to refer to the general
geological stability of the rock mass. Its use does not preclude the necessity of investigating the geological
stability of a particular potential disposal site, nor that the required level of geological stability for a
particular site can only be found in certain parts of the world.
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•

Where and when will a perturbation occur?
–

•

How much rock could be affected, either by rapid events or by slow perturbation processes?
–

•

This is more challenging to assess, but there are robust probabilistic techniques to
examine this aspect. Where such probabilistic assessments are not deemed appropriate,
deterministic analyses can be performed to assess the effects of potential perturbations
and at least to bound (or even mitigate) the potential effects. It is also possible here to
employ simple conservative assumptions, such as for example assuming that
perturbations could occur on any deformation zone (e.g. SKB’s approach in SR-Can).

To predict this aspect is also a challenge and predictions must be viewed cautiously.
Nevertheless, there exist very good and increasingly sophisticated methods for examining
this question, allowing modelling of what happens to groundwater and rocks that are
distant from seismic events or volcanic sources, for example, or of how groundwater
chemistry changes during a glacial cycle. Examples of and references to such work can
be found, amongst many examples, in SR-97 (SKB, 2003 and in references therein),
Miller and Marcos (2007) [for Olkiluoto], SKB (2007 and references therein), Bechtel
SAIC (2004) [for Yucca Mountain].

How much will the rock and the engineered barrier system (EBS) be affected?
–

In this area, better confidence can be achieved because there is good understanding of,
for example, strain impacts on the EBS or the extent of oxygenated water under an ice
sheet. In addition, there is the possibility of bounding the effects by making pessimistic
assumptions.

There was some concern in the general discussion that the concept of stability tends to be used
interchangeably with that of predictability. Most of the presentations discussed the exceptions from
stability, though perhaps this was an example of demonstrating the rule by discussing the exceptions to
it. In discussing the concept of stability with other (or broader) audiences, care should, therefore, be
taken to ensure that its meaning is understood in the particular context of a disposal concept and/or of
a specific site.
There was some surprise that analogues were not being used to a greater extent as, in geological
terms, one million years is not such a long time, and analogues could be beneficial to help build
understanding of the behaviour of specific aspects of a geological system. It was agreed that analogues
did provide a good method of communicating ideas and concepts, but it was pointed out that, although
in the past there have been some very good analogue programmes, it was perhaps less clear which
questions they were being used to answer. That is, in using analogues it is important to be clear how
they support a safety case. In this regard, it was emphasised that there is also a difference between
examining the problem of radioactive waste disposal in general and in having a specific site for
disposal; for a specific site, it is the features and processes at that site that are, obviously, of primary
importance, and analogues are likely to have a secondary, supporting role.
Session IV
This session considered the response and resilience (i.e. buffering) of crystalline rock to natural
perturbations and also geosphere evolution.
The main points raised during the presentations and the discussion were as follows:
•

There is good and reliable evidence that the rapid changes evident at the surface are not
transferred rapidly and with significant magnitudes to depth, though it is often more difficult
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to demonstrate this in crystalline rocks than is the case for argillaceous rocks. This is because
argillaceous rocks are more likely to retain information on past hydrochemical and
hydrogeological changes (see the NEA Workshop report on stability in argillaceous rocks).
•

In a similar manner to Session III, the presentations tended to concentrate on the
perturbations to these (inherently stable) geological systems, in order to demonstrate that they
are well-buffered. It is important, however, not to overemphasise these instabilities, as this
gives the impression that the geological systems are less stable than is actually the case. We
must be scientifically precise and acknowledge uncertainties, but at the same time, in
communicating our results and understanding, we need to convey our confidence in the
stability of crystalline rock at depth.

•

With this is mind, it is important to be internally consistent. There is always likely to be some
evidence for instability, alongside evidence for stability, and this needs to be addressed and
interpreted in terms of its implications for the overall performance of the repository system.

•

It is possible to mitigate many, if not all, of the effects of external processes and events, e.g.
earthquakes, by the optimal location and design of the repository.

A similar concern to that voiced in the general discussion of Session III was that we tend to use
the concept of stability with that of predictability in an interchangeable manner.
Key concluding messages from the workshop
The key findings are presented under five headings:
1. The meaning of geosphere stability in the context of geological disposal.
2. The functions of the geosphere in geological disposal.
3. The geoscientific understanding of stability issues.
4. Geosphere stability in safety cases.
5. The effect of the assessment of geological stability on the location and layout of a repository.
1.

The meaning of geosphere stability in the context of geological disposal

The stability of a crystalline rock is broadly defined as the presence of THMC conditions
considered favourable for the safety of a radioactive waste repository, in line with the definition of the
concept presented in the introduction. Stability, in this sense, does not imply that steady-state
conditions exist; the geosphere is constantly evolving and such evolution is perfectly acceptable for
safe geological disposal. What is important, however, is that we understand this evolution.
Conditions may well be favourable, despite the occurrence of THMC transients or alterations,
caused by, for example, the construction of the repository, the effects of the waste or altered boundary
conditions due to changing climate or tectonic activity.
It is important to understand that stability is not the same as predictability. Although it may be
difficult to predict the extent and/or time of occurrence of a perturbation to the conditions in the host
rock, it might well be possible to put bounds on its effects, such that it can be claimed that stability (in
the above sense) is maintained. The concept of being able to place such bounds is an important
element in investigating and analysing the effects of perturbations and is discussed below under
Topics 3 and 4.
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2.

The functions of the geosphere in geological disposal

The main functions of a crystalline host rock for a radioactive waste repository are to contribute
to containment of the radionuclides, mainly by providing a favourable environment for the repository,
to contribute to retardation and to provide isolation.
As a repository programme and the accompanying process understanding advance and mature, it
is possible to differentiate these functions into more detailed requirements or sub-functions. In general,
all such sub-functions need not be fulfilled to ensure adequate safety – the ultimate answer is given by
integrated assessments, where the results are compared with dose/risk criteria.
An important element in such a consideration is that the detailed requirements of the crystalline
host rock are intimately linked to the repository concept being considered.
3.

The geoscientific understanding of stability issues in crystalline rock

From a general viewpoint, crystalline rock formations are regarded as very stable and many (in
Scandinavia and Canada in particular) have ages of the order of billions of years and with very limited
surface erosion rates. This has been a prime reason in many countries for considering such formations
for radioactive waste repositories. It needs to be emphasised, therefore, that many crystalline rocks
provide intrinsically stable environments, particularly from a mechanical standpoint, and provide good
buffering against external events and processes.
Considerably younger crystalline rocks have also been considered, e.g. in Japan, but their relative
youth does not imply that they are, necessarily, any less stable, or less suitable for disposal purposes.
There may, however, be intrinsic differences between such very old and relatively recent rocks,
especially with regard to the types of deformation zones present and the variability of fracture
orientations, which could have implications with regard to stability.
It is acknowledged that the properties and conditions of crystalline rocks evolve with time, but
generally this evolution is limited and can be sufficiently well bounded. The use of proxy data, i.e. not
data obtained from the site in question, is helpful in defining these bounds. There are constraints on
the maximum and minimum values of many parameters which can be demonstrated using data from
around the world; for example, the minimum separation distance from a seismically active fault that is
necessary to limit the shear displacements on individual, suitably aligned fractures to less than a
specified value, can be obtained by examining a suitable fault elsewhere in the world where such data
have been obtained. The bounds thereby developed can be used as input to the bounding analyses
referred to below under Topic 4.
The set of geosphere phenomena (processes and events) that could perturb the stability of a
crystalline rock can be regarded as mature, as no fundamentally new phenomena have been identified
in recent years. The phenomena include:
•

Seismicity (e.g. with the reactivation of existing fractures, faults and deformation zones.)

•

Volcanism.

•

Uplift and erosion.

•

Climate change (e.g. warmer and colder, including permafrost, ice sheets, sea level change.)

•

Effects of excavation (e.g. spalling, EDZ.)
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•

Effects of waste emplacement (e.g. increased near-field temperatures, thermally-induced
spalling.)

•

Effects of microbial processes (although there were not treated in any detail at the workshop.)

The geoscientific understanding of these phenomena is advanced, and is, from a general
viewpoint, still progressing in many areas. It is possible, therefore, to use such understanding to place
defensible bounds on many of these effects and not simply to resort to taking a very conservative
approach in safety assessments.
Regarding the understanding and handling of perturbations that affect the stability, the findings of
the workshop can be broadly summarised as follows:

4.

•

There is, in general, good confidence in the understanding of the magnitude, cause,
characteristics and frequency of perturbing phenomena.

•

There is more limited confidence as to where and when a perturbation will occur.

•

Confidence is also more limited regarding the volume of rock affected by a perturbation, but
there are methods available to study such issues.

•

The extent to which a repository is affected by a perturbation can often be conservatively
addressed by using bounding and/or pessimistic approaches (see Topic 4).

•

Conclusions regarding many of these phenomena are supported by the results of natural
analogue studies.

•

Such evidence is useful in supporting a safety case, but often relevant site-specific
observations provide stronger evidence than those from a general natural analogue study.

Geosphere stability in safety cases in crystalline rocks

Any assessment of the long-term safety of a repository in crystalline rock will have to take into
account uncertainties relating to geological stability. This is a natural part of the handling of
uncertainties in a safety case and is also in agreement with requirements from regulators on the
handling of uncertainties of relevance to safety.
There are assessment tools (deterministic, bounding and probabilistic) for addressing these
uncertainties in a safety case and also a wealth of examples of how these tools have been applied to
address the issues associated with geological stability in safety cases. Examples of the handling of
issues include:
•

Bounding estimates of maximum ice sheet thickness and bounding analyses of the
consequences of these.

•

Bounding estimates of maximum permafrost depth (or minimum repository temperatures)
and bounding analyses of the consequences of these.

•

Pessimistic assessments of the likelihood of earthquakes in the vicinity of a repository.

•

Model studies resulting in bounding estimates of the consequences to the near-field of a
repository of earthquake-induced secondary shear movements on fractures.

•

Model studies resulting in bounding estimates of the consequences to the near-field of a
repository of the effects of uplift and erosion.

•

Pessimistic assessments of the likelihood and consequence of thermally-induced spalling.
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•

Bounding estimates of the impact on fracture transmissivity by future stress changes.

•

Probabilistic assessments of future precipitation affecting groundwater flow and transport.

•

The possibility of a warmer climate that would delay the onset of permafrost and glacial
conditions and could thus be positive for safety cases where such issues are important,
e.g. Scandinavia (although the effect may not necessarily be advantageous in countries where
ice sheets and permafrost are not expected).

These bounding analyses carried out as part of a safety case are likely to provide pessimistic
bounds, which are also likely to be broader than the bounds produced by the use of proxy data, as
outlined under Topic 3 above.
The evolution of the geosphere and the associated stability issues must be evaluated in a
repository and site-specific context. There are several examples of safety cases for a repository in
crystalline rock where a comprehensive account of geosphere stability issues is given and where
compliance with regulatory criteria is indicated. In these safety cases the geoscientific understanding
of stability issues was found sufficient and not detrimental to safety:
•

The handling of such issues often takes place by the application of bounding and/or
pessimistic assumptions, as exemplified above.

•

There is also room for more realistic treatments of many issues and this could lead to more
realistic assessments of safety.

The handling of geosphere stability issues for extremely long time periods, typically beyond
10 000 or 100 000 years, depending on the case under consideration, remains a considerable
undertaking in a safety case. The results of assessments of geosphere stability issues provide feedback
to EBS design, to repository engineering and to some aspects of siting, with regard to the:
•

Depth of the repository (e.g. providing transport paths with sufficient retardation, maintaining
reducing conditions, avoiding permafrost, …) and to

•

EBS design (canister thickness and strength to ensure resilience to mechanical loads …).

This feedback loop is an important mechanism for addressing geosphere stability issues in a
waste management programme and applies equally to the issues discussed in Section 5 below.
Other aspects of repository siting are discussed below under Topic 5.
5.

The effect of the assessment of geological stability on the location and layout of a repository

Analyses of the effects of perturbations, especially of a seismic nature, on the stability of the
geosphere have shown that they have important implications for repository design and engineering, in
particular related to the location of the repository in the rock mass and its detailed layout.
The potential impact of seismic events in controlling the location of the repository can be
important on both the regional and local scales, with regard to providing a suitable separation of the
repository from active or potentially active deformation zones or faults. At the repository scale, the
effects of stress magnitude and stress orientation, combined with consideration of the potential
reactivation of deformation zones and the larger fractures in future seismic events, provide important
constraints on the location and orientation of disposal tunnels and on the positioning of waste
canisters. In some geological environments (perhaps, for example, in Japan) the orientation of the
maximum horizontal stress may be expected to remain approximately constant for a considerable time
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in the future, so that it is the effects of future seismicity that are of greatest interest. This appears also
be the case in other countries, such as Sweden and Finland, where rotation of the stress tensor due to
glacial advance may take place; here also, the greatest perturbation to the geological stability would be
caused by a future seismic event during rapid glacial retreat.
It was agreed that the workshop had been a considerable success in helping to build confidence in
the stability of crystalline rocks, which could provide hosts for a geological disposal facility for longlived wastes.
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Abstract
A number of detailed safety functions for a granitic host rock, subordinate to the main functions
containment and retardation, are presented, based on SKB’s safety assessment SR-Can for the KBS-3
concept. The host rock should provide a favourable environment for the repository from the point of
view of chemical, hydraulic and radionuclide transport, mechanical and thermal properties, which are
further specified as a number of subordinate safety functions. These are strongly linked to the
functions and properties of the canister and the clay buffer in the KBS-3 concept. Issues related to
geosphere stability during the one million year assessment period are discussed and primarily relate to
perturbations caused by future colder and dryer climates yielding glacial and/or permafrost conditions
and the impact these perturbations may have on the safety functions.
In the SR-Can assessment, it was concluded that the granitic host rocks at the analysed sites
provide a sufficiently favourable and stable environment for the vast majority of the 6 000 analysed
deposition holes. The residual radiological risks associated with the repository, as pessimistically
calculated based on preliminary understanding of the two candidate sites, are, from the point of view
of the host rock, sensitive to details in the repository layout. In particular, it is important to be able to
avoid deposition holes intersected by large or highly transmissive and hydraulically connected
fractures and thus to understand and being able to quantify the heterogeneous character of the
fractured host rock, in particular at repository depth. A number of issues related to geosphere stability
where improved knowledge could lead to more realistic assessments are also identified.
Introduction
Most of the material for this paper has been taken from SKB’s safety report entitled “Long-term
safety for KBS-3 repositories at Forsmark and Laxemar – a first evaluation; Main report of the
SR-Can project.” (SKB, 2006a). A main purpose of this so called SR-Can report was to establish a
methodology for the coming SR-Site safety assessment in support of a licence application for a final
repository in crystalline rock in Sweden.
The repository is of the KBS-3 type, where copper canisters with a cast iron insert containing
spent nuclear fuel are surrounded by bentonite clay and deposited at approximately 500 m depth in
saturated, granitic rock, see Figure 1.
Site data for the SR-Can assessment were taken from an initial stage of SKB’s ongoing
investigations of candidate sites at Laxemar (municipality of Oskarshamn) and Forsmark
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(municipality of Östhammar). The sites were evaluated in comprehensive site modelling projects for
Forsmark (SKB, 2005a) and Laxemar (SKB, 2006b).
Figure 1. The KBS-3 concept for disposal of spent nuclear fuel

The principal acceptance criterion according to Swedish legislation requires that “the annual risk
of harmful effects after closure does not exceed 10–6 for a representative individual in the group
exposed to the greatest risk”. The time frame for the assessment is one million years after repository
closure, in accordance with regulatory requirements.
Safety functions in the SR-Can assessment
The primary safety function of the KBS-3 concept is containment. Containment,1 i.e. complete
isolation of the spent nuclear fuel, is achieved by the canisters. The long-term properties of the
surrounding buffer and crystalline host rock determine, together with the canister properties, how well
this function is fulfilled, as will be further elaborated on in this paper.
The secondary safety function is retardation, i.e. the ability of the system to retard radionuclide
transport from a potentially failed canister through the buffer and host rock to such an extent that
release rates to the biosphere are low and that significant decay occurs prior to any releases to the
biosphere. The buffer and the host rock and also a (partially) failed canister contribute to the
retardation of the system.
The host rock should also isolate the repository from external phenomena and humans in the
sense that it should provide a physical barrier between the waste and the surface environment in the
vicinity of the repository.

1.

In the SR-Can report the term isolation rather than containment was used. The term containment is used
here to better conform to internationally used terminology.
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A detailed and quantitative understanding and evaluation of repository safety requires a more
elaborate description of how the main safety functions of containment and retardation are maintained
by the components of the repository. Based on the understanding of the properties of the components
and the long-term evolution of the system, a number of subordinate safety functions to containment
and retardation were identified in the safety assessment SR-Can (SKB, 2006a).
The following definitions are used in the SR-Can report:
•

A safety function is a role through which a repository component contributes to safety.

•

A safety function indicator is a measurable or calculable property of a repository component
that indicates the extent to which a safety function is fulfilled.

•

A safety function indicator criterion is a quantitative limit such that if the safety function
indicator to which it relates fulfils the criterion, the corresponding safety function is
maintained.

Safety functions are an aid in the evaluation of safety, but the fulfilment of all safety function
indicator criteria is neither necessary nor sufficient to argue safety. Furthermore, safety functions are
related to, but not the same as, design and siting criteria. Whereas the latter relate to the initial state of
the repository, the former should be fulfilled throughout the assessment period.
Safety functions of the crystalline host rock in the SR-Can assessment
Subordinate safety functions to containment and retardation were defined for the canister, for the
buffer, for the deposition tunnel backfill and for the gesophere, see Figure 2. The safety functions are
interrelated as shown by the colour coding in the figure. The focus in this paper is on the geosphere,
and it is obvious from figure 2 that the functions of the geosphere are strongly related to those of the
other repository components. A general function of the host rock is to provide a favourable and stable
environment for the repository. In more detail, the geosphere should:
•
•
•
•

Provide chemically favourable conditions (function R1 in Figure 2).
Provide favourable hydrologic and transport conditions (R2).
Provide mechanically stable conditions (R3).
Provide thermally favourable conditions (R4).

Each of these can be broken down into more detailed requirements on the long-term properties of
the host rock.
The capability of the geosphere (the host rock) to provide a stable environment thus depends both
on the long-term condition in the geosphere, but also on the requirements the repository concept puts
on these conditions. The formulation of these requirements also depends on the status of
understanding of the long-term processes that affect the long-term properties of the engineered parts of
the repository.
Additional functions with respect to isolation can be formulated for the geosphere, but this was
not done in the SR-Can assessment. In this context, indicators would relate to, for example, the
absence of minerals in the bedrock and to repository depth.
In the following, a more detailed account of the safety functions relating to the geosphere is
given.
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Figure 2. Safety functions (bold), safety function indicators and safety function indicator criteria. When
quantitative criteria cannot be given, terms like “high”, “low” and “limited” are used to indicate
favourable values of the safety function indicators. The colour coding shows how the functions
contribute to the canister safety functions C1 (red), C2 (green), C3 (blue) or to
retardation (yellow). Many functions contribute to both C1 and retardation
(red box with yellow board).

Canister
C1. Provide corrosion barrier
Copper thickness > 0

C2. Withstand isostatic load
Strength > isostatic load

C3. Withstand shear load
Rupture limit > shear stress

Buffer
Bu1. Limit advective transport
a) Hydraulic conductivity < 10−12 m/s
b) Swelling pressure > 1 MPa

Bu4. Damp rock shear
3
Density < 2,050 kg/m

Bu2. Filter colloids
Density > 1,650 kg/m3

Bu5. Resist transformation
Temperature < 100 °C

Bu3. Eliminate microbes
Swelling pressure > 2 MPa

Bu6. Prevent canister sinking
Swelling pressure > 0.2 MPa

Bu 7. Limit pressure on canister and rock
Temperature > −5 °C

Deposition tunnel backfill
BF1. Limit advective transport
a) Hydraulic conductivity < 10−10 m/s
b) Swelling pressure > 0.1 MPa
c) Temperature > 0 °C

Geosphere
R1. Provide chemically favourable conditions
a) Reducing conditions; Eh limited
b) Salinity; TDS limited
2+
c) Ionic strength; [M ] > 1 mM
−
d) Concentrations of K, HS , Fe; limited
e) pH; pH < 11
−
f) Avoid chloride corrosion; pH > 4 or [Cl ] < 3M
R3. Provide mechanically stable conditions
a) Shear movements at deposition holes < 0.1 m
b) GW pressure; limited

R2. Provide favourable hydrologic and transport
conditions
a) Transport resistance; high
b) Fracture transmissivity; limited
c) Hydraulic gradients; limited
d) Kd, De; high
e) Colloid concentration; low

.
.

R4. Provide thermally favourable conditions
Temperature > Buffer freezing temperature

Chemically favourable conditions
Reducing conditions
A fundamental requirement is that of reducing conditions. A necessary condition is the absence
of dissolved oxygen, because any evidence of its presence would indicate oxidising conditions. The
presence of reducing agents that react quickly with O2, such as Fe(II) and sulfide is sufficient to
indicate reducing conditions.
This requirement ensures that canister corrosion due to oxygen dissolved in the groundwater is
avoided. Furthermore, should a canister be penetrated, reducing conditions are essential to ensure a
low dissolution rate of the fuel matrix, to ensure favourable solubilities of several radioelements and,
for some elements, also redox states favourable for sorption in the buffer, the backfill and the host
rock.
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Ionic strength, salinity
The salinity of the groundwater should neither be too high, nor too low. The total concentration
of divalent cations should exceed 1 mM in order to avoid colloid release from buffer and backfill.
Groundwaters of high ionic strengths would have a negative impact on the buffer and backfill
properties, in particular on the backfill swelling pressure and hydraulic conductivity. In general, ionic
strengths corresponding to NaCl concentrations of approximately 35 g/l (0.6 M NaCl) are an upper
limit for maintaining backfill properties whereas the corresponding limit for the buffer is around
100 g/l (1.7 M NaCl). The limit of tolerable ionic strength is however highly dependent on the
material properties of these components.
Colloid concentrations
The concentration of natural colloids should be low to avoid transport of radionuclides mediated
by colloids. The stability of colloids is much decreased if the concentration of divalent cations exceeds
1 mM, a condition that, as discussed above, is also required for the stability of the buffer and backfill.
Concentrations of detrimental agents
Regarding canister corrosion, there should be low groundwater concentrations of other canistercorroding agents, in particular sulphide, HS−. For sulphide to pose a problem, earlier assessments
demonstrated that considerably higher concentrations than have ever been observed in Swedish
groundwaters would be required. The quantitative extent of such corrosion also depends on the
groundwater flow around the deposition hole and on the transport properties of fractures intersecting
the hole.
Furthermore, low groundwater concentrations of agents detrimental to long-term stability of the
buffer and backfill, in particular potassium and iron, are desirable.
pH
Regarding groundwater pH, a criterion of pH < 11 can be formulated from the point of view of
buffer and backfill stability. This is fulfilled for any natural groundwater in Sweden. However,
construction and stray materials in the repository, in particular concrete, could contaminate the
groundwater such that high pH values are reached.
Avoiding chloride corrosion
A further requirement is that the combination of low pH values (pH<4) and high chloride
concentrations ([Cl–] > 3M) should be avoided in order to exclude chloride corrosion of the canister.
Favourable hydrologic and transport conditions
The hydrologic and transport conditions in the geosphere are determined in a complex fashion by
hydraulic gradients, fracture transmissivities and fracture hydraulic connections which result i) in
differing flow conditions in the rock adjacent to different deposition holes and ii) in different transport
resistances for the migration paths to and from the deposition holes. The retardation also depends on
colloid concentrations and matrix properties. It is difficult to formulate more detailed criteria on these
indicators than that they should have favourable values, as shown in Figure 2.
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Mechanically stable conditions
The mechanical stability of the host rock cannot, in most respects, be simply evaluated. However,
two main reasons for potential mechanical failure of the canisters can be identified. These are isostatic
collapse and failure due to earthquakes causing secondary movements on fractures intersecting
deposition holes. A strongly contributing factor to the former could be high groundwater pressures
such as might occur during a glaciation. It is thus desirable that such pressures should be as low as
possible.
Addressing the latter failure mode requires a complex evaluation of shear movements for a range
of mechanical load situations. For assessing the consequences of such movements, a pessimistic limit
on a maximally allowed shear displacement of a fracture intersecting a deposition hole can be
formulated for canister integrity to be maintained. Based on results of modelling of the impact of rock
shear movements on the buffer/canister system, a failure criterion of 10 cm for rock fracture shear
movements across deposition holes was used in SR-Can. In view of current knowledge, this criterion
is robust and possibly overly pessimistic.
In the shorter time frame it is also important to ensure that the mechanical loads generated from
the heat of the spent fuel do not result in spalling. This impact can, however, both be predicted and at
least partially mitigated by proper design.
Favourable thermal conditions
In quantitative terms, favourable thermal conditions imply that the host rock temperature at
repository depth should exceed the buffer freezing temperature of −5°C. The main factors controlling
this temperature are the host rock thermal conductivity and thermal capacity, repository depth and the
temperature boundary conditions at the surface. Maximum repository temperatures are avoided by
proper design. Here, the thermal conductivity is the key geosphere property.
Handling of rock safety functions in the SR-Can assessment
A general task in the evaluation of the host rock in a safety assessment amounts to determining
the extent to which the geosphere safety functions are fulfilled throughout the assessment period.
Note, however, that the fulfilment of the safety functions for the host rock alone is not sufficient for
claiming safety and consequences need to be evaluated both in the case where the functions are upheld
and where they are not.
For a properly selected site, it can be expected that the safety functions are upheld initially. This
is indeed the case for the two sites analysed in SR-Can. Apart from being a conclusion in SR-Can, this
was concluded in preliminary safety evaluations (SKB, 2005b and 2006c) where early results from the
site investigations were evaluated against previously established criteria (Andersson et al., 2000) for
site suitability.
The main challenge for the assessment is thus to evaluate whether the functions are compromised
over time. In particular, is the host rock resilient to the disturbances it will experience in the long
term? Resilience will have to be evaluated in relation to the engineered structures for which the rock
provides an environment.
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From a safety assessment perspective short-term thermal, mechanical, hydraulic and chemical
transients caused by the excavation and operation of the repository are expected on the time-scale of
years to hundreds of years.
The main disturbances to the host rock conditions emanate from large-scale geological factors
and impacts from the surface. Also future human actions may impact the safety functions of the
gesophere.
Regarding large-scale geological alterations, the conclusion in the SR-Can assessment is that
alterations of external conditions caused by processes such as tectonic movements, weathering and
erosion are of minor importance for repository safety within the assessment period of one million
years.
Surface changes are primarily related to changes in climate. In Sweden, extensive alterations to
the present climate can be foreseen in the long term. Both a warmer climate and extended periods of
permafrost and glacial conditions must be considered as likely during the one million year assessment
period. Successive episodes of permafrost and glacial conditions are deemed to induce the largest
alterations at repository depth.
Freezing of bedrock and groundwater, shore-level displacement and the presence of ice sheets
will change permeability, water turnover, groundwater pressures, groundwater flow and composition.
The ice load will alter rock stresses and during different phases of a glaciation the principal stresses
will change in magnitude and in some cases also in direction. This will alter bedrock permeability and
may also cause glacially induced faulting. In general, the integrated effects of continuous climatic
evolution need to be considered, but there are also a number of more specific phenomena of
importance for repository safety that require special attention. For the KBS-3 concept these include
(SKB, 2006a):
•

The maximum hydrostatic pressure and rock stress occurring at repository depth for glacial
conditions (related to safety function R3b in Figure 2).

•

The maximum permafrost depth throughout a glacial cycle (R4).

•

The possible penetration of oxygen to deep groundwaters during glacial conditions (R1a).

•

The possible occurrence of dilute groundwaters during glacial conditions potentially causing
erosion of buffer and backfill (R1c).

•

The groundwater salinity occurring at repository depth (R1c).

•

Faulting (or more particularly movement on existing faults) associated with glaciations (R3a).

•

Factors affecting retardation in the geosphere, like high groundwater fluxes and mechanical
influences on permeability (R2).

Analyses in the SR-Can safety assessment
In the safety assessment SR-Can, a main scenario, where the external conditions were based on
model reconstructions of the last glacial cycle, the Weichselian, was analysed as a starting point and
all safety functions were evaluated for this scenario.
Additional scenarios were analysed to investigate whether any uncertainties not addressed in the
main scenario could possibly jeopardise the repository safety functions further than was (possibly) the
case in the main scenario. In these scenarios, more severe climate conditions than those in the
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reconstruction of the Weichselian, such as extreme permafrost depths and ice sheet thicknesses, were
systematically evaluated. Radiological consequences for scenarios that could not be ruled out based on
likelihood were calculated and included in a risk summation for the repository.
The following is a brief account of approaches used in the analysis of aspects of repository
evolution related to the long-term properties of the host rock.
External conditions were analysed with a thermodynamic ice-sheet model and a model describing
the global isostatic adjustment (GIA) to account for sea-level changes determined by the timedependent ice sheet configuration in combination with the structure and properties of the solid Earth
and its response to surface loading, see further (SKB, 2006a; Näslund, 2007). Figure 3 shows a model
reconstruction of the ice-sheet for the Weichselian glacial cycle.
The thermal evolution in the bedrock was analysed with a permafrost model that obtains
boundary conditions from the ice-sheet and GIA models (SKB, 2006a; Näslund, 2007).
Figure 3. Modelled ice-sheets for the Weichselian reference evolution. Contour lines show ice-surface
elevation with a 300 m contour interval. All maps show present day shore-line position.

A number of mechanical aspects need to be considered, for example the possibility of large
earthquakes occurring preferentially at the end of a glacial episode and the consequences this could
have in terms of secondary movements in rock fractures (SKB, 2006a; Hökmark et al., 2007) and,
ultimately, on canister integrity. Other mechanical effects concern the general evolution of rock
stresses during a glacial episode (SKB, 2006a) and possible consequences in terms of fracture
movements, influence on hydrological properties etc. These latter issues were primarily addressed in
SR-Can and will be further treated in the coming SR-Site assessment.
The hydrogeological evolution during a glacial episode was studied with a model simulation that
obtained hydrological boundary conditions from the ice model. Both density-driven flow and rock
matrix diffusion of salt were included in the modelling. The Darcy velocity, salt concentration in the
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flowing fractures, and salt concentration in the matrix at repository depth were obtained as a function
of time. Also here, additional studies are foreseen in the SR-Site assessment.
In SR-Can the evaluation of the geochemical evolution is restricted to using separate
specifications for the different climatic domains. Different groundwater compositions were assumed to
prevail around the repository as a result of the different types of climate domains and their
corresponding hydraulic conditions, whereas, in reality, the evolution between climate domains is
expected to be gradual, without a clear boundary between them. For permafrost and glacial conditions,
the following issues are treated, mostly by a combination of model studies and expert judgements:
•
•
•
•

evolution of salinity;
evolution of redox conditions;
evolution of concentrations of other relevant natural groundwater components; and
effects of grouting, shotcreting and concrete on pH.

Results from the SR-Can safety assessment
In summary, the following conclusions were reached when the selected scenarios were analysed.
Most of these results relate to one or more of the geosphere safety function in Figure 2.
•

Freezing of an intact buffer (relevant to geosphere safety function R4 in Figure 2) is assessed
as ruled out for both the analysed sites, even for the most pessimistic and bounding climate
conditions considered. For a water-filled cavity in an eroded buffer, freezing is not entirely
ruled out for the most pessimistically chosen climate development at Forsmark, but
calculations demonstrate that the mechanical pressure on the canister is acceptable in such
cases.

•

Canister failure due to isostatic load (R3b) is assessed as ruled out for both sites, also for the
most severe and bounding future glacial conditions considered.

•

Oxygen penetration to repository depth (R1a) for enhanced groundwater flows under an ice
sheet, jeopardising the favourable reducing chemical conditions, is assessed as ruled out. This
result is in agreement with conclusions from several earlier assessments. The modelling
example in SR-Can is, however, stylised and simplified, meaning that additional analyses are
warranted to increase confidence in the results. Such studies will be undertaken in SR-Site.

•

Canister failures due to post-glacial earthquakes (R3a) cannot be completely ruled out. The
risk contribution from this failure mode is, however, small. Probabilistic analyses in SR-Can
imply that, on average, it would take considerably more than one million years for even one
such canister failure to occur.

•

Substantial loss of buffer through buffer erosion/colloid release may occur as a result of
intrusion of low ionic strength glacial melt waters (R1c) in a 100 000 year perspective. The
knowledge of the processes involved is uncertain and further research is being undertaken as
a matter of priority.

•

Loss of buffer mass, to the extent that advective conditions prevail in the buffer, which
cannot be ruled out in a 100 000 year perspective, will lead to enhanced canister corrosion
rates (R1d, R2). In a one million year perspective, this may lead to failures of some tens of
canisters for the pessimistic hydraulic interpretation of the Forsmark site, with cautious
assumptions regarding sulphide concentrations and cautious assumptions regarding
deposition hole acceptance rules.
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•

A prolonged period of temperate climate is deemed as beneficial for safety, since the
processes that are potentially the most detrimental to repository safety are related to glacial
conditions. This concerns in particular the two main contributions to the calculated risk in
SR-Can, namely i) potential buffer erosion with subsequent enhanced canister corrosion as a
result of intrusion of glacial melt waters (R1c) and ii) the occurrence of large earthquakes
during deglaciation (R3a). Further evaluations of the geochemical evolution for a prolonged
warm period are required in order to better substantiate the conclusion that the geochemical
conditions would remain beneficial.

•

It is crucial to avoid deposition positions intersected by large or highly water conductive
fractures (R2, R3a). The main risk contributors in the SR-Can assessment are related to the
occurrence of large and/or highly transmissive fractures intersecting deposition holes. This
applies to the buffer colloid release process and the impact of major earthquakes in the
vicinity of the repository. The extent to which such positions can be identified and avoided is
uncertain and there is a need for further studies.

•

Radiological consequences were calculated for the two failure modes that could not be ruled
out in a million year perspective, i.e. failures due to corrosion when the buffer is lost and
failures due to fracture shear movements induced by large earthquakes in the vicinity of the
repository. These show that potential releases from repositories at both Forsmark and
Laxemar comply with the risk criterion issued by the Swedish Radiation Protection
Authority.

•

In an additional release calculation, a purely hypothetical case was studied where the canister
and the buffer in all deposition holes were assumed to be lost, i.e. a hypothetical case with no
containment and where the retardation is provided solely by the geosphere. In this case,
calculated for the Forsmark site, the regulatory risk criterion is exceeded, but the geosphere
retention (R2) alone is sufficient to limit the calculated doses to being comparable to the
background radiation in Sweden.

•

The importance of the excavation damaged zone (EDZ, R2) around deposition tunnels is
limited in comparison to other transport routes for radionuclides, even for very pessimistic
assumptions about the EDZ in relation to the reference excavation method.

•

Thermally induced spalling around deposition holes may have a considerable impact on mass
exchange between the flowing groundwater and the buffer (R2) as long as diffusion is the
dominant transport mechanism in the buffer. There are uncertainties regarding the extent and
the consequences of spalling and further studies are required.

Conclusions
The three main safety functions of the host rock are i) to provide a favourable environment for
the containment of the spent fuel in canisters, ii) to provide retardation of radionuclides released from
a potentially imperfect containment, and iii) to provide isolation of the waste from the surface
environment.
In general, the potential of a granitic host rock to fulfil its safety functions related to the
repository’s capacity for containment are closely linked to the repository concept. For a KBS-3
repository in granitic rock, the requirements on the host rock are derived from the safety functions of
the canister and the buffer. The long-term stability of the host rock must, therefore, be evaluated in the
context of the requirements posed by the engineered barriers. This also means that an identified
weakness in the capacity of the host rock can potentially be reduced or eliminated through engineering
measures, through which the requirements on the host rock can be relaxed. For example, a stronger
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canister could be envisaged should the mechanical stability of the geosphere be deemed insufficient.
The geosphere stability must also be seen in the light of the understanding of the long-term processes
that could be detrimental to the engineered repository components. A thorough understanding of
processes related to the long-term evolution of the EBS is necessary for the formulation of sound
requirements on the host rock.
The retardation capacity of the host rock is more directly related to the rock properties, rather
than being a result of the interplay between host rock and repository.
In the SR-Can assessment, it was concluded that the granitic host rocks at the analysed sites
provide a sufficiently favourable and stable environment for the vast majority of the 6 000 analysed
deposition holes. The residual radiological risks associated with the repository, as pessimistically
calculated based on preliminary understanding of the two candidate sites, are, from the point of view
of the host rock, sensitive to details in the repository layout. In particular, it is important to be able to
avoid deposition holes intersected by large or highly transmissive and hydraulically connected
fractures and thus to understand and being able to quantify the heterogeneous character of the
fractured host rock, in particular at repository depth.
Surface erosion and weathering effects of the geosphere have a negligible impact in a million
year perspective and the capability of the geosphere to fulfil its isolating function (to provide a
physical barrier between the waste and the surface environment) is thus upheld.
Perturbations of the long-term stable conditions in the host rock, with potentially negative
consequences for safety, mainly occur during permafrost and glacial conditions for a KBS-3 repository
located in Swedish granitic rock. Regarding time-scales, this means that the main challenges to
geosphere stability occurs on the scale of tens of thousands to hundreds of thousands of years.
However, mechanical perturbations in the initial phases, e.g. thermally induced spalling resulting from
the thermal load, need also be considered, in order to ensure that favourable rock properties in the
vicinity of deposition holes remain also after disposal.
Related to the above, it is not possible to predict future climate. It is, however, as demonstrated in
the SR-Can assessment, fully possible to put bounds on the key external factors like maximum glacier
thickness, maximum permafrost depth, etc, and thereby bound the perturbations on geosphere
conditions that must be taken into account in a safety assessment.
Evaluation of issues related to the long-term conditions in the bedrock, in particular those related
to permafrost and glacial conditions, made up a considerable fraction of the analyses and efforts in
general in the SR-Can assessment. In particular evaluations of the effects of various perturbations on
the engineered barriers required large efforts.
Remaining main scientific and technical challenges related to the geosphere, where improved
understanding could lead to more realistic assessments relate to:
•

the extent and consequences of thermally induced spalling;

•

permafrost and glacial hydrology;

•

permafrost and glacial geochemistry (sulphate and sulphide concentrations, oxygenated and
dilute waters);

•

effects on the buffer of dilute groundwaters;

•

effects on the host rock and the EBS of large earthquakes; and

•

the possibility of identifying and avoiding large fractures intersecting deposition holes.
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REGULATORY EXPECTATIONS CONCERNING THE CONFIDENCE IN GEOSPHERE
STABILITY AND ITS HANDLING IN AN ENVIRONMENTAL SAFETY CASE

S.L. Duerden
Environment Agency of England & Wales

Abstract
The Environment Agency’s guidance provides a framework to enable a developer to build an
environmental safety case1 to meet the regulatory principles and requirements against which it will be
judged. The developer will need to collect and assemble all the evidence in support of post-closure
environmental safety of the disposal facility, including multiple and complementary lines of reasoning
and quantitative assessments, to build a robust environmental safety case. Building confidence in the
environmental safety of a disposal facility and establishing a sound basis for regulatory decision
making will rely on managing and assimilating information related to the geosphere, collected over
some tens of years. The environmental safety case needs to be periodically reviewed to ensure that the
regulatory principles continue to be addressed, to ensure that advances in understanding and
technology are considered and implemented, where feasible, and to resolve the scientific and technical
issues that are important to the post-closure environmental safety case.
Introduction
In 2006 the UK Government announced that deep geological disposal, coupled with safe and
secure interim storage, is the way forward for the long-term management of the UK’s higher activity
radioactive wastes.2 In June 2007 the UK Government and the Welsh and Northern Irish devolved
administrations published a framework for the long term management of higher activity radioactive
waste [1]. The document includes proposals for the way in which a site will be chosen to dispose3 of
higher activity radioactive waste and it seeks views, through a formal consultation process:
•
•
•

on the technical aspects of designing and delivering a disposal facility;
on the process and criteria to be used to decide where the facility should be located;
how to engage most effectively with communities that might volunteer to host the facility.

1.

The Environment Agency uses the term “environmental safety case” to distinguish it from the term
“safety case”, which in the UK has an established meaning in operational nuclear safety.

2.

Higher activity waste are defined as the more radioactive wastes (ILW and HLW), where ILW is waste
exceeding the levels of 4 gigabecquerels per tonne (GBq/te) of alpha or 12 (GBq/te) of beta/gamma
activity, and HLW is waste in which the temperature may rise significantly due to the radioactive content
and needs to be taken into account in design of storage or disposal facilities.

3.

The definition of “disposal”, in the case of solid radioactive wastes, means emplacement in a facility
where the intent at the time of emplacement is to leave the wastes in the facility permanently (even though
features might be provided to enable retrieval).
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Environment Agency principles, requirements and general expectations
The Environment Agency’s aim is to ensure that radioactive wastes are disposed of in the most
appropriate manner in order to protect the public and the environment, and to contribute to the UK’s
aim of sustainable development. In particular, we are responsible for assessing any application for a
licence to dispose of higher activity radioactive wastes to a deep geological repository in England or
Wales. In determining whether to grant a licence we will consider an application on its own merits in
accordance with the extant UK and relevant international regulations. Any licence we grant will be
subject to periodic review and the facility will be subject to inspection and regulation, by the
Environment Agency, until the facility is closed and until the end of any predetermined period of postclosure management control.
The Environment Agency does not prescribe in detail how the developer should design and
develop a disposal facility, nor how the developer should build an environmental safety case to
support an application for a licence to operate such a facility. The developer should establish an
appropriate approach in the context of the extant regulatory Guidance on Requirements for
Authorisation (“GRA”) [2],4 and demonstrate that the design chosen provides performance that
complies with regulatory criteria and assures protection of people and the environment. We will apply
the four general principles when considering an application for a licence to dispose of radioactive
waste to a deep geological disposal facility.
GRA Principle No. 1 – Independence of safety from controls
Following the disposal of radioactive waste, the closure of the disposal facility and the withdrawal of
controls, the continued isolation of the waste from the accessible environment shall not depend on actions by
future generations to maintain the integrity of the disposal system.
GRA Principle No. 2 – Effects in the future
Radioactive wastes shall be managed in such a way that predicted impacts on the health of future
generations will not be greater than relevant levels of impact that are acceptable today.
GRA Principle No. 3 – Optimisation (as low as reasonably achievable)
The radiological detriment to members of the public that may result from the disposal of radioactive waste
shall be as low as reasonably achievable, economic and social factors being taken into account.
GRA Principle No. 4 – Radiological protection standards
The assessed radiological impact of the disposal facility before withdrawal of control over the facility shall
be consistent with the source-related and site-related dose constraints and, after withdrawal of control, with
the risk target.

The GRA describes a number of more specific requirements underpinning these Principles, and
we will explore some of these further in the context of the confidence in geosphere stability and its
handling in an environmental safety case for a deep geological facility.

4.

We use “GRA” as shorthand to Environment Agency et al. (1997). We are currently reviewing the extant
GRA and we expect to make a revised version available for public consultation in 2008. However, we do
not expect the overall intent of these principles to change but rather we will aim to improve the clarity.

58

GRA Requirement R3 – Use of best practicable means
“The best practicable means shall be employed to ensure that any radioactivity coming from a facility will
be such that doses to members of the public and risks to future populations are as low as reasonably
achievable (ALARA)”

The use of best practicable means will, for example, involve exploring alternative host rocks and,
at a selected site or sites, design variants with respect to depth and other aspects of layout. It will also
involve consideration of aspects of construction, materials used and waste emplacement. The
developer should demonstrate that the design is optimised such that any additional measures which
might reasonably be taken to enhance the performance of the chosen design would be disproportionate
to the reduction in dose or risk (Principle 3).
GRA Requirement R5 – Multiple-factor safety case
“The overall safety case for a specialised land disposal facility shall not depend unduly on any single
component of the case.”

A key task for the post-closure environmental safety case is to convince the regulators and the
public that any radioactivity coming from a disposal facility will be such that risks to people and the
environment in the future are as low as reasonably achievable and that predicted impacts on the health
of future generations will not be greater than relevant levels of impact that are acceptable today
(Principles 2 & 3). The case should muster all the evidence in support of post-closure environmental
safety of the disposal facility, including multiple and complementary lines of reasoning and
quantitative assessments.
We will require the developer to demonstrate a good and thorough understanding of the various
components of the system and how they may or may not affect environmental safety, and to
demonstrate a thorough understanding of the processes and events that may affect the performance of
the disposal facility over time. A deep geological disposal facility will be a complex system employing
multiple barriers, some of which may have more than one environmental safety function. The
performance of the disposal facility will depend on the combination of barriers and their
environmental safety functions. We will require the developer to demonstrate a multiple factor safety
approach such that the environmental safety case does not depend unduly on any single environmental
safety function.
At the early stages of site selection the developer will need to determine the sort of environmental
safety case that could ultimately be made at a potential site or sites, evaluate how robust it may be, and
develop a qualitative view on the chances of the site or sites being acceptable. This will involve
identifying the key technical challenges and demonstrating confidence that they can be addressed.
During the design, development and operation of the disposal facility, the developer needs to resolve
the scientific and technical issues that are important to the post-closure environmental safety case,
ensuring that key assumptions are well supported.
The selection of an appropriate site is paramount in disposal concepts where site features (e.g. the
geosphere barrier) are key in developing a robust safety case. Geosphere performance is effectively
fixed once a repository location has been selected. In contrast, there may be scope for continuing to
optimise the design of the engineered barrier system up until closure of the facility.
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GRA Requirement R6 – Site investigations
“The developer shall carry out a programme of investigations to provide information necessary for the
safety case and to demonstrate the suitability of the site.”

The developer will have to demonstrate that the geosphere is adequately characterised,
understood and capable of analysis necessary to support the environmental safety case and that the
characteristics of the geosphere combined with the materials of construction of the facility are such as
to limit the release of radionuclides. This will include consideration of the lithology, stratigraphy,
geochemistry, local and regional hydrogeology and the resource potential of the area. The developer
will also need to demonstrate an understanding of any potential local and regional scale dynamic
processes such as seismicity, tectonics and climate change and their potential effects on performance
of the disposal facility. Many of these issues feedback and involve developing a good understanding of
the site and the environmental safety case (see Requirement 5).
Geosphere stability considerations
It is not our intent to specify a work programme to support any application to dispose of
radioactive waste, since it is the responsibility of the developer to identify the key issues that need to
be addressed in order to make and support a robust environmental safety case. We will consider the
lines of reasoning, and evidence gathered, in order to judge whether the safety case is consistent with
our principles and requirements. These judgements will feed into our regulatory decisions. However,
in the context of geosphere stability and its handling in the environmental safety case we have
identified below what we consider may be some of the key issues.
Disposal facility layout and mining
In the early stages of site selection, issues associated with disposal facility layout and mining will
be key. The developer will need to demonstrate that the chosen design or designs can be excavated and
operated effectively and in accordance with the requirements of the environmental and safety
regulators, that the design is appropriate for the selected host geology or preferred geologies, and to
assess its contribution to long-term performance.
The possible effects of mining excavations on the chemical and physical properties of the
geosphere will need to be considered. The excavation damage zone (EDZ) will be a complex zone
around the disposal facility with specific mechanical and chemical characteristics caused by
excavation. The developer will need to understand and characterise the potential effects of excavating
the facility, for example, the impacts of the EDZ on near-field hydrogeology. The chemical and
physical characteristics of the geosphere will need to be monitored during excavation and through the
operational phase of the disposal facility to confirm assumptions in the environmental safety case. The
developer will need to demonstrate an approach to identify and implement corrective actions to deal
with any foreseeable geological or geotechnical problems that might arise during construction or
operation of the disposal facility, be alert to the possibility that assumptions in the environmental
safety case might not be realised in practice, and be prepared to make changes if the need arises.
The developer will need to establish a view on the long-term stability of the underground
openings and any engineering required to maintain that stability over different timescales. For
example, if open crown space is part of the chosen design the developer will need to assess the
potential effects on performance of the disposal facility including, for example, the integrity of, and
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changes in, the rock mass above the crown over time, and the potential for, and consequences of,
accumulation of water and gas in the open crown space.
Site investigation

In the early stages of site selection the developer will have to demonstrate that the geosphere at
the potential site or sites can be characterised without undue difficulty, this may be accompanied by a
simple quantitative assessment of how good or bad the site may be. The developer will also need to
demonstrate an understanding of the possible effects of intrusive site investigations on the physical
and chemical characteristics of the geosphere and consequences on the performance of the disposal
facility.
Before excavating it will be essential to establish the baseline physical and chemical
characteristics of the host rocks. The developer will need to determine whether the properties of the
host rocks are as expected and remain compatible with the design, and to adapt and improve the design
taking into account new data collected from site investigation and characterisation. After the disposal
facility is excavated the developer will need to carry out further site investigations to confirm that the
characteristics conform to key design requirements of the environmental safety case. Indeed, the
experience reported in various NEA fora is that the few programmes reaching or getting close to
implementation have had to devote more effort than expected to reconciling the real system as
designed and built by engineers (and also as it will be at the time of closure) with the assumptions
made in the environmental safety case.
Information from site investigation and characterisation will be collected throughout the project
and we will expect the developer to maintain a good understanding of state-of-the-art site investigation
and measurement techniques, and demonstrate that new developments are considered and
implemented where appropriate.
The developer will need to consider the potential for natural resources to be identified in the
vicinity of the site in the future and the consequences on geosphere stability and long-term
performance of the disposal facility if these are likely to be exploited at any time in the future.
The developer will need to establish an understanding of the occurrence, extent and consequence
of dynamic processes such as tectonics, seismicity, or fluid flow events. In the United Kingdom
disruption by seismic events is not likely to be a major issue, nevertheless the developer needs to
demonstrate that the potential for the site to be disrupted by seismic events has been considered. In
particular, the potential for geological events to affect groundwater pathways and the integrity of
barriers (e.g. shearing through the engineered facility with consequential disruption of emplaced
wastes) and their overall effects on the integrity and performance of the disposal facility, will need to
be considered.
Performance and Monitoring

Throughout the project the developer will need to assess whether key characteristsics of the
geosphere continue to lie within the design target, and whether assumptions in the environmental
safety case are realised. In particular, the developer will need to assess the effects from excavation and
the consequences if engineering degrades, determine how far any effects are likely to propagate
through the geosphere over time, and to assess the effects on the performance of the disposal facility.
The developer will also need to demonstrate an understanding of the nature and impacts of
natural processes such as climate change and glaciation, with respect to the longer term effects on
hydrogeological properties of the geosphere.
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Modelling studies

We will expect the developer to provide details, methodologies and results from mathematical
modelling studies to demonstrate an understanding of the characteristics and behaviour of the disposal
facility and its components. Modelling will also be used for sensitivity testing and optioneering.
Where the environmental safety case is dependent on the modelling approach, emphasis needs to be
placed on building confidence in the models. In some areas, e.g. seismic survey data, there may be
alternative interpretations of the data and therefore no conceptual model of the system which can be
regarded as uniquely valid. The developer will be expected to show that the environmental safety case
is not unduly sensitive to such alternative interpretations.
Treatment of uncertainties

Uncertainties are unavoidable in an environmental safety case for a deep geological disposal
facility. The treatment of uncertainties is key to establishing a robust case and building confidence in
the environmental safety of the facility. The developer will need to demonstrate a systematic approach
to identifying and managing sources of uncertainty. Where practicable, measures should be
implemented to reduce overall uncertainties and, where it is meaningful to do so, significant
uncertainties should be quantified into numerical assessments of probability and consequence.
Summary

It is the responsibility of the developer of a disposal facility to provide an environmental safety
case in support of any application for a licence to operate a facility for the disposal of solid radioactive
waste. The Environment Agency is not responsible for prescribing in detail how a facility should be
designed or built, nor how to produce the environmental safety case. However, our guidance provides
a framework to enable a developer to build a case to meet the regulatory principles and requirements
against which it will be judged. The developer will need to collect and assemble multiple and
complementary lines of reasoning and evidence to build a robust case.
Information related to the geosphere will be gathered at different levels of detail throughout the
project from conceptual design, through site selection, characterisation, excavation, operation and after
closure. Managing and assimilating this information over tens of years to produce and develop a
robust environmental safety case will be crucial in building confidence in the short and long-term
environmental safety of a facility and to establish a sound basis to enable us to grant a licence.
Furthermore, since disposals will not be regarded as complete until all the requirements of the postclosure environmental safety case have been met (including sealing and closure), the developer will be
expected to periodically review the case to ensure that the regulatory principles continue to be
addressed, in particular to ensure that advances in understanding and/or technology are considered and
implemented, where feasible, within the context of optimisation.
In the early stages of site selection, the developer will need to demonstrate an engineering design
(or designs) appropriate for the potential host rock or rocks, that it can be excavated and operated
effectively and in accordance with the requirements of the environmental and safety regulators, and
that the design is appropriate for the selected host geology or preferred geologies. The developer will
also have to demonstrate that the geosphere at the potential site or sites can be adequately
characterised.
Prior to excavation it will be essential to establish the baseline characteristics of the geosphere, to
determine whether the geosphere characteristics, together with other features and materials of
construction, are such that a facility can be excavated, operated and closed in accordance with the
requirements of environmental safety, to identify and assess the possible consequences of processes
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that might alter these conditions, and to identify the nature and consequences of remaining
uncertainties.
During excavation and throughout the operational period it will be essential to revisit these
characteristics to determine whether they conform to key design properties and assumptions made in
the environmental safety case, to assess whether predictions from modelling studies are realised in
practice, to assess whether the system is performing as expected, and to address key uncertainties and
build confidence.
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LIKELIHOOD OF TECTONIC ACTIVITY AFFECTING THE GEOLOGICAL STABILITY
OF A REPOSITORY IN JAPAN: DEVELOPMENT OF NUMO’S ITM METHODOLOGY
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Abstract
We define the structure of a methodology being developed by NUMO to assess the likelihood
that volcanic or rock deformation processes could significantly affect sites that may emerge from the
Japanese volunteer siting process. Simple criteria are used to exclude clearly unsuitable areas at the
outset: the present methodology is developing probabilistic techniques to look at likelihood in nonexcluded areas. These are based on scientific models for the occurrence of volcanism and a range of
proxy indicators for potential future rock deformation.
Introduction
The potential for volcanic and rock deformation impacts on a repository must be considered at
each stage of NUMO’s programme for siting its geological repository for HLW (Tsuchi et al., 2005).
Nationwide evaluation factors for qualification (EFQs) of sites as Preliminary Investigation Areas
(PIAs) were designed to remove clearly unsuitable sites from consideration, but cannot guarantee that,
over tens of thousands of years, the risks of tectonic hazard for a chosen PIA will be acceptable. Large
parts of Japan that are potentially suitable for siting are directly affected to varying extents by rock
deformation, the peripheral impacts of volcanic activity or the possibility of new magma intrusion or
volcanic activity. The EFQs were intended as a “blunt instrument” to prevent obviously poor
candidates entering the siting process. Consequently, additional “sharper” and more refined techniques
are required to evaluate sites that pass the EFQ test, so that NUMO can have a clear idea of the
likelihood and potential impacts of tectonic events and processes at each PIA. The ITM project aims to
provide NUMO with such a methodology, based upon state-of-the-art approaches used internationally,
developed and extended for the specific purposes of NUMO and the specific conditions of Japan:
hereafter, we refer to it as the “ITM Methodology”.
The methodology can be used at three important stages of NUMO’s siting programme:
•

SITING STAGE 1: during the literature survey (LS) stage when potential PIAs are being
assessed. The ITM methodology will use currently available information to allow comparison
of sites in terms of confidence that they are likely to prove acceptable with respect to tectonic
impacts.

•

SITING STAGE 2: during the planning of the PIA site investigations, to identify
geoscientific information requirements that will be needed to refine the Stage 1 analysis.

•

SITING STAGE 3: at the point where PIAs are being evaluated and compared in order to
select a preferred site (or sites) for detailed investigation (as DIAs).
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To date, the ITM project has been mainly concerned with Stage 1. Application of the
methodology in Siting Stage 3 is several years into the future and it will be most efficient to carry out
any necessary updates/refinements on a region-specific basis during the PIA investigations when
NUMO has narrowed down to a group of sites.
This short paper is intended to outline only the methodological approach being developed and
does not present details of the results that have been obtained so far, although some results will be
illustrated in the workshop presentation.
Outline of the ITM Methodology
The overall structure of the ITM methodology consists of:
•

assembling nationally available data and alternative models of the nature, causes and
locations of tectonic processes and events;

•

using probabilistic techniques to evaluate the likelihood and scale of future tectonic processes
and events, shown as a function of their type and geographical distribution;

•

feeding information on these potential likelihoods and impacts to NUMO’s performance
assessment team so that feedback can be provided on repository performance under tectonic
stress;

•

providing clearly justified and traceable input to decision-making on consequent site
suitability.

A probabilistic approach has been selected for the ITM methodology as it is seen as the only
realistic means of addressing the uncertainties in predicting possible hazards when there is such
variability in the spatial distribution, the timing, the intensity and the style of the volcanic and
deformational events and processes being evaluated. Naturally, the probabilistic approach being
developed is based upon and strongly supported by deterministic models of the underlying tectonic
processes that lead to magma intrusion, volcanism and rock deformation.
ITM is developing its approaches for rock deformation and volcanic hazards as parallel tasks.
The concept of each approach is similar but, in some parts of the methodology, they differ in detail.
The broad structure is shown in more detail in the top-level “road-map” in the Figure. It comprises a
series of eight Steps distinguishing between the “rock deformation” approach and the “volcanic”
approach, where they involve significantly different activities. These are described below.
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STEP 1: Assembling the Data
Step 1.1: Define region of interest: The region of interest is defined. For the development work,
we use two Case Study areas. Tohoku, in Honshu, was selected principally to develop an approach to
assessing the likelihood of new polygenetic volcanic activity in areas not affected by magma intrusion
in the last ~2 Ma. It also provides a test-bed for developing the rock deformation methodology and for
looking at the combined effects of magma intrusion on rock deformation processes. The second Case
Study area is the island of Kyushu, which displays qualitatively and quantitatively different drivers
and manifestations of rock deformation, as well as allowing the volcanic methodology to be extended
to assess monogenetic volcanism.
In Siting Stage 1 (the LS stage), we expect the region of interest identified around a site, or group
of nearby sites, to be ~104 – 105 km2. Regions need to be large enough to contain a statistically large
enough number of features that are manifestations of the processes being evaluated (e.g. volcanic
edifices) and a spread of data-points for modelling these processes (e.g. GPS stations).
Step 1.2: Data gathering: Data are obtained from the literature to constrain possible models of
magma intrusion and rock deformation. The principal source data have been: topographic maps
(onshore and offshore); gravity maps; volcanic edifices/features location, nature and age (Catalogue of
Quaternary Volcanoes); national onshore and offshore active fault map; recorded distribution of
seismic events (locations, magnitudes, depths); GPS strain records for all monitoring stations.
Additional geological maps, heat flow data and interpretations of the geological, structural and
tectonic histories of the region are needed to support the development of conceptual models of the
processes of interest (in Step 3).
STEP 2: Sorting the Data and Identifying Alternative Conceptual Models
Step 2.1: Data Sifting and Ground-truth: The databases used were not gathered for the specific
purposes of the ITM methodology so they are not necessarily organised in an appropriate fashion, with
data in the form in which they will be used in Steps 3 and 4. This Step requires a close evaluation of
what the data actually represent and whether datasets are internally consistent and of uniform quality.
Experience from the Tohoku Case Study shows that it is essential to obtain ‘ground truth’ on
observations included in some of the databases.
Step 2.2: Underlying Conceptual Geological Models: These need to be identified (or developed)
to explain the distribution of features (volcanic edifices) and different styles of rock deformation. In
simple terms, the models are as follows:
•

Distribution of polygenetic volcanoes in the Tohoku region: during the Quaternary, and for
the next tens of thousands of years (up to ~100 ka) this is controlled by variable magma
generation potential in the mantle overlying the subducting oceanic plates. The origin of this
variability is not fully understood but is manifest in “clusters” of volcanoes with intervening
‘gaps’ in the Tohoku region. The distribution of clusters and gaps is correlated to varying
extents to gravity, basement topography and the seismic tomographic structure of the crust
and mantle wedge beneath the Japanese archipelago.

•

Distribution of monogenetic volcanoes: correlations are being explored and a specific
database of monogenetic volcanism is being developed to support ITM methodology
development as we move further into the Kyushu Case Study.

•

Regional and local strain budgets: the upper crustal rocks of the Japanese archipelago are
undergoing progressive deformation as a result of horizontal and vertical strain responses to
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dynamic plate tectonic forces. The amount and style of deformation varies from region to
region depending on the geological formations present and the location with respect to the
major plate boundaries and other large-scale deformation zone features, such as major
(>100 km long) strike-slip fault zones. Deformation includes compression, extension,
subsidence and elevation. The resultant strain is manifest as faulting (episodic movement
along Quaternary active faults), folding and rotation of major tectonic blocks. The overall
strain ‘budget’ for an area is accessible using a range of indicators, each of which
characterises different strain manifestations: GPS data on relative surface movements; slip
rates along active fault zones; coseismic movements, accessible through the seismological
database; uplift/subsidence rate.
STEP 3a: Classifying and Grouping Magma Intrusion Features
For the evaluation of possible future magma intrusion in areas that have not been affected by
intrusion in the last ~2 Ma, it is first essential to classify the indicators of past intrusion (the mapped
volcanic features in the Quaternary catalogue). No internationally accepted scheme of volcano
classification exists, so the ITM methodology has had to develop one.
Step 3a.1: Cladistic analysis: A cladistic approach has been developed to facilitate this
classification (Hone et al., 2007 in press). It involves defining characteristic properties (such as size,
morphology, age, chemical composition, intrusive or eruption style) to each mapped feature and then
using an analysis package (PAUP) to assess all possible ways of grouping the features using these
characteristics. The different groups are called clades: we use the term “Alternative Group”. The
cladistic method has been found to work well for polygenetic volcanoes and provides a deeper
understanding of the strengths and limitations of the volcano database.
Step 3a.2. Database analysis: identification of alternative datasets that can be used in the
probabilistic analysis: using the clade groups and field data to verify alternative groupings of
volcanoes and volcanic features.
Step 3a.3: Time-series analysis: of each alternative dataset to assess whether they display
different periodicity (dormancy and activity) and whether this periodicity is structured (i.e. related to
eruption history, rather than being random), which is used in Step 4a.
Step 3a.4: Sensitivity analysis: to test the sensitivity of the groupings to the size of the region
considered (by extending or reducing the area the number of edifices included is increased or reduced
and the statistical groupings may change) and by adding “synthetic” volcanoes: a large change in
group characteristics could indicate model instability.
STEP 3b: Developing Strain Models and Estimating Strain Rates for each
For rock deformation, the objective is to calculate strain rates across the region of interest using
independent data sources that reflect widely different time averaging: GPS areal strain (years), active
fault strains (tens of thousands of years) and seismic strains from the seismic moment of earthquakes
(centuries). These can then be compared and, in Step 4b, presented as strain maps.
Each data source may indicate strains that are the result of one or more processes, for each of
which there may be alternative tectonic models and interpretations (e.g. boundaries of regions that can
be defined as discrete tectonic blocks, dips of major fault zones, amount, degree and depth of
subduction coupling). The way that strain is calculated from the raw data will need to account for the
relative contributions of these different processes, factoring in the inherent uncertainty introduced by
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having alternative conceptual models. The contribution from different processes is estimated by expert
judgement on the importance of different processes/mechanisms (reflecting the alternative
conceptualisations of what drives rock deformation in the region).
Step 3b.1: Defining tectonic blocks: to consider whether the region of interest (or an even larger
area if appropriate) can be divided into stable rock blocks that behave internally in a relatively
homogeneous way or respond in a similar way to external, large scale tectonic driving processes. This
assessment forms the basis for the subsequent development of strain models and there may be
alternative ways of defining such blocks, which affects the number of models developed.
Step 3b.2: Assembling alternative conceptual models in a Logic Tree: this brings together all
alternative conceptual models identified and is constructed by asking questions of the form: ‘How
many alternative explanations (models) could describe strain in this block?’; “If Model A is correct,
what are the alternative ways of describing its impact on deformation?” A tree is generated that
incorporates as many alternative conceptualisations of deformation mechanisms and associated
uncertainties as are deemed feasible. Following down any one branch to the end defines how strain
will need to be calculated for that particular set of model assumptions. Expert judgement, elicited from
a group of experts in Japanese tectonics at a workshop, is factored into the construction of the tree to
ensure that it is sufficiently comprehensive of alternative models. The experts then contribute by
agreeing weightings for each branch (degree of belief in the validity of each conceptualisation). Each
strain indicator requires its own Logic Tree, in order to calculate strain rates. The three indicators used
to date to estimate strain are:
•

Active fault slip rate + process region (i.e. width of fault zone) = mm/km/yr strain. The
period over which this indicator has “recorded” strain is ~10 000s years.

•

Gradients in GPS velocity = mm/km/yr strain. The period over which this indicator has
‘recorded’ strain is ~10s years.

•

Recorded earthquakes = seismic moment + Kostrov equation (seismic strain rate as a function
of the sum of seismic moment tensors of all earthquakes occurring in a given volume of crust
during a given time-interval) = strain. The period over which this indicator has ‘recorded’
strain is ~100s years.

Despite the fact that these indicators record strain over many orders of magnitude of time, the
processes that they are recording are widely considered to have been stable in magnitude and direction
for about 100 000 years. The uplift/subsidence indicator that will be included in future (to complete
this part of the methodology) will also address timescales ~100 000s years.
Step 3b.3: Calculating strain rates: For the GPS Logic Tree there were 148 different strain models
(branches) for the Tohoku region. The strain rates for each of these are calculated separately and as a
weighted average. A histogram can be produced of the frequency of calculated strains of a given
magnitude, using all the model results
STEP 4a: Magma Intrusion Probability Maps
Step 4a.1: Assessing Correlations: how far the spatial distribution of volcanoes can be correlated
with topographical and geophysical indicators of crustal processes. This provides evidence that
distribution is not simply random. The check can be made both for all volcanoes in the region of
interest and for the groupings derived from Step 3a. The probabilities and related uncertainties can
then be suitably weighted to reflect these correlations. In the Tohoku Case Study, the broad
distribution of volcanoes is correlated to the isostatic gravity anomaly map of the region. The isostatic
anomalies reflect magma generation potential, with the rate of magma accumulation at the intra-crustal
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Conrad discontinuity and, possibly, the rate of magma flux at the surface (hence the likelihood of
future volcanicity) being indicated by isostatic anomalies.
Step 4a.2: Calculating probabilities of magma intrusion: For the probabilistic mapping, three
types of probability could be estimated:
•

P1 – recurrence rate of volcano edifice forming in the region of interest during the period of
interest (e.g. 2 x 10-4 per year)

•

P2 – given that a volcano edifice forms, the probability that it will form in a specific area,
such as a region extending to 15 km beyond the boundaries of the PIA (e.g. 1 x 10-4 / km2);

•

P3 – given that a volcanic event occurs in this specific area, the probability that it will impact
the repository site itself.

A variety of well-developed statistical methods is available for estimating such probabilities, and
the estimations can be done either for all magma intrusion modes or for the various groupings defined
in Step 3a. For subsequent assessment of impact scenarios in Step 6 it is important to assess the
probability of different types of event occurring, so looking at each cladisitic group is a primary
strategy of the ITM methodology. To date, only P1 has been addressed and the data available from the
Case Studies have been used to produce regional probability maps. Geostatistical and Bayesian
methodologies provide a way to assess conceptual, spatial and parametric uncertainty. The methods
used so far are a Kernel Method (generation of a non-homogeneous distribution map, using a Gaussian
or Epanechnikov kernel method, with an applied smoothing function) and the Cox Process Method,
which uses different sets of geoscientific data (to date, 3-D seismic velocity tomography of the crust
and upper mantle on the assumption that the structures seen are related to magma generation potential:
Jaquet et al., 2006).
STEP 4b: Probabilistic Strain Maps
Step 4b.1: Constructing different strain maps: For each indicator, the calculated strain rates from
Step 3b are converted to strain maps for each conceptual model branch of the Logic Tree. The maps
show calculated strains within 5 km x 5 km areas: a reasonable resolution for the datasets used and a
useful size with respect to expected repository footprint (~10 km2). Strain rates are also combined on a
single map, using the weightings assigned to each branch of the Logic Tree. The weighted map is thus
a probabilistic representation of strain, representing the most likely strain averaged over the time
period for which the particular indicator has been ‘recording’.
Step 4b.2: Comparison and differencing: The weighted, probabilistic maps for each separate
indicator are compared and differenced, to pick out areas where the datasets are inconsistent in their
strain estimates. Combined with the variability shown in the strain rate histograms for any selected
area, such inconsistencies will identify locations where there is significant uncertainty regarding
deformation process, which may also be reflected in a wider range of strain rate potential. If a potential
repository site lies within such a region, this would require special attention in Step 8, to ensure that
adequate data were gathered during the PIA investigation programme to try to reduce the uncertainty.
STEP 5: Integrated Evaluation of Each Potential Repository Site
Depending on the location of the sites it may be necessary to carry out a combined magma
intrusion and rock deformation evaluation. A combined, higher level logic tree can weight belief in
relevance of the strain measures and factor volcanic strain into the weighting process. Individual site
assessments will provide a description of the geological and tectonic setting, an evaluation of the
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likelihood of each type of magma intrusion considered possible, in both the region around the site and
at the site itself, over a period of up to 100 000 years1, an evaluation of the uncertainties in the
likelihoods and an evaluation of the best estimate rock deformation potential (expressed as strain
probability histograms) and mechanisms over the same period of time – and the related uncertainties.
STEP 6: Interfacing with the NUMO Performance Assessment work
The methodology up to this stage is designed to deliver a set of probability maps that have taken
account of uncertainty in both conceptual models and data and which contain integrated interpretations
of the sites being investigated. ITM also provides the PA team with information on the nature of the
tectonic hazards:
1. Description of the nature of each magma intrusion event and rock deformation process that
could feasibly affect the repository.
2. Likelihood of each magma intrusion event impacting both the repository directly and the
surrounding rock mass.
3. Variation of this probability with time over the next 100 000 years.
4. Best estimate of magnitude and duration of rock deformation that could affect the repository.
5. Description of how the events and processes would initiate, develop and progressively impact
the repository and the barriers.
Using this information, the PA team will be able to develop scenarios for tectonic impacts and
assign probabilities to them.
STEP 7: Assigning “Siting Confidence” Levels
This Step will involve joint input from the ITM group and the PA team. The objective of this
Step is to allow NUMO to make a judgement on the importance of future tectonic hazards at each site.
This will first be done during the LS stage. This judgement will form an important aspect of the
justification of NUMO’s overall decision-making process on site suitability. This aspect of the ITM
Methodology is not described in the current paper.
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1.

The methodology could be developed to provide estimates for 1 Ma, but would require the use of much
larger (longer duration, ~10 Ma) datasets and would involve greater uncertainties (especially concerning
the time stability of the underlying tectonic processes). Knowledge of future volcanic hazard is, in any
case, of diminishing interest for safety assessment at times, even after only 10 000 years, as the hazard of
the waste has decreased to levels equivalent to natural uranium ores by this stage.

74

References
Hone, D.W.E, S.H. Mahony, R.S.J. Sparks and K.T. Martin, (2007). Cladistics analysis applied to the
classification of volcanoes. (Bulletin of Volcanology)
Jaquet, O., C. Connor and L. Connor, (2006). Probabilistic Methodology for Long Term Assessment of
Volcanic Hazards. Proceedings of International Conference on High-Level Radioactive Waste
Management, IHLRWM, Las Vegas, 2006. American Nuclear Society.
Tsuchi, H., K. Kitayama and N. Chapman, (2005). Addressing Active Tectonics in HLW Repository
Siting in Japan. Proceedings of 10th International Conference on Environmental Remediation and
Radioactive Waste Management, ICEM’05, Glasgow. Paper 1142.

75

CLIMATE CHANGE AND ITS POTENTIAL IMPACT ON MECHANICAL, HYDRAULIC
AND CHEMICAL CONDITIONS

J-O. Näslund
Swedish Nuclear Fuel Waste Management Company, (SKB), Sweden
Abstract
The strategy for managing climate related conditions in SKB’s safety assessments are based on
the notion that it is not possible to predict climate in a 100 000-year time perspective. Instead, the
approach in the SR-Can safety assessment was to identify and analyse both moderate climate
evolutions as well as extremes within which the climate in Scandinavia may vary. To this end,
knowledge on general climate variations in Scandinavia was used to identify characteristic climate
domains which in turn were used to build a number of selected climate scenarios. The relevant climate
domains for the Forsmark and Laxemar sites in the 100 000-year time perspective are; 1) a temperate
climate domain, 2) a periglacial climate domain, and 3) a glacial climate domain. Also
submerged/non-submerged conditions at the sites are of importance. In the SR-Can safety assessment
several climate scenarios were investigated, including a reference evolution based on a repetition of
reconstructed conditions for last glacial cycle (the Weichselian glaciation and the Holocene
interglacial). For this reconstruction, extensive numerical simulations of ice sheets, isostatic changes,
and permafrost were conducted. The resulting scenario showed site-specific timing and duration of the
three climate domains and submerged periods for the full glacial cycle. This scenario is not a
prediction of a future climate evolution. Instead it is one example of a future evolution that in a
realistic and consistent way covers all relevant climate related changes that can be expected in a
100 000-year time perspective. Subsequently, this scenario formed the basis for the construction of
additional climate scenarios that were used to analyse the effects of more extreme climate evolutions
than during the last glacial cycle. Examples of complementary scenarios are a warmer and wetter
climate scenario caused by an increased greenhouse effect, and colder scenarios with deeper
permafrost or thicker ice sheets than in the reference case. As expected, the largest impact on the
geosphere and a KBS-3 repository at the suggested Swedish sites occur during climate conditions
supporting glacial conditions. The peak of impact on the geosphere, in terms of stress changes and
increased groundwater flow, occurs when the ice sheet margin passes the sites. During periglacial
periods, the geosphere and hydrosphere may also be heavily affected by frozen permafrost conditions,
which change groundwater flow and composition. Periods of temperate climate conditions, including a
suggested future anthropogenically induced warmer and wetter climate in Sweden, are mainly
beneficial for geosphere stability and KBS-3 repository safety.
Introduction
The present paper is to a large extent based on information from the reports SKB (2006a),
entitled “Climate and climate-related issues for the safety assessment SR-Can“, and SKB (2006b)
“Long-term safety for KBS-3 repositories at Forsmark and Laxemar – a first evaluation. Main report
of the SR-Can project.”
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For a KBS-3 repository, several geosphere parameters are affected by climate and climate-related
processes. Examples of such parameters of importance for repository safety are:
•
•
•
•
•

the maximum hydrostatic pressure occurring at repository depth for glacial conditions;
the maximum depth of permafrost;
the possible penetration of oxygen to deep ground waters during glacial conditions;
groundwater salinity at repository depth;
glacially induced faulting.

Several of these parameters relate to the formation of ice sheets and/or permafrost over the
repository. Considering the safety assessment period of one million years in the SR-Can assessment of
SKB (SKB, 2006a), the effect of changes in climate and climate related processes on repository safety
needs to be analysed in detail.
Strategy for managing climate related factors in SR-Can
The strategy for managing climate related conditions in SKB’s safety assessments are based on
the notion that it is not possible to predict climate in a 100 000-year time perspective. Instead, the
approach in the SR-Can safety assessment was to identify and analyse both moderate climate
evolutions as well as extremes within which the climate in Scandinavia may vary (SKB, 2006a,
2006b). To this end, knowledge on general climate variations in Scandinavia was used to identify
characteristic climate domains which in turn were used to build a number of selected climate
scenarios. A climate domain is defined as a climatically determined environment in which a set of
characteristic processes of importance for repository safety appear (SKB, 2006b). Examples of such
processes are the growth of an ice sheet or the development of permafrost. For the investigated sites in
Sweden, the identified relevant climate domains are:
•
•
•

a temperate climate domain;
a permafrost climate domain;
a glacial climate domain.

The temperate domain is defined as regions without permafrost or the presence of ice sheets. It is
dominated by a temperate climate in a broad sense, with cold winters and either cold or warm
summers. Precipitation may fall at any time of the year, i.e. there is no dry season. The precipitation
falls either as rain or snow. The temperate domain has the warmest climate of the three climate
domains. The temperate climate domain also includes the range of possible warmer future climates in
Sweden as envisaged in e.g. IPCC (2007). Within the temperate domain, a site may also at times be
submerged by the sea or by an ice-dammed lake.
The permafrost domain is defined as periglacial regions that contain permafrost. It is a cold
region but without the presence of an ice sheet. The permafrost occurs either in sporadic,
discontinuous, or continuous form. In general, the permafrost domain has a climate colder than the
temperate domain and warmer than the glacial domain. Precipitation may fall either as snow or rain.
The glacial domain is defined as regions that are covered by ice sheets. Within the glacial
domain, the ice sheet may in some cases be underlain by sub-glacial permafrost. In general, the glacial
domain has the coldest climate of the three climate domains. Precipitation normally falls as snow in
this domain.
It is currently not possible to make confident predictions of future long-term climate. It is,
however, likely that the three climate domains will appear repeatedly during the one million year
SR-Can assessment period. It is necessary to analyze a range of climate scenarios in order to cover
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possible future climate evolutions, especially if the suggested repository sites are located in previously
glaciated terrain that might be ice covered again in a distant future. Also effects of an increased
greenhouse effect need to be included in the range of analysed climate conditions.
Modelling approach
In order to construct and describe climate scenarios, numerical simulations were made using three
types of models; 1) a thermodynamic ice sheet model, 2) a Global Isostatic Adjustment (GIA) model,
and 3) a permafrost model (Figure 1). The ice sheet model was used to reconstruct ice sheet
configurations and properties over Fennoscandia for the last glacial cycle. The climate forcing of this
simulation was proxy data on paleoairtemperatures from the GRIP ice core on Greenland (Dansgaard
et al., 1993). Data from the ice sheet model was subsequently used as input to the GIA model for
simulations of changes eustasy and isostasy, resulting in site-specific information on changes in
relative sea-level. Finally, data from both the ice sheet model and the GIA model was used together
with site-specific information on e.g. bedrock thermal properties in order to simulate 1D permafrost
development at Forsmark and Laxemar sites. For all climate scenarios that were analyzed in SR-Can,
various combinations of these modelling simulations were performed. Detailed information on all
simulations, as well as descriptions of input data and assumptions made, is found in SKB (2006b).
Figure 1: Numerical models, and the data flow between them, used for construction of the climate
scenarios. In addition, ice sheet melt rates were extracted from the ice sheet model for the
numerical simulations of groundwater flow and chemistry during glacial conditions.

Reference evolution – repetition of last glacial cycle conditions
As mentioned above, it is very likely that the potential repository sites in the long-term will
experience periods of all the identified climate domains and the associated transitions between them. A
reference evolution should therefore include periods of temperate conditions, including shore-level
displacement, as well as permafrost and glaciation of different extent, and also the possible transitions
between these climate domains. A relatively well known evolution including all the mentioned
components is the one covered by the Weichselian glacial and the Holocene interglacial, i.e. the
evolution from the end of the Eemian (Marine Isotope Stage 5e) at about 120 000 years ago to present.
In the SR-Can assessment, this last glacial cycle was chosen to constitute a reference evolution of
climate-related conditions at the potential sites.
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The reason for choosing the Weichselian as the reference evolution is twofold. Firstly, it is the
glacial cycle we have most information about, and the evolution and variability of climate-related
conditions can be investigated by reference to associated geological information. Secondly, the
available geological information makes it possible to test or constrain the supporting analysis and
modelling efforts aiming at process understanding and the studies of the, often complex, coupled
processes related to climate changes.
Examples of reconstructed ice sheet configurations for the reference evolution from the ice sheet
model are seen in Figure 2. During the glacial cycle, the ice sheet grows progressively larger in a
number of distinct growth phases, with intervening phases of more restricted ice coverage. The Last
Glacial Maximum is reached about 18 000 years before present. The reference evolution also included
reconstructions of shore line migration and permafrost development for the last glacial cycle.
Figure 2. Examples of reconstructed ice sheet configurations at major cold and warm periods during the
last glacial cycle. Contour lines show ice surface elevation with a 300 m contour interval. All maps show
present day shoreline position. Explanation of text: MIS5d (-110 ka) denote Marine Isotope Stage 5d at
time 110 000 years before present

Climate scenarios
Four ~100 000 year long climate scenarios were included in the SR-Can safety assessment:
1)
2)
3)
4)

A main scenario based on the reference evolution, i.e. the repetition of the last glacial cycle.
A greenhouse variant of 1) with a warmer climate due to an increased greenhouse effect.
A scenario with a drier climate than in 1, supporting extensive permafrost growth.
A scenario with a colder climate than in 1), resulting in larger and thicker ice sheets.
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Main scenario – base variant with repetition of last glacial cycle
The main climate scenario of SR-Can was identical to the reference evolution, i.e. the
reconstruction of conditions during the Weichselian glaciation. This climate scenario is neither an
attempt to predict a probable future development, nor a “best estimate” of the Weichselian evolution,
but a scientifically defensible starting point for the analysis of climate impact on repository safety.
One important purpose of this climate scenario is to obtain up-to-date knowledge on climate and
climate related processes on a glacial cycle time scale. The Base variant of the Main scenario also
form basis for the construction of additional scenarios with potentially larger impact on geosphere and
repository safety.
The evolution of climate-related conditions of importance for repository safety is illustrated by
the succession of climate domains and development of climate related parameters for Forsmark and
Laxemar in Figures 3 and 4. Through the periods free of ice sheets, temperate conditions are gradually
replaced by permafrost conditions. The trend with gradually more dominating permafrost conditions is
a natural result of the progressively colder climate during the glacial cycle. The maximum calculated
permafrost depth is ~250 metres in Forsmark and ~160 metres at Laxemar.
Forsmark and Laxemar are exposed to two major ice advances and retreats, the first around
60 000 years into the scenario and the second after about 90 000 years (Figures 3 and 4). The
maximum ice sheet thickness for Forsmark and Laxemar is 2 920 and 2 430 metres, respectively.
Figure 3. Evolution of important climate-related variables at Forsmark in the base variant
of the Main scenario
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Figure 4. Evolution of important climate-related variables at Laxemar
in the base variant of the Main scenario

Main scenario – greenhouse variant
An additional factor related to future climate evolution is introduced by the impact and duration
of human influence on climate due to emissions of greenhouse gases. Several studies envisage a very
long period of relatively warm climate conditions (e.g. IPCC, 2007). Therefore, as a variant of the
evolution based on the repetition of the last glacial cycle, a greenhouse variant comprising a
50 000 year long period of temperate domain, followed by the first, relatively mild, 70 000 years of
the base variant was analysed. The climate and climate-related conditions during the long period of
temperate climate conditions are based on results from SWECLIM (Rummukainen 2003, Tjernström
et al., 2003), BIOCLIM (2003), and on the shore-line migration resulting from complete melting of
the Greenland ice sheet, corresponding to a sea-level rise of 7 m (SKB, 2006b). For further details on
the chosen approach regarding the greenhouse variant, see (SKB, 2006b).
For both sites, the climate is dominated by an initial ~100 000 year long warm period without icesheet coverage, a period that gets successively colder towards the end. During a large part of this warm
period, mean annual air temperatures at the candidate sites may be warmer than, at present. During this
initial long warm period, it is likely that climate within the temperate domain may vary significantly.
The length of the initial period of temperate domain in the SR-Can greenhouse variant should not be
taken as a prediction or statement on future greenhouse climate change. Under a future warming
climate, this period could be shorter or longer than that described in this scenario. The greenhouse
variant reduces the effects of most climate-related processes of importance for repository safety, such
as the time of glacial domain conditions.
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Figure 5. Evolution of important climate-related variables at Forsmark in the greenhouse variant
of the Main scenario

Figure 6. Evolution of important climate-related variables at Laxemar in the greenhouse variant of the
Main scenario
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Freezing of the geosphere – Climate scenario with more permafrost
This scenario concerns the criterion of minimum buffer temperature, namely that the temperature
in the clay buffer of a KBS-3 repository should not fall below –5°C to avoid that water contained in
the buffer would freeze (see also SKB, 2006a, and Hedin et al., 2008). In order to analyse if the buffer
may freeze under more severe, but still not unrealistic, climate situations than in the main scenario,
permafrost simulations were made with assumptions much more favourable for permafrost growth.
Air temperatures were assumed to fall according to the temperature curve of the reference glacial
cycle, but in an extremely dry climate not supporting ice sheet growth over the sites. To favour
permafrost growth further, the effects of protective snow cover and vegetation were excluded, and the
sites were assumed to always remain above sea level. For further information on the setup of these
simulations, see SKB (2006b). The resulting permafrost depths are seen in Figure 7, while the
associated development of bedrock temperature at repository depth is seen in Figure 8.
This climate scenario contains significantly longer periods of permafrost conditions, and also
deeper permafrost, than in the main scenario (Figures 4 and 5). The maximum permafrost depth in this
scenario is 400 m at Forsmark and 270 m at Laxemar (Figure 7). The –5 °C isotherm reaches a depth
of 200 m at Forsmark and 130 m at Laxemar. Without the heat contribution from the repository, the
lowest temperature at repository depth is –0.71°C at Forsmark, and +6.1°C at Laxemar (Figure 8).
Several sensitivity tests were also made in this scenario. One of the showed that in order to make the
–5°C isotherm reach repository depth at Forsmark and Laxemar, the regional temperature curves of
the last glacial cycle would have to be lowered more that 10°C and 17°C, respectively, which is
considered unrealistic. The results of these analyses show that freezing of the clay buffer is ruled out,
also under very pessimistic climate conditions. For details on the simulations made for this climate
scenario, including further sensitivity tests, see SKB (2006b and 2006a).
Figure 7. Calculated permafrost (0°C isotherm) depth, frozen depth and depth of the –5°C and –10°C
isotherms at Forsmark and Laxemar for environmental conditions exceptionally favourable
for permafrost development
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Figure 8. Evolution of bedrock temperature at a repository depth of 400 m at Forsmark and 500 m at
Laxemar, for environmental conditions exceptionally favourable for permafrost growth. The temperature
development both with and without the heat contribution from a KBS-3 repository is presented.

Hydrostatic pressure in the geosphere – Climate scenario with larger ice sheets
This scenario concerns the criterion of maximum hydrostatic pressure to avoid canister failure
due to isostatic load (see also SKB, 2006a and Hedin et al., 2008). The scenario was constructed to
analyze if the load from ice sheets larger than the reconstructed Weichselian ice sheet of the main
scenario could, together with the buffer swelling pressure and the load of overlying bedrock, induce an
isostatic load that could cause a mechanical collapse of the canister.
Using the numerical ice sheet model, ice sheets were allowed to grow to their maximum steadystate configuration under a series of colder climate assumptions. In these sensitivity tests, temperatures
were lowered between 4 and 16°C. Ice sheets only developed for temperature lowering cases of –7°C
and colder. As expected, the maximum ice-sheet thickness increases with colder climates (Figure 9,
black line). However, the degree of increase in thickness with temperature lowering declines as colder
cases is considered. For a temperature lowering of more than approximately 13°C, colder climates do
not generate thicker ice sheets. This result is in line with what is known from e.g. Antarctic ice-sheet
variations. The maximum reconstructed ice sheet thickness for the largest ice sheet during the past
2 million years supported by geological observations (the Saalian ice sheet) is for the Forsmark and
Laxemar sites 3 200 and 2 600 m respectively (Figure 9). This gives a contribution to the hydrostatic
pressure at repository depth of 28 and 23 MPa respectively.
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Figure 9. Developed maximum ice-sheet thicknesses for various temperature lowering assumptions.
The three curves represent extracted maximum ice thicknesses for the Forsmark region (blue), Laxemar
region (green), and overall largest ice-sheet thickness (black). The short lines marked W Base Case show
the maximum ice thickness obtained in the Weichselian reconstruction of the main scenario, whereas the
short lines marked Saalian show the estimated maximum ice thickness for the largest Fennoscandian ice
sheet configuration supported by geological observations.

Climate effects on groundwater flow and chemistry
In the climate scenarios above, the geosphere is to various degrees affected by changes in e.g.
isostatic load, stress, temperature etc. The degree at which the geosphere is affected is reflected in the
length of the individual climate domain periods. For instance, long periods of permafrost domain
typically generate deeper permafrost than shorter periods, which in turn have a more profound impact
on the groundwater flow.
During periods of temperate domain, the groundwater flow pattern is similar to the present ice
free situation, with a mixture of local areas of groundwater recharge, typically at topographically high
positions, and discharge, typically in low positions. The groundwater flow is at this time driven by
topographic gradients in the landscape.
During the initial periods of permafrost domain, the permafrost distribution in the landscape is
sporadic or discontinuous. This result in a modified pattern of groundwater flow, but still with major
groundwater recharges and discharge areas. When climate gradually gets colder, permafrost grows
progressively thicker and more widespread. The very flat topography at both sites is favourable for the
formation of more or less continuous permafrost once climate is cold enough. When continuous
permafrost occurs, the precipitation recharge of groundwater is strongly reduced or stopped, since
permafrost influences subsurface hydrology by reducing the hydraulic conductivity of the frozen soil
and bedrock. At this stage, the bedrock beneath large lakes may still be unfrozen, forming so called
taliks, within otherwise frozen bedrock conditions. Local recharge or discharge of groundwater may
still take place at these taliks.
In the scenarios that includes periods of ice sheet coverage (Figures 3-6), the ice sheet overrides
ground with permafrost when it advances over the sites. Subglacial permafrost under the ice sheet
margin acts as a hydrological barrier for groundwater flow. Therefore, these initial phases is
characterised by periods without groundwater recharge.
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After these initial phases, subglacial groundwater recharge takes place due to basal melting of the
ice sheet and due to that permafrost has diminished. This results in that local areas of former
groundwater discharge, experience a general reversal of groundwater flow direction under glacial
conditions (Breemer et al., 2002, Jaquet and Siegel, 2006). In other words, the result is a dominant
subglacial groundwater flow directed downwards under the major part of the ice sheet, recharging the
groundwater aquifer. However, in the area in front of the ice sheet groundwater discharge is
dominating. During periods of ice margin passages, the increased hydraulic gradient would increase
groundwater flow in bedrock compared to temperate domain conditions (Jaquet and Siegel, 2006),
even if the hydraulic permeability of bedrock were to decrease under the load of an ice sheet.
Groundwaters will become progressively diluted during temperate periods, such as the initial
period following repository closure. During periods of permafrost, the process of freezing-out of salts
beneath the migrating permafrost front can move salts to repository depth from the upper parts of the
geosphere. For instance, calcium concentrations are expected to increase at repository depth during
permafrost periods. During the advance of an ice sheet, upconing of deep saline waters may occur
(Jaquet and Siegel 2006), exemplified in Figure 10. During this phase salinities of up to 5% (§52 g/L
TDS) may be reached locally at repository depth. According to Jaquet and Siegel (2006), dilute waters
are expected at repository depth under warm-based ice sheet coverage, with most of the waters having
a calculated salinity  0.1 g/L. After deglaciation, the infiltration of waters of marine origin will
increase the salinity of groundwaters at repository depth that had been diluted under a warm-based ice
sheet. For more information on the geochemical evolution in the base variant of the main scenario, see
section 9.4.7 in SKB (2006a).
Figure 10. Contour plots showing salinities for a site affected by an advancing ice sheet such as in the
base variant of the main scenario (Figures 3 and 4), calculated using the model described in Jaquet and
Siegel (2006). The plots are centered on the Laxemar area: the upper diagram shows a North-South depth
profile centred at the site (vertically exaggerated), and the lower diagram a slice at 500 m depth. The
results indicate that, due to the upconing of deep saline waters, groundwaters at repository depth may
reach salinities up to 5% (§52 g/L) during phases of glacial advance. However, most of the groundwaters
at repository depth a few kilometres behind the ice margin have salinities between 0.1 and 1%.
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In a significantly warmer climate, such as envisaged due to an increased greenhouse effect, the
warmer temperatures at the ground surface would not affect repository safety functions at either of the
sites. If precipitation increases, this would not affect groundwater formation significantly, since, on a
regional scale, the major part of the groundwater aquifer is filled by present-day precipitation rates.
Climate effects on the mechanical conditions of the geosphere
The temporal evolution of an ice sheet, such as in both variants of the main scenario of SR-Can,
causes time-varying stress and deformation in the Earth. Due to the long time spans, both elastic and
viscous deformation occurs. Properties of the ice sheet controlling the deformation and stress change
are areal extent, thickness and slope of the ice sheet margin (Lund, 2005).
As the ice sheet advances and the load from the ice increases, the elastic lithosphere will bend
and the viscoelastic mantle will flow laterally. This will, on a large scale, result in a depression
beneath the load and an upwarping bulge outside the ice sheet margin. The thicker the ice sheet and
the longer an area that is covered by ice, the larger bending stresses are induced. At great depths in the
crust, where elastic properties are very high, horizontal stresses induced by the bending will be much
larger than the corresponding increase in vertical stress due to the load of the ice. This is of importance
for the potential of glacially induced faulting. However, the upper part of the crust is considerably
softer and hence, the horizontal stresses generated from the ice loading at repository depths are smaller
than the increase in vertical stress.
The evolution of stresses in the crust during a glacial cycle has been studied by means of
numerical finite element modelling by Lund (2006) using Lambeck’s SCAN-2 model of the
Weichselian glaciation. As the ice sheet retreats, the depressed elastic lithosphere will experience an
isostatic rebound. This rebound is a much slower process than the removal of the ice load, and
consequently, high horizontal stresses are left in the lithosphere for a long time after the vertical stress
induced by the ice sheet is gone.
The pore pressures in the crust are increased during glaciation, as a result of the consolidation of
the bedrock as well as the recharge of meltwater available at the base of the ice sheet. This means that
the effective rock stress (i.e. the total stress reduced by the water pressure) is affected by a glacier
advancing over a site, through the interaction of load and pore pressure. The evolution of effective
stress will dictate the mechanical behaviour and properties of rock fractures, and hence, also their
water-conducting ability, see Hökmark et al. (2006).
In a non-glacial stage, such as during temperate or permafrost climate conditions, both horizontal
principal stresses are larger than the vertical stress at shallow depths. As an ice sheet advances over the
site, the increase in vertical stress is much larger than the increase in horizontal stress. This means that
the stress axes may rotate so that the vertical stress will be the intermediate or even largest principal
stress within the upper part of the bedrock. In general, the increase in stress will act to reduce the
transmissivity of fractures and fracture zones. However, these stress changes, together with the
increase in pore pressure as compared with non-glacial hydrostatic conditions, may result in changed
transmissivity anisotropy.
Outside the margin of the ice sheet, initial horizontal stresses may be reduced by the bending
stresses (Lund, 2006). This will give rise to a decreased normal stress acting across steeply dipping
fractures leading to an increase in transmissivity. Calculations by Hökmark et al. (2006) indicate,
however, that the increase will be very modest. Deviatoric stresses may also give rise to shearing of
critically oriented fractures, which in turn can yield larger fracture apertures. The same effect may also
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result from hydraulic shearing, in which the enhanced pore pressure acts to reduce the shear strength.
As described by Hökmark et al. (2006), hydraulic jacking of fractures is also possible, but most likely
not much deeper than a couple of tens of metres.
The general consequence of a large ice sheet covering an entire region is that faults in the crust
are stabilised and seismic activity is suppressed. On deglaciation, however, the rapid decrease in
vertical stress tends to destabilise the crust. The pore pressure in the crust is of great significance in the
faulting process, since an increased pore pressure decreases the effective normal stresses on faults, and
hence, reduces their shear strength. If the pore pressure is still enhanced at the end of glaciation, when
the vertical load from the ice disappears, fault stability will be further reduced. There exists evidence
that intense seismic activity, with end-glacial or post-glacial faulting, took place in northern
Scandinavia at the end of the last glaciation. The fault displacements are considered to have occurred
as reactivation of existing structures. As described in SKB (2006c), there are two different views
concerning the mechanism of this faulting; release of tectonically generated stresses accumulated
under the influence of the stabilising ice sheet or an asymmetrical unloading of the ice sheet.
Conclusions
In safety assessments for repositories for spent nuclear fuel, it is necessary to analyze a range of
climate scenarios in order to cover the extremes within which the climate may vary in the coming
100 000 years. These include e.g. a warmer climate than at present as well as permafrost and glacial
conditions.
The climate at the ground surface, as such, has a minor impact on the geosphere and a KBS-3
repository. Instead, the geosphere and repository might be heavily affected by indirect climate effects,
such as growth of ice sheets and permafrost.
The advance and retreat of an ice sheet over the site brings about the largest climate-related
changes the geosphere and repository will experience during a 100 000 year time frame, such as
groundwater flow and composition (dilution), hydrostatic pressures, bedrock stresses, and fault stability,
factors which all are of importance for KBS-3 repository safety.
When analyzing scenarios that include glacial and permafrost conditions, the SR-Can safety
assessment shows that both suggested sites in Sweden have the potential of fulfilling the safety
requirements for a KBS-3 repository.
The predicted warmer climate due to an increased greenhouse effect (e.g. IPCC 2007) would
mainly have positive effects on geosphere stability and KBS-3 repository safety. This is achieved by
delaying the onset of periods of glacial conditions.
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Abstract:
The Japanese Islands located in the plate convergent boundary zone at the eastern edge of the
Eurasian Continent have been impacted by severe natural environmental condition such as tectonic
and volcanic activity. In this condition, fault movement, volcanic activity and uplift movement of the
crust are important factors to impact the long-term performance of the repository site. Although the
area where the fault and the volcano exist is excluded from the repository site, for the upheaval
movement, it is necessary to reflect appropriately the estimated amount of uplift in the underground
water scenario etc. The marine terraces which fringe the Japanese coast have been formed by the
combination of sea-level fluctuation and crustal uplift. Therefore it is possible to estimate the amount
of tectonic uplift in the future based on the height of former shoreline of the marine terraces. The
performance evaluation taking into account the future uplift is done for the planning and construction
of the low-level nuclear waste disposal facilities in the Shimokita Peninsula in the northern most part
of Honshu Island.
Introduction
In the active tectonic region, the crustal uplift and the related erosion which may shallow the
underground depth of the nuclear repository site should be considered as important factors for the
safety ensuring and performance preservation of the site. The Japanese Islands consisting of several
island arcs are located in the plate convergent zone at the eastern edge of the Eurasian Continent, and
characterized as one of the most active tectonic region in the world by the intensive uplift and igneous
activity. Moreover, abundant rainfall brought by the temperate monsoon causes the intensive erosion
and sediment discharge of land surface including the mass movement in the uplifting area.
In this paper, the authors intend to present some feature of natural environment in Japan, and to
point out some important geological phenomenon that should be considered for a long-term stability of
the geological environment including the lithology and hydraulic conductivity of host rock for the
repository site. And, we also introduce the estimate method of the amount of crustal change, which
will be caused by the upheaval and erosion of land in the future.
Natural environment in the Japanese Islands, especially geological phenomenon affecting the
performance of repository site
Plate tectonics
Around the Japanese Islands, two oceanic plates, Pacific Plate (PAC) and Philippine Sea Plate
(PHS), are subducting beneath the continental Eurasian Plate (EUR). In addition, the subduction of
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west moving PAC under the northwest moving PHS results in the formation of buoyant island arc with
thick volcanic crust, called Izu Bar or Izu-Ogasawara Arc, at the western edge of PHS. Izu Bar is
difficult to subduct easily under the EUR along the convergent boundary between PHS and EUR,
because it is composed of thick volcanic crust. Therefore, recurrence of several collisions of volcanic
blocks on Izu Bar against EUR has occurred at the northern edge of Izu Bar. These collisions result in
the large northward bending of onshore plate boundary, and have formed the Tanzawa Mountains
where severe uplift and heavy erosion has prevailed in the Quaternary at the northern side of the
boundary (Figure 1). The biggest Kanto Plain, in which Tokyo metropolitan district is located, has
been formed by the landfill of a fore arc basin that normally occurs in the deep sea bottom. Thus, the
plate convergence around Japan plays an important role to the crustal movement and the topographical
formation of the Japanese Islands.
Figure 1. Setting of Plate tectonics in and around central Japan (Yamazaki, 1992)

Huge earthquake along the plate subduction zone and coastal uplift
Subduction of the oceanic slabs under the continental plate has periodically caused the M8 class
huge earthquakes along the mega-thrust at the plate contact surface. Coseismic deformation, uplift and
subsidence, were historically recognized along the coastal region on the upthrown side of the source
mega thrust. However, aseismic slow crustal movement showing the opposite sense of the coseismic
movement occurs in the dormant period during the interval of two huge earthquakes. Almost all the
marine terraces, which well develops along the coastal region of Japan, has been formed by the
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intermittent uplift associated with the coseismic crustal movement and glacio-eustatic sea-level
fluctuation caused by the global climate change.
Onshore active faults and related formation of mountains and basins in Japan
Although most of the compressional stress imposed by the plate convergent movement to the
Japanese Island is released by the periodical huge earthquakes along the plate boundary, a part of them
accumulates in the crust of onshore region. And stress concentration to the weak line in the crust
causes the intermittent and periodical fault movement. These fault movements has played an important
role for the formation of topographic relief such as mountains, basins, and coastal plains in the
Japanese Islands. Active faults which have the potential to reactivate in the future are recognized from
the displacement of topographical features and young superficial deposits. A detailed survey
conducted by the academic society and government in these decades for the earthquake disaster
prevention has revealed the distribution and activity of the active fault in Japan (Figure 2). As a result,
it is confirmed that active faults in Japan have kept the movement in the Quaternary concordant with a
present compressional stress field, and many of major active faults are reactivated one of the old
geologic structure formed in the tensional field before the middle Miocene.
Figure 2. Active faults in Japan. Active faults make the topographic relief and accord with the
geomorphic boundary between lowland and hilly area, and between hilly area and mountains.

Formation of volcanic front parallel to the island arc
About 100 km in depth along the subducting oceanic PAC and PHS slabs, mantle melts due to the
effect of water exhausted from the slabs, and magma is formed. Because the magma rises by its
buoyancy, the alignment of volcanoes referred as volcanic front appears on the ground surface of the
island arc. This volcanic front runs parallel to the trench, and its location on the map is corresponded
to the 100 km depth contour of the subducting slab. Thus volcanic front divides the Japanese Island
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into the non-volcanic outer-arc to the east or south and volcanic inner-arc to the west or north. As for
Japanese Islands, it is known that more than 100 of volcanoes have intermittently repeated the large
eruptions including the caldera formation with huge pyroclastic flows since the late Pleistocene.
Paleoclimate and sea-level changes
The Japanese Islands located in the temperate climate zone were not covered with the large
glacial ice sheet in the past ice ages; however, they received much impact of the eustatic sea level fall
caused by the growth of huge continental ice sheets. The sea level decreased up to -120 m at Wurm
maximum, the continental shelf dried up, and some wide coastal plains extended into the present
offshore region. The snowline and timberline declined their height 1 000 m or more in the
mountainous district of central Japan, and the vegetation was uncovered from the high mountain slope.
As a result, the collapse, denudation, and mass movement occurred frequently in the mountain, and an
erosion process was accelerated on a steep slope. Moreover, in the coastal region, the river deeply
incised the land due to the decline of base level of erosion associated with the sea-level change. These
processes resulted in the steep inclination of river profile.
On the other hand, in the warm interglacial period, the recovery of vegetation and the increase of
precipitation resulted in the river incision in the mountainous region, and the rise of sea-level and
related retrogression of coast line resulted in the formation of alluvial plains in the coastal region. As a
result, the river inclination became more gradual than the ice age. These major glacial and interglacial
ages have repeatedly occurred in about 100 000 year cycles since the last one million years.
Important geological phenomenon that impacts long-term performance of repository site in
Japan
Impact to the geological environment of the repository site
The long continued uplift associated with the tectonic movement has a possibility to cause the
change of groundwater flow system due to the potential energy changes of the repository site.
Moreover, the uplift activates the erosion process, shallows the isolation distance from the repository
to surface of the earth, and increases the possibility that the repository will be exposed to ground
surface by the end of evaluation period.
The fault activity directly damages facilities in the repository site by the fault displacement, and
accelerates the leakage of the radioactive material to the outside of the repository system. The volcanic
and igneous activity has a potential to cause the disruption of facilities and thermal change of
radioactive materials by magma intrusion, and scattering of radionuclide into the atmosphere by
volcanic eruption. Although the global climate change does not make any direct impact to the deep
underground repository site, the sea-level fluctuation and vesitation changes associated with the
climate change cause the accelerated erosion process which increase the possibility of repository
exposure in the future.
Therefore, it is thought that the co-seismic upheaval and the subsidence movements in the coastal
region, the igneous activities, and the active fault displacements and related crustal deformation in the
inland region directly have a big impact on the geological environment of the repository site in the
Japanese Islands. The climatic change also indirectly impacts the performance maintenance in the
repository site.
Nuclear Safety Commission of the Japanese government has installed some requirements on the
geological condition for the selection of candidate repository sites. For this requirement, candidate site
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where a remarkable uplift movement is known by published paper, where the active fault exists, and
where volcano is close, is excluded from the repository site. Moreover, the region where useful
subterranean resources exist is also excluded.
Estimate of future amount of crustal movement
Dangerousness of directly hit of the repository site by the active fault and the igneous activity can
escape to avoid the place where they exist. However, the uplift movement is a phenomenon commonly
recognized in anywhere in Japan, and it is necessary to evaluate the amount of future uplift in the
evaluation period for the stability evaluation of repository site.
Because most of the crustal movement in the Japanese Islands is related to the intermittent and
periodic geological phenomenon such as coseismic crustal deformation, the amount of displacement
shows the cumulative feature. The relationship between the amount of displacement and the time show
a normal linear change. Therefore, this relationship between time and displacement can be extrapolated to the future based on the recent geological record.
Because these crustal movements are ruled by the long sustained plate tectonics, though the
uncertainty increases about the far future, it is not possible that the direction and the speed of the
movement change greatly in a short term as long as the plate motion is changeless. Therefore, the
amount of the crustal movement in the future can estimate for some period based on past geological
information. It is thought that the forecast until several hundred thousand years ahead on the crustal
movement is possible in the region where the past geological data are well preserved, though there is a
regional variation on a predictable period by geological condition in the Japanese Islands.
Estimate of future uplift using the height of marine terrace
The marine terrace fringes well along the coast of the Japanese Islands. The marine terrace is the
uplifted paleo-shoal including the wave-cut bench and the submerged depositional surface. The
boundary on the inland side is called a former shoreline, and shows the peak position of the sea level
of the past transgression. Therefore, the height of former shoreline formed with the same transgression
was originally same, and a present distribution altitude indicates the amount of the crustal uplift
afterwards.
The most distinguishable marine terrace in Japan is the one formed with a transgression peak of
Riss-Wurm interglacial period (MIS5e) at 125 000 years ago. This marine terrace is variously named
in Japan such as Middle terrace or M surface, Shimosueyoshi terrace or S surface, and MIS5e terrace
etc. Difference between the present altitude of MIS5e former shoreline and original peak sea-level of
MIS5e which is estimated to be about + 5 m, is cumulative uplift since the formation of MIS5e terrace.
Moreover, mean (average) uplift rate is obtained to divide above difference value by 125 000 years.
Accumulated uplift of the marine terrace is thought to have been formed with the repetition of
intermittent coseismic movement judging from the historical earthquake record.
When such an altitude of former shoreline is recognized about a lot of marine terraces which
were formed by different transgression age, temporal change of the average uplift rate is recognized
about the research area. If the average uplift rate obtained from different age of terraces is the same, it
indicates that a constant uplift including intermittent coseismic crustal deformation has continued for a
long term in this region under the stable tectonic condition. Because it is not possible that the crustal
movement will change its sense and rate rapidly in the future when the cause of the uplift is related to
a wider tectonics of the plate motion etc., the amount of the crustal uplift in the future can be estimated
based on the average uplift rate of marine terrace.
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Age determination of marine terrace
The precise age determination of marine terrace is an important key to estimate the mean uplift
rate of crustal movement in the coastal region. Although many radiometric dating methods applicable
for the late Pleistocene terrace are proposed, it is difficult to determine the quantitative age of middle
Pleistocene and MIS5e terraces because of the problem of accuracy and coverage except for the
Uranium-series dating in the coral reef. However in Japan, it is possible to estimate the age of middle
Pleistocene marine terrace, using the thickness of volcanic ash covering the terrace surface, the
correlation of intercalated wide spreading key tephra, and combination with paleo-climatic fluctuation
data such as proposed by Martinson et al. (1987).
A case for the estimation of future crustal movement
The disposal of the low-level nuclear waste is planned at the 100 m depth in the underground of
the Shimokita peninsula, at the northern edge of Honshu Island of Japan. The appropriate quantitative
estimation of amount of long-term crustal movement which will be accumulated in the future is an
important requirement to secure the long term stability of the repository site. The marine terraces since
the middle Pleistocene develop well in the Shimokita peninsula, and the altitude of their former
shorelines can be understood clearly.
These terraces are covered with the volcanic ash intermittently supplied by the explosive eruption
of Osorezan volcano and Towada and Hakkohda volcanoes located to the west of repository site.
These volcanic ashes are useful for the chronology of marine terraces. Existence of Takadate,
Tengu-Tai and Shichihyaku terraces correlated to MIS5e, MIS7 and MIS9 respectively are recognized
based on the tephrochronology and detailed classification of the terraces (Figure 3; Sasaki et al.,
2007).
Figure 3. A sample of detailed terrace classification map in the Shimokita Peninsula, northeast Japan
(Sasaki et al., 2007)
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As shown in Figure 4, constant average uplift rate of about 3 m per thousand years are obtained
from the height of former shorelines and age of each terraces. Based on these uplift rates, it is
estimated that these terraces will increase their altitude about 30 m after the 100 000 years, and about
60 m after the 200 000 years.

Amount of uplift (m)_

Figure 4. Uplift rate in the Shimokita Peninsula, showing the constant uplift for the past 210Ka
(Sasaki et al., 2007)
Amount of upl ift N or the ast region
Amount of upl ift N or thw est region
Amount of upl ift S out he ast region
Amount of upl ift S out hw est region
The m axi mum upl ift rate
The m ini mum upl ift rate

120
100
80
60
40
20
0
0

5

10

15

20

25

30

35

Formation age of marine terraces (100kyBP)
Naturally, an increase of the height of marine terrace by crustal uplift increases the erosion
process on the terrace, and decreases the height of terrace surface. As for terrace erosion, it is
commenced from a cliff of terrace edge by the formation of gully. Then the gully evolves to small
valley through the stream by the dissection of terrace. Moreover, when the sea level decreases by the
coming at the next ice age, the river and the stream must deepen and expand their size.
The dissection and the topographic evolution model for the terrace are made in consideration of
these, and it is used for the underground water scenario to evaluate the long-term stability of the
geological environment.
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Abstract
Confidence in long-term geologic isolation of high-level nuclear waste and spent nuclear fuel
requires confidence in predictions of the evolution of hydrogeological and hydrogeochemical systems.
Prediction of the evolution of hydrogeological and hydrogeochemical systems is based on scientific
understanding of those systems in the present – an understanding that can be tested with data from the
past. Crystalline rock settings that have been geologically stable for millions of years and longer offer
the potential of predictable, long-term waste isolation. Confidence in predictions of geologic isolation
of radioactive waste can measured by evaluating the extent to which those predictions and their
underlying analyses are consistent with multiple independent lines of evidence identified in the
geologic system being analysed, as well as with evidence identified in analogs to that geologic system.
The proposed nuclear waste repository at Yucca Mountain, Nevada, United States, differs in
significant ways from potential repository sites being considered by other nations. Nonetheless,
observations of hydrogeological and hydrogeochemical systems of Yucca Mountain and Yucca
Mountain analogs present multiple independent lines of evidence that can be used in evaluating longterm predictions of the evolution of hydrogeological and hydrogeochemical systems at Yucca
Mountain.
Predictability of hydrogeological and hydrogeochemical systems
Predictions of future hydrogeological and hydrogeochemical conditions rely on projected
uniformitarianism. That is, the assumption that those processes that have generated and controlled past
and current conditions will generate and control conditions in the future. Geologic disposal of high
level nuclear waste can require periods of isolation of hundreds of thousands of years and longer, and
must consider processes that operate on the atomic scale over distances of tens of kilometers. The
stratigraphic and mineralogic record and observations of naturally occurring isotopes provide evidence
of long-term stability in some crystalline rock settings. In general, predictions of evolution of
hydrogeological and hydrogeochemical systems require three components: conceptual models;
analytical and numerical models; and physical and chemical properties of the systems. All three of
these components must be determined for pertinent time and space scales.
Time and space scales of many natural geologic systems are amenable to analysis with respect to
the capabilities of long-term nuclear waste isolation. For example, geologic and geophysical data
permit credible predictions of climate, infiltration, seismicity, and volcanism over long repository
(geologic) time and space scales. In contrast, experience with engineered systems in geologic settings
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has established confidence in the ability to predict the performance of those engineered systems over
relatively brief periods of time.
Conceptual models are a fundamental component of the prediction of the evolution of
hydrogeological and hydrogeochemical systems. Conceptual models are typically based on expert
judgment, and form the core set of arguments about the processes that are important to the evolution of
the hydrogeological and hydrogeochemical systems with respect to waste isolation. An example of
expert judgment is the decision regarding representation of system dynamics. Steady-state hydrogeologic systems neglect changes in water storage over time, and thus are less burdensome to
compute. At Yucca Mountain, for example, the DOE has chosen to represent the dynamics of climate
change with a series of steady-state hydrologic simulations, bounded by step discontinuities. Other
examples of expert judgment include: the choice of boundary conditions; the choice of scale of feature
to represent; and the choice to exclude representation of system attributes thought not significant to
waste isolation.
Some hydrogeological and hydrogeochemical systems are amenable to representation by multiple
conceptual models. However, the existence of multiple conceptual models does not ensure model
fidelity. For example, Konikow et al. (1997) examined a model test implemented by six independent
groups and found that all groups made fundamental errors in the implementation of a boundary
condition. Regardless whether one or more conceptual models is invoked, it is critical that
hydrogeological and hydrogeochemical system analysts explicitly describe the conceptual model(s).
Conceptual models should be consistent with theory and must be tested, evaluated, and compared
against field and laboratory empirical data. Inconsistency with empirical observations diminishes
confidence in conceptual models.
Analytical and numerical models are used to make estimations of future repository performance.
The analytical and numerical models are based on scenarios and conditions developed in the
conceptual models, and are a mathematical representation of the physical and chemical systems to be
simulated. The representation of the hydrogeological and hydrogeochemical systems in the numerical
models can and should be evaluated by comparison with field and laboratory observations. For
example, confidence is gained in numerical models that are able to reproduce closed-form analytical
results and that are able to reproduce field observations of fluid potentials or discharges or chemical
concentrations. Sasowsky (2006) emphasized that for model studies to have credibility, tests that
demonstrate model capabilities for the particular model application must be published. Note also that
these models cannot be considered “validated” against conditions outside of the range of the
experimental or observational data. Post-modeling audits have shown that hydrogeological model
predictions are often incorrect. For example, Bredehoeft (2005) found that natural processes and
model predictions diverged (producing model “surprises”) in seven to 10 (out of 29 reviewed) model
studies. Often the failure of a numerical model to reproduce field or laboratory observations with
reasonable fidelity is the result of a fundamental flaw in the underlying conceptual model. Failures of
conceptual or numerical models to predict with fidelity long-term behaviour of hydrogeologic and
hydrogeochemical systems demonstrate the significant value of independent geologic, hydrogeologic,
and hydrogeochemical observations in evaluating conceptual and numerical model predictions.
Physical and chemical properties are derived from investigations performed as a part of site
characterization and from the geologic record, and provide primary information on hydrogeological
and hydrogeochemical parameter values. These values can differ significantly from those posed in
conceptual models developed prior to site characterization. Furthermore, site characterization provides
information on past variations in hydrological and hydrochemical systems. Studies of natural analogs
provide useful information on controlling processes and on potential geologic stability and variability,
particularly with regard to effects of introduced materials and the unnatural hydrologic and
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hydrochemical perturbations due to waste disposal. Natural analog studies also yield information on
hydrogeological and hydrochemical characteristics of analogous systems under potential future
climatic or geologic conditions.
Characterisation of hydrogeological and hydrogeochemical systems is subject to both aleatoric
uncertainty due to natural variability and epistemic uncertainty due to incomplete knowledge.
Variability and uncertainty lead to ranges and distributions of variables. Although there will always
remain some uncertainty with regard to understanding of natural systems, data derived from site
characterisation and natural analog investigations can reduce epistemic uncertainty and can better
constrain the natural system aleatoric uncertainty. New empirical data should be evaluated as they are
collected. For example, new data sample values can be compared to statistics of previously collected
sample populations. When new data values are inconsistent with previous population statistics, further
investigation and explanation are required.
Introduction of engineered materials, nuclear wastes, atmospheric gases, exotic water, and
sustained energy sources in a geologic repository can significantly perturb the natural stability of
hydrogeological and hydrogeochemical systems and diminish the reliability of the predictability of
those systems. Those perturbations are not addressed in this paper.
Prediction of groundwater flow
A conceptual model of groundwater flow includes consideration of hydrogeological system
dynamics, boundary conditions, and initial conditions when required. The conceptual model of
groundwater flow is based on expert opinion of what phenomena operating in the hydrogeological
system are relevant to answering the questions posed in the analysis. Groundwater flow is a dynamic
process within a relatively static geologic domain. Groundwater system dynamics result in transient
changes in storage of water in the unsaturated and saturated zones. In the unsaturated zone,
groundwater flow is highly non-linear because it depends strongly on the liquid water saturation state.
In some hydrogeological systems, hydraulic responses significantly lag external stresses. For example,
in the Pierre Shale of South Dakota, United States, mechanical rebound to erosion occurring at varying
rates over the last two million years continues to change permeability and fluid pressure (Neuzil,
1993). In the Bure argillite – a host lithology being studied by the French high-level nuclear waste
programme – recently observed over pressurised zones have been attributed to osmotic processes
operating over geologic time spans (Neuzil, 2007). Steady-state flow occurs when there is no change
in groundwater storage over time; the system is in hydrogeological equilibrium. Prediction of the longterm behaviour of steady-state hydrogeological systems is attractive to investigators because it
requires fewer empirical data and less computational effort. All aspects of conceptual models of
hydrogeological systems should be evaluated in comparison to multiple lines of evidence in the
context of the problem to be solved.
Analytical and numerical hydrogeological models can be used to predict groundwater fluid
potential, flow rates, flow paths, groundwater travel time, and groundwater discharge locations and
magnitudes. Those predictions can be improved by forward and inverse calibration using measured
water levels and measured transient responses to applied stresses such as pumping tests. Technical
credibility is evaluated by comparison of model predictions to observed data not incorporated in the
modeling process.
The suite of physical parameters required to perform hydrogeologic modeling is determined by
the conceptual model. For a transient numerical hydrogeologic model, those parameters include
determination of the spatial distribution of hydrologically-distinct rock units in the model domain, and
determination of the permeability, porosity, and storage characteristics of those rocks. Where
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significant to flow (and thus to radionuclide transport), the distribution and hydraulic character of
faults, fractures, and zones of fracture concentration must be taken into consideration. Rock
stratigraphy, permeability, porosity, and storage characteristics can be measured empirically. Another
required parameter, groundwater recharge, can be constrained by observational data and is commonly
estimated through model calibration.
The geologic record provides primary information on local variations in groundwater flow
systems such as variations in the groundwater table position and in surface discharge, variations that
commonly result from changes in climate and geomorphologic conditions. Evidence of past water
table elevations and discharge locations is preserved in diatomite deposits, subterranean and surface
silicate and carbonate mineral deposits, zones of dissolution and karstification, and zones of alteration
and mineral formation, among other indicators. In addition to climate variations, natural geologic
processes can lead to variations in groundwater flow systems: seismicity can affect fracture
characteristics; erosion, soil formation, and sedimentation can affect topography, infiltration, rock
hydraulic properties, and subsurface flow; compaction and diagenesis can alter hydraulic properties of
argillaceous and other sedimentary rocks; and mineral dissolution and deposition can alter hydraulic
properties of evaporite rocks, to name a few. Over geologic time, it is common for these processes to
occur simultaneously or in sequence, imprinting multiple generations of altered permeability and
porosity on primary rock characteristics. For example, fluid flow (and thus radionuclide transport) in
crystalline rocks is commonly influenced by rock fractures and faults that create multiple interacting
scales of rock heterogeneity. Representation of rock heterogeneity – including rock fractures – in
computer models has improved dramatically in the decades since Warren and Root (1963) published
their dual-porosity model. Nonetheless, simulating fluid flow and radionuclide transport in fractured
rocks remains an active and challenging research area.
Hydrogeochemistry
Groundwater chemistry is controlled by boundary conditions, e.g. soil zone or recharge zone
chemistry, by coupled chemical transport and gas-water-rock chemical reactions (i.e, reactive
transport) that depend on the geologic media, and by groundwater mixing along flow paths.
Predictable hydrogeochemical parameters include concentrations and speciation of dissolved
constituents, ionic strength, colloid concentrations and compositions, pH, oxidation potential,
temperature, and sorption parameters.
Geochemical reactions are controlled by both kinetic and equilibrium processes. Realistic
predictive geochemical models must generally involve thermodynamic and kinetic constraints as well
as consideration of geochemical transport (e.g. Browning et al., 2003). Many low temperature
reactions between water and crystalline rock mineral constituents such as feldspar and quartz are slow
and may not achieve thermodynamic equilibrium even on time scales relevant to nuclear waste
isolation requirements. Other reactions including surface complexation and precipitation or dissolution
of secondary phases such as calcite and amorphous silica can approach equilibrium conditions rapidly
relative to repository time scales. Heterogeneity in hydrogeochemistry is influenced by gas-water-rock
reaction progress, fluid mixing, bedrock heterogeneity, and aqueous diffusion and dispersion.
Hydrogeochemistry evolves along hydrologic flow paths tending toward equilibrium with longer
water-rock contact times and higher rock/water ratios. The spatial and temporal evolution of
groundwater chemistry can sometimes be inferred from chemical and isotopic or temperature
heterogeneity. Secondary mineralogy that is a product of water-rock interactions provides an important
record of past hydrogeochemical conditions and variations in those conditions.
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Illustrations from the proposed Yucca Mountain repository
Yucca Mountain is located in the arid Mojave Desert, approximately 150 kilometers northwest of
Las Vegas, Nevada. It is composed of rhyolitic volcanic rocks of Miocene age (approximately
12 million years old; Ma) which have been rotated and block-faulted in response to extensional
tectonic stresses. The proposed nuclear waste repository horizon is in hydrologically unsaturated,
fractured volcanic rocks, about 200-300 meters above the water table and about 200-300 meters below
the ground surface. Precipitation as rain or snow infiltrates through a thick sequence of variably
welded, non-welded, bedded, and fractured tuffs. In non-welded rocks, groundwater flows as in other
porous media, while in strongly welded rocks flow occurs almost exclusively in fractures. Present-day
net infiltration is estimated to average about 3.6 mm/yr over the infiltration model domain, based on
calculated differences between precipitation and evapotranspiration plus runoff (BSC, 2001). Those
estimates are consistent with measurements of moisture content, temperature, and chloride
concentrations in the unsaturated zone (Houseworth, 2007). Localised, fast unsaturated zone flow is
indicated by bomb-pulse Cl-36 and other radionuclides at depth (e.g. Fabryka-Martin et al., 2006). At
the water table, groundwater flow changes from generally vertical to nearly horizontal and follows the
unconfined potentiometric surface (water table) gradient toward the south. The water table is relatively
flat east and south of Yucca Mountain. However, on the western boundary of Yucca Mountain the
water table drops approximately 50 meters from west to east as it crosses the Solitario Canyon Fault.
Also, an upward gradient of approximately 20 meters has been measured between water in deep
confined Paleozoic carbonate rocks and overlying volcanic rocks (Bredehoeft et al., 2005). Shallow
flow paths in the saturated groundwater zone traverse gently dipping silicic tuffs and eventually
encounter heterogeneous alluvial deposits before exiting the site boundary. Groundwater discharges in
some areas of the Amargosa River Valley including Franklin Lake Playa approximately 60 kilometers
south of Yucca Mountain.
The gas phase in the unsaturated zone at Yucca Mountain is air at saturation with liquid water
and with elevated CO2 partial pressure (Thorstensen et al., 1998). The ambient unsaturated zone gaswater-rock system is pervasively oxidizing. Precipitation of amorphous silica, calcite, and smectite
occurs in fractures and in lithophysal cavities in the welded tuffs of the repository emplacement
horizon (e.g. Whelan et al., 2002). These precipitates may be a consequence of slight evaporation
associated with warming gas flow. Some formerly vitric (glassy) volcanic tuffs are partially or wholly
altered to zeolite minerals, possibly due to hydrothermal activity in the geologic past.
Groundwater chemistry in the unsaturated zone is dilute, oxidizing, intermediate to slightly
alkaline in pH, and rich in aqueous silica. Ratios of major cations and anions in the unsaturated zone
are heterogeneous (e.g. Yang et al., 1996), in part due to differences in groundwater flow paths in
fractures and in the rock matrix. Fracture water chemistry shows less effect of water-rock interactions
and evaporation, suggesting that water in fractures has a shorter residence time than water in the rock
matrix. Fracture water chemistry is dominated by sodium bicarbonate, relative to matrix water
chemistry, which is dominated to a greater extent by calcium chloride and calcium sulfate. Infiltrating
water collected in the Exploratory Studies Facility within tens of meters of the ground surface exhibits
much of the same variation in hydrochemistry as observed throughout the unsaturated zone. These
data indicate that near surface reactions play an important role in controlling water chemistry
throughout the unsaturated zone at Yucca Mountain. Aqueous calcium concentrations tend to decrease
with depth in the unsaturated zone of the mountain, probably because of calcite precipitation and
exchange of calcium for sodium in secondary minerals, particularly zeolites. The chemistry of
groundwater extracted from boreholes in the volcanic rocks of the saturated zone tends to resemble the
chemistry of the water in fractures and perched lenses in the volcanic rocks of the unsaturated zone at
Yucca Mountain.
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Some Lines of Evidence from the Geologic Record that Can Be Used to Evaluate Predictions of
Evolution of Hydrogeological and Hydrogeochemical Systems at Yucca Mountain
Water table rise and long-term hydrologic stability in the unsaturated zone
Secondary mineral deposits in tuffs provide evidence of the maximum rise in the water table.
Extensive alteration of originally vitric tuffs to zeolites, primarily clinoptilolite, occurred by waterrock interactions at elevations up to 100 meters above the present water table at Yucca Mountain (e.g.
Vaniman et al., 2001). Extensive zeolitization has been attributed to chemical alteration near or below
the paleo-groundwater table (e.g. Levy, 1991; Bish et al., 2006). Major zeolitisation may have
occurred shortly after deposition of the 12-Ma Miocene tuffs, even as they were cooling (Levy, 1991),
although vitric tuffs may slowly weather to form zeolites even at the lower ambient temperatures of
the present (e.g. Carlos et al., 1995).
Under ambient temperature conditions, reactions among secondary zeolites and groundwater
have an influence on hydrochemistry. Infiltrating groundwater exchanges divalent cations, such as
strontium and calcium for sodium and potassium in the zeolites (e.g. Vaniman et al., 2001). Mass
balance calculations for strontium accumulations in zeolites suggest that zeolitic units are transmissive
to fluid flow – despite the observation of perched water zones above these units – and that zeolites
have concentrated strontium from percolating ground waters over geologic time (Vaniman et al.,
2001). Saturated zone ground water appears to be at equilibrium with analcime (Murphy et al., 1996),
which occurs as a secondary mineral at depth in Yucca Mountain.
Uranium-series and uranium-lead dates on opals in the unsaturated zone at Yucca Mountain have
shown a general pattern of constant growth rates over geologic time (Paces et al., 2001; Neymark et
al., 2002; Paces et al., 2004). Dates have been obtained on silica phases from microstratigraphic
positions approximately 25 μm in size across millimeter- to centimeter-thick layers of secondary
mineral coatings on fracture and cavity surfaces. Although the temporal resolution of these data is not
sufficient to record hydrologic transients of a few thousand years or less, these data indicate average
deposition rates of one to five millimeters per million years consistently among all samples measured.
“These data imply that the deeper parts of the unsaturated zone at Yucca Mountain maintained
long-term hydrologic stability throughout periods of significant climate variations over the past
10 million years” (Neymark et al., 2002).
Hydrothermal activity in the unsaturated zone
Petrography and microchemistry of secondary minerals in unsaturated zone fractures provides a
record of long-term stable unsaturated fluid flow and geochemical conditions. Secondary mineral
precipitates are found on less than ten percent of fracture and cavity surfaces of tuffs of the proposed
repository emplacement zone. Calcite and silica deposits on footwalls and floors of lithophysal
cavities – and not on the tops of cavities – indicate that those rocks never became fully liquid saturated
and that flow was always percolating downward in those rock cavities dominantly under gravitational
forces (Whelan et al., 2002). Secondary mineral paragenesis in the devitrified tuffs of the repository
emplacement horizon is consistently seen to evolve as follows: 1) calcite with quartz and other silica
phases with occasional fluorite or zeolites; 2) calcite with opal and chalcedony; and 3) calcite
containing magnesium-rich zones with clear opal (Whelan et al., 2002; Wilson and Cline, 2006).
Uranium decay series dating of opals of the last stage of secondary mineral precipitation indicates that
this stage began at least two to three million years ago (Wilson et al., 2003). Two-phase fluid
inclusions in calcite, which may have formed at elevated (hydrothermal) temperatures, were shown to
have been trapped only in the earlier (older) stages of secondary mineral precipitation. No data
indicate repeated periods of two-phase fluid inclusion formation (Wilson et al., 2003).
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Alteration of clay minerals can provide evidence of hydrothermal activity in the geologic past.
Smectite precipitation in small quantities occurs throughout unsaturated zone and saturated zone rocks
at Yucca Mountain. In the unsaturated zone smectites are found on some fracture surfaces and in
lithophysal cavities, indicating the presence of water. A clay mineral transition from smectite to illite
occurs over a fairly short depth interval in borehole USW-G2, drilled north of the proposed waste
emplacement zone to depths far below the water table. This transition has been interpreted to reflect
the upper limits of a hydrothermal system that altered the rocks about 10 million years ago (Bish and
Aronson, 1993). Estimated temperatures based on clay mineralogy approached 235°C in this system.
Hypotheses of more recent hydrothermal activity in the unsaturated zone are inconsistent with
extensive independent investigations, which found no evidence of hydrothermal activity at Yucca
Mountain in the past five million years (e.g. National Research Council, 1992; Wilson and Cline,
2006).
Saturated zone flow
Demonstration of groundwater flow model fidelity is often accomplished by comparing observed
and calculated water potential or hydraulic head. Where the residual difference between observed and
calculated potential is small, the model is believed to be a credible representation of the natural
hydrogeologic system. In a presentation to the U.S. Nuclear Waste Technical Review Board Panel on
the natural system, a Center for Nuclear Waste Regulatory Analyses (CNWRA) hydrogeologist
presented a model of the saturated zone at Yucca Mountain with a very small root mean square
(residual) error of 1.1 m for the entire model domain (Winterle, 2004).
Confidence in the CNWRA model was further enhanced by a test comparing it with
paleohydrological conditions. South of Yucca Mountain, a paleospring discharge formed a deposit
known as the Horsetooth Diatomite. In simulating that past climate, the CNWRA analysts increased
the groundwater recharge in the numerical model until discharge occurred from the model cell at the
paleospring location (Winterle, 2004). The resulting water table rise under Yucca Mountain ranged
from 50 to 100 m, consistent with geologic observations of alteration of vitric volcanic tuff to zeolites.
Using a novel thermal-perturbation technique, recent investigations in the volcanic rocks near the
southern end of the Yucca Mountain saturated zone flow field identified zones of fluid velocity as high
as 10 km/yr (Freifeld et al., 2006). Zones such as this were previously unknown at the Yucca
Mountain site, and are not incorporated into DOE numerical groundwater models of the saturated zone
at Yucca Mountain. The frequency and pervasiveness of these high-velocity zones has not been
subsequently investigated, nor has the potential impact on model predictions of fluid flow and
radionuclide transport been evaluated.
Extent of Fracture-Matrix Water Interactions
Saturated zone groundwater extracted from deep boreholes in the vicinity of Yucca Mountain is
chemically undersaturated in calcite (Kerrisk, 1987; Murphy, 1995). However, core samples from the
same boreholes contain calcite as a fracture filling material (Bish and Vaniman, 1985). These
relations, together with information on the water producing zones in the boreholes, indicate that the
ground water flowing in high permeability fracture systems is chemically isolated on a geologic time
scale from water in a matrix pore system (Murphy, 1995).
Waste Form Stability and Alteration on a Geologic Time Scale
The Nopal I uranium deposit at Peña Blanca near Chihuahua, Mexico, is a natural analog of the
proposed repository at Yucca Mountain (e.g. Murphy and Pearcy, 1992; Pearcy et al., 1994; Fayak et
al., 2006). The geology (fractured silicic tuffs in an active extensional tectonic setting), semi-arid
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climate, and deep hydrologically unsaturated zone are closely analogous to the Yucca Mountain
hydrogeological and hydrogeochemical environment. The primary uranium ore at Nopal I was
uraninite, a close chemical and structural analog of spent nuclear fuel. Information from Nopal I
relevant to the stability and predictability of the proposed repository at Yucca Mountain comes from
studies of the geochemical alteration of primary uraninite and the formation of relatively stable
secondary uranyl minerals in the oxidizing environment. Persistence of primary uraninite for millions
of years at this site depends on its physical isolation from oxidizing conditions by silica cements.
Stability of secondary uranyl minerals, principally uranophane, at Nopal I attests to their potential role
in sequestering radionuclides at Yucca Mountain on a geologic time scale.
Conclusions
Crystalline rock systems can provide hydrogeologically- and hydrogeochemically-stable
environments for geologic disposal of nuclear wastes over long time scales. Numerous lines of
evidence are present in the geologic record that can support evaluation of predictions of evolution of
hydrogeologic and hydrogeochemical systems at Yucca Mountain – predictions required to ascertain
the ability to isolate spent nuclear fuel and high-level radioactive waste. Confidence in those
predictions is increased when conceptual models, analytical and numerical models, and empirical
observations are internally consistent and are consistent with all available geological, hydrogeological,
and hydrogeochemical evidence.
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GEOLOGICAL AND ROCK MECHANICS ASPECTS OF THE LONG-TERM
EVOLUTION OF A CRYSTALLINE ROCK SITE

J.W. Cosgrove, J.A. Hudson
Imperial College, London, United Kingdom
Abstract
We consider the stability of a crystalline rock mass and hence the integrity of a radioactive waste
repository contained therein by, firstly, identifying the geological evolution of such a site and,
secondly, by assessing the likely rock mechanics consequences of the natural perturbations to the
repository. In this way, the potency of an integrated geological-rock mechanics approach is
demonstrated. The factors considered are the pre-repository geological evolution, the period of
repository excavation, emplacement and closure, and the subsequent degradation and natural
geological perturbations introduced by glacial loading. It is found that the additional rock stresses
associated with glacial advance and retreat have a first order effect on the stress magnitudes and are
likely to cause a radical change in the stress regime. There are many factors involved in the related
geosphere stability and so the paper concludes with a systems diagram of the total evolutionary
considerations before, during and after repository construction.
Introduction
In terms of the stability of the geosphere for the long-term hosting of a radioactive waste
repository, it is necessary to consider the deformation mechanisms operating in the rock mass in the
past, the present and the future. Analysis of past geological events is achieved through the techniques
of structural geology enabling us to understand the current configuration of the rock mass elements;
analysis of predicted future geological events enables us to evaluate the long-term integrity of the
repository function, i.e. the continuing safe containment of radionuclides. Rock mechanics
considerations apply both to the structural geology analyses and the rock engineering design analyses.
In fact, there is a natural link between structural geology and engineering rock mechanics: in both
fields, the same mechanical principles are used to understand the deformational behaviour of rock. The
major difference is that of the physical and temporal boundary conditions under which the deformation
occurs (Figure 1).
The structural geologist uses the rock mechanics principles to analyse the deformation which has
already occurred to the rock mass in response to low strain rates linked to slowly changing boundary
conditions which occur over an extended period of geological time. In contrast, the rock engineer uses
these principles to predict the rock mass behaviour in response to the rapidly changing boundary
conditions associated with excavation of the rock for the engineering project. However, it should be
remembered that a conventional civil engineering structure built on or in a rock mass has a design life
of 120 years, whereas the design life of a repository is measured in up to hundreds of thousand of
years, so that subsequent geological changes have also to be taken into account in the engineering
design of a repository.
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Figure 1. Structural geology and rock engineering objectives in the context of the past,
present and future
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engineering practice:
past successes, and
past failures

Prediction of the rock
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engineering
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ROCK ENGINEERING
An understanding of the tectonic evolution that lead to the formation of the deformed and
fractured rock mass being assessed by the rock engineer will prove invaluable in making an initial
rapid assessment of its mechanical structure and intrinsic stability, as well as providing a sound basis
for a detailed analysis of its likely response to the change in conditions linked to the construction of
the engineering project. In fact, the key to successful engineering design is the ability to predict the
future consequences of the engineering activities, and for this we need to understand the rock mass
structure, the applied rock stresses, and the effects caused by the engineering activities.
The past geological evolution of crystalline rock masses
Crystalline is the term used to describe indurate rocks which have usually undergone multiple
deformations over a long geological time period. They are generally metamorphosed and make up
much of the Pre-Cambrian Shields which form the substrate of the major tectonic plates. They may
currently lie beneath many kilometres of cover rock or they may be exposed at the surface. These
exposures can cover many thousands of square kilometres, e.g. the Canadian and Scandinavian
Shields.
As mentioned, the task confronting a structural geologist is that of determining the tectonic
history (i.e. the sequence of stress regimes that have affected the rock) from the complex of ductile
and brittle structures present in the rock. Most of the crystalline rocks making up the shields display a
variety of ductile structures (for example folds and pervasive mineral fabrics) generated under
conditions of relatively high pressure and temperature and slow strain rate (Figure 2), on which have
been superimposed a succession of brittle structures (joints and faults), linked to relatively low
pressure and temperature environments and high strain rates.
The ductile structure that impacts most on the mechanical properties of the rock is probably the
pervasive planar fabric (Block f in Figure 2). This can range from a slatey cleavage through to a
schistosity and ultimately a banded gneiss, depending on the intensity of the deformation and the
protolith. These fabrics can have a first order effect on controlling stress orientation within the rock
mass and, because they impart a mechanical anisotropy to the rock, are also likely to influence the
orientation and propagation of fracturing linked to later stress regimes. This also applies to the rock
around an excavation periphery – which will be illustrated later.
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The crystalline rocks of the Pre-Cambrian shields have invariably been affected by several
episodes of ductile deformation, each deforming earlier fabrics and superimposing their own fabric
onto the rock. During the ductile deformation of a rock, any brittle feature is likely to be either
annealed or completely obliterated. Consequently, the ductile structures observed in a crystalline rock
mass represent the earliest detectable deformation features. It addition, and because any ductile
deformation event will either obliterate or severely subdue any previous ductile fabric, it is the last
major ductile event (specifically its associated pervasive ductile fabric) which will have the most
important effect on the evolution of the fracture networks which are present in all Shields and which
have a major impact on the mechanical properties of the rock.
Figure 2. The variety of deformation features, both brittle and ductile, that characterise many crystalline
rocks. Each is generated during a single deformation event and the result of many such
episodes of these types of deformation leads to the superposition of the structures
and the formation of a fractured and deformed rock mass.

During the ductile deformation of a rock, any brittle feature is likely to be either annealed or
completely obliterated. Consequently, the ductile structures observed in a crystalline rock mass
represent the earliest detectable deformation features.
Fracture networks are built up by the superposition of several fracture sets (Blocks b and c in
Figure 2) linked to a succession of geological stress regimes. However, individual fractures do not
behave passively but are mechanical features that actively influence the orientation and magnitude of a
subsequently applied stress field – in the same way that the planar ductile fabrics influence the
orientations of later stress regimes. This interaction is demonstrated in Figure 3 which shows the effect
of early fractures on later fractures. If the early fractures are open, there can be no shear stress parallel
to their walls; consequently, any applied stress must become re-oriented (curved) as it approaches a
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fracture so that the principal stresses become parallel and normal to the fracture walls. By exactly the
same argument, the principal stresses around an open engineered excavation are parallel and
perpendicular to the excavation walls. Moreover, this phenomenon is independent of scale.
Because of the intimate relation between stress orientation and fracture orientation (for example,
Type I fractures, i.e. extensional fractures, which form normal to the minimum principal stress), any
fractures linked to the later deformation will follow this curved trajectory and will intersect the old
open fracture at right angles. In addition, the mechanical discontinuity represented by the early
fracture prohibits the propagation of the later fractures which consequently terminate against it. This
curving and abutting of later fractures against earlier ones provides a technique for determining the
relative age of fractures and permits one to place the various fracture sets making up the fracture
network into a chronological order. This is the basis of fracture analysis.
Figure 3. Curvature and abutment of subsequent fractures as they approach and meet earlier open
fractures (Liassic limestone from the Bristol Channel Coast, United Kingdom)

Hence, the structural geologist can, by considering the ductile fabric and fracture network
imposed upon it, determine the sequence of stress regimes to have affected the rock over geological
time and obtain a clear understanding of the geometry of the mechanical discontinuities and of their
likely impact on rock mass properties. These data go to the rock engineer who uses them to support
the rock engineering design analysis. In this way, the structural geologist determines what has
happened to the rock and hence its current properties; whereas, the rock engineer predicts the future
through the different types of design analysis, determining for example the appropriate depth,
dimensions and orientations of the underground openings.
The future geological evolution of crystalline rock masses
However, the task of siting a nuclear waste repository requires further input from the structural
geologist. This is because the stability of an underground excavation with a design life of hundreds of
thousands of years requires an understanding of the natural events that can potentially affect the
repository integrity in the future. For a repository in the Pre-Cambrian Fennoscandian shield, the
predicted glaciation cycles are likely to produce the most severe mechanical perturbations. An idea of
the magnitude of these glacially induced perturbations can be seen from the predictions illustrated in
Figure 4 for the continental ice volume versus time for the next million years.
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The ice sheet thickness associated with the volumes in Figure 4 will be in the order of kilometres
and hence will significantly alter the in situ rock stress state. So, although it is unlikely that the
tectonically-induced stress will alter (because it is caused by the mid-Atlantic ridge opening), there
will be transient stress changes as each glaciation advances and retreats. Note that we are assuming
here that northern latitudes are being considered and so we will not be considering deep tropical
weathering which can affect both the stress state and the rock properties.
3

Figure 4; The Northern Hemisphere (NH) continental ice volume (vertical axis in millions of km )
for the emission-M scenario (0-1 million years AP) based on simulations
from (BIOCLIM 2001), from Posiva 2006-05

Long-Term Evolution of Crystalline Rock: The Rock Mechanics Impacts
The repository will be contained within a pre-loaded rock mass because of the pre-existing stress
state. The two main types of rock mechanics effects are:
•

the deterioration that will take place regardless of any geological change; and

•

the consequences of any geological changes, mainly alterations to the stress state caused by
glaciation as described in the previous section.

Long-term time deterioration
In the context of long-term time deterioration, there can be confusion concerning the meanings of
the terms creep, stress relaxation, and fatigue. In Figure 5, a rock specimen is illustrated being loaded
in compression through an adjacent rock element represented by the spring. Creep is defined as
increasing strain while the stress is held constant. Stress relaxation is defined as decreasing stress
while the strain is held constant. Fatigue refers to cycling of the stress or the strain.
In practice, and especially for the rock around an underground excavation, a rock element will be
loaded via the stiffness of an adjacent element and so the time-dependent behaviour will be
somewhere between the ideal conditions of creep and stress relaxation, as illustrated in Figure 5.
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Figure 5. Definitions of creep, stress relaxation and time dependent unloading
along the stiffness of the adjacent element
Stress relaxation
(constant strain)

Stress

Creep (constant stress)

Unloading along the
unloading stiffness of
adjacent element

Strain

The time-dependent displacements associated with creep and fatigue arise from sub-critical crack
growth, which is most affected by stress intensity, chemical environment, temperature and
microstructure. This is particularly significant for a nuclear waste repository because the conditions
(i.e. the depth, stress state, chemical environment and temperature) are more severe than those
observed in conventional underground tunnels at shallower levels. Thus, given the extremely long
design life of a repository compared to the 120 years or so for more conventional underground
excavations and given the isolation objective, it is important to understand the time-dependent effects.
The long-term behaviour of the rock mass hosting a nuclear waste repository has been considered in
the Evolution Report (Posiva, 2006-05) which discusses the evolution of a KBS-3V repository planned
for the Olkiluoto site in Finland.
Figure 6. Example plot of rock strength versus time (Jeong et al., 2007)
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The diagram in Figure 6 shows the rock strength time-dependency for Kumamoto andesite and
was established in a study of the influence of a water vapour environment on rock strength to establish
whether water is the most effective agent in promoting stress corrosion of rock. From Figure 6, we can
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see that, for an unconfined compressive rock strength of 80 MPa measured under normal 8-hour
day-to-day testing (10-4 years), the long-term 10 000 year strength is estimated to be 45 MPa – which
is almost a 50% strength reduction. This type of strength deterioration is particularly significant for a
radioactive waste repository where the design life is likely to be in excess of 100 000 years, in terms of
spalling due to:
•
•
•

the pre-existing rock stress;
the enhanced rock stress induced by the thermal load; and
the rock stress induced by the glacial load.

In addition to these temporal variations in the applied rock stress and hence the variation in the
concentrated stress around the deposition holes and tunnels, there can be a wide variation in rock
strengths, as illustrated by the data in Figure 7. Furthermore, numerical analysis can be conducted of
the excavation damaged zone (EDZ) around a repository opening. For example, in the work by
Golshani et al., 2007, the model is capable of reproducing the three characteristic stages of creep
behaviour (i.e. primary, secondary, and tertiary creep) leading to failure of the modelled excavation in
600 years, see Figure 8.
Figure 7. The distribution of rock strengths at the Olkiluoto site, Finland
(from Posiva, 2007-03)
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Figure 8. Numerical Model of the Time-Dependent Degradation of the Excavation Damaged Zone (EDZ)
around an Underground Excavation (From Golshani et al., 2007)

Other factors governing the failure around an underground excavation include the foliation. In the
same way that in structural geology the presence of foliation will affect the development of new
fractures as discussed earlier, the black and white line sketches superimposed on the photograph in
Figure 9 (a) indicate how the exact position of rock spalling around an excavation in a foliated rock
will be a function of both the location of the concentrated stress and the orientation of the foliation.
The numerical modelling output in Figure 9(b) (Wang S. – personal communication) shows how the
failure mode will depend on the relative orientations of the foliation and the applied stress.
Figure 9. Influence of the foliation on potential failure of the rock at the periphery
of an underground excavation
a)

b)
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Changes to the stress field
Consider a generic calculation of the stress state both before, during and after a glacial advance.
For every 40 m of rock overburden, 1 MPa of vertical stress is generated. Assuming that this is the
minimum of the three principal stresses, we expect the maximum horizontal stress to be in the order of
2.5 times the vertical stress (Harrison et al., 2007, see Table 1). So, at a typical repository depth of
500 m, the vertical stress component will be 500/40 = 12.5 MPa and the maximum horizontal stress
component will be 2.5 x 12.5 = 31.25 MPa. Similarly, the intermediate principal stress, also
horizontal, is in the order of 1.5 x 12.5 = 18.75 MPa. Hence the three principal stresses (σ1, σ2, σ3) at
500 m are (31.25, 18.75, 12.5 MPa) which is a thrust fault regime, the minimum stress component
being vertical.
Table 1. Ratios between the principal stresses observed in different countries
(from Harrison et al., 2006)

Stress ratio/Country
Australia
Chile
Finland
United Kingdom

σ1/σ2

σ2/σ3

σ1/σ3

1.5
1.6
1.7
1.6

1.5
1.6
1.7
1.4

2.3
2.6
3.0
2.4

To estimate the likelihood of spalling, these stress components are used to calculate the
concentrated stress around the periphery of the deposition holes and tunnels, noting that there will be
distributions of both stresses and strengths (see the strength variation in Figure 7). Moreover, once the
temperature is elevated throughout the repository from the canister heating, an extra stress component
must be added to the concentrated stress because of the thermal loading. This is typically an extra
hydrostatic 24 MPa throughout the maximally heated rock volume.
Within the framework of this Workshop theme, the long-term stability of the geosphere, we also
have to consider the effect of the glacial loading on the stress state described above. For each ice
thickness of 100 m, an extra 1 MPa should be added to the vertical stress. Thus, for a glacier with a
thickness of 3 kms, an extra 30 MPa has to be added to the vertical stress. Due to the Poisson’s ratio
affect, this 30 MPa vertical stress induces a 30(ν/(1-v) MPa stress in the horizontal directions, where ν
is Poisson’s ratio. For ν = 0.25, an additional horizontal stress of 10 MPa is induced by the vertical ice
loading. Adding 30 MPa to the previous vertical stress component and 10 MPa to the horizontal
components, the values of the in situ stress state components become (41.25, 28.75, 42.50). These
“before glaciations” and “after glaciations” stress states are summarised in Table 2.
Table 2. Generic in situ stress states before and after glaciation in a crystalline rock mass

State of glaciation

Principal stress (acting
horizontally)

Principal stress (acting
horizontally)

Principal stress (acting
vertically)

Without
With 3 km thick glacier

31.25
41.25

18.75
28.75

12.5
42.5

The pre-glacial stress state assumed here is a thrust fault regime (i.e. the minimum principal
stress is vertical) and the stress state during glaciation is a normal fault regime (i.e. the maximum
principal stress is vertical). In the transition between these two stress regimes (both during loading and
unloading), the conditions for wrench faulting (intermediate principal stress is vertical) will occur. The
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increase in the stress magnitudes and the accompanying changes in the stress regimes indicate that
many previously stable fractures will be susceptible to reactivation as a result of glacial advance and
retreat, depending on their orientation and shear strengths.
This generic stress state can also be locally altered by the presence of fractures because they
represent a discontinuity in the mechanical continuum. The “with” and “without” a brittle deformation
zone diagrams in Figure 10 showing the displacements caused by excavation of a tunnel in a
horizontally stressed medium demonstrate the considerable effect of an adjacent fracture zone on the
local stress and displacement field.
Figure 10. “Without” and “With” a brittle deformation zone displacement and stress diagrams
showing the effect of excavating a tunnel in a horizontally stressed medium

Figure 11. Interactions between seven of the key rock mechanics factors
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Interactions between the rock mechanics factors and their evolution
Given the many factors involved in the geological and rock mechanics aspects of the repository
design problem, it is helpful to have a method of holistically considering all the interactions between
the factors. This can be achieved using an interaction matrix, as shown in Figure 11 where the seven
factors of rock stress, intact rock, fractures, water flow, temperature, ground water chemistry, and
perturbations are listed and highlighted along the leading diagonal (from top left to bottom right). The
binary interactions between each pair of factors are noted in the off-diagonal boxes using a clockwise
convention.
To encompass the unusually long engineering time span (say 100 000 years) for the repository,
the systems diagram in Figure 12 is a helpful concept. The matrix in Figure 12 is shown more
schematically than in Figure 11 but is of the same type using any number of appropriate variables in
the leading diagonal:
•

Before site investigation begins, the natural system operates and is described via geological
techniques

•

Then site investigation begins and the engineer perturbs the natural system with boreholes
and possibly pilot tunnels.

•

Construction of the repository is indicated by the continuing perturbations introduced via the
lower right-hand box in the matrix (as also in Figure 11).

•

Considering emplacement of canisters as part of the construction, the temperature is then
increased

•

The repository is backfilled and closed and “repository construction” stops

•

Then the system is no longer subjected to further perturbations by the engineer and is
passively monitored

•

Beyond this state, the geological conditions will change as described in this paper.
Figure 12. Systems evolution of the site and repository over geological time
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Conclusions
In this paper, we have described the geological evolution before and after repository construction,
emplacement and closure. The pre-repository geological processes dictate the rock mass conditions
that will be encountered and we emphasised the different types of deformational features that will
occur in a crystalline rock mass. Unusually for an engineering project, it is also necessary when
designing a radioactive waste repository for the geological evolution after construction to be taken into
account, particularly the rock degradation and likely changes in the stress state due to glacial loading.
The generic stress states before and during a glacial advance were numerically illustrated, thus
demonstrating the significant impact of the additional stresses. Finally, the total system in time and
space was summarised through a systems diagram encompassing the key variables and their evolution.
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LITHOLOGICAL HISTORY AND DUCTILE DEFORMATION: THE LESSONS FOR
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Abstract
The Olkiluoto site has been chosen as a repository site for the high-level nuclear waste in 2001.
Investigations in the site have been ongoing since 1987. The basic idea in the crystalline nuclear waste
site still is that the solid repository block surrounded by deformation zones can host a safe repository.
It is impossible to say that neither the major ductile nor large-scale brittle deformation zones are
stable, but it is possible to say that the tectonic processes have been active in a stable way for billions
of years by reactivating the old features time after time and there are no signs of new large features
formed in the vicinity of the site during the present time including postglacial period. Understanding
the geological history, especially the ductile deformation and over thrusting, begins from the
understanding of the lithological features, mainly rock types, in the island. Vice versa, the occurrence
and location of the lithological features are interpreted according to ductile deformation. In addition,
you cannot study only present brittle deformation but you need to understand also older ductile and
lithological features to be able to understand why these brittle features are where they are and to be
able to predict them.
Introduction
The Olkiluoto site, in the Eurajoki municipality, has been chosen as a repository site for the highlevel nuclear waste in 2001 after different stages of investigations in different sites around Finland. As
a part of the site investigations, an underground rock characterisation facility, ONKALO, is being
constructed at Olkiluoto during 2004-2010. The aim of ONKALO is to study the bedrock of the site
for the planning of the repository and for the safety assessment, and to test the disposal techniques in
real deep-seated conditions. At a later date, it may become part of the repository.
The Olkiluoto site is located in an island in the western coast of Finland (Figure 1). It was chosen
into the preliminary site investigation programme and investigations have been going on since 1987.
Principle for the site selection method in Finland has been to define large enough blocks bounded by
major crush zones, identified by lineament analysis, to further investigations to finally select more
precise blocks sufficiently large to build in the repository (Teollisuuden Voima Oy, 1992). The basic
idea in the crystalline nuclear waste repository site still is that only the major existing deformation
zones surrounding the repository block can host large enough earthquake to affect the repository
(Munier & Hökmark, 2004). The major deformation zones may also have other effects to the bedrock
properties, i.e. being unsuitability for the construction of the repository because of elevated hydraulic
conductivity and local changes in rock stress orientation. Even though, these properties effect the
location of the repository, the repository can be built safely by avoiding the major deformation zones
and keeping the respect distance to these (Munier & Hökmark, 2004; Hagros et al., 2006). For these
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reasons the existence and the properties of the large-scale deformation zones is important to
understand in the process of building the geological nuclear waste repository.
Figure 1. In the left the geological map of Fennoscandia (Olkiluoto site marked with star) and in the right
the Satakunta region (Olkiluoto site marked with square)

The geology of the Olkiluoto site
Kärki & Paulamäki (2006) have divided the rocks of Olkiluoto into two major classes:
1) supracrustal high-grade metamorphic rocks including various migmatitic gneisses, tonaliticgranodioritic-granitic gneisses, mica gneisses, quartz gneisses and mafic gneisses, and 2) igneous
rocks including pegmatitic granites and diabase dykes. The migmatitic gneisses can further be divided
into three subgroups in terms of the type of migmatite structure: veined gneisses, stromatic gneisses
and diatexitic gneisses. The division of rock types in the Olkiluoto Island is presented in Figure 2.
On the basis of refolding and crosscutting relationships, the metamorphic supracrustal rocks have
been subject to polyphased ductile deformation, the D1 have been distinguished only sporadically as
schistosity or weak metamorphic banding to primary lithological layering, the D2 being locally the
most intensive phase producing thrust-related folding, strong migmatisation and pervasive foliation
(Mattila et al., 2007). The D3 deformation is most prominent in the areas of two shear zones and in the
central part of the study area. The E-W striking Selkänummi Shear Zone (SNSZ) is interpreted as an
oblique slip shear zone with SE-plunging stretching lineations and southward dipping blastomylonitic
foliation. Roughly E-W striking Liikla Shear Zone (LSZ) in the southern part of the Olkiluoto Island is
also interpreted to represent D3 deformation even though it is not exposed as well as Selkänummi
shear zone, but the interpretation is mainly based on ground geophysical data (Figure 3).
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Figure 2. Geological map of the Olkiluoto Island (Mattila et al., 2007). The black square is representing
the geological site model area, i.e. the well-investigated area of the Olkiluoto Island

Figure 3. The large D3 deformation features in the Olkiluoto site
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The bedrock in the Olkiluoto site has been subject to extensive hydrothermal alteration, which
has taken place at reasonably low temperature conditions, the estimated temperature interval being
from slightly over 300oC to less than 100oC (Gehör et al., 2002). Two types of alteration can be
observed: 1) pervasive (disseminated) alteration and 2) fracture-controlled (veinlet) alteration.
Kaolinisation and sulphidisation are the most prominent alteration events in the site area. Sulphides
are located in the uppermost part of the model volume following roughly the lithological trend
(slightly dipping to the SE). Kaolinite is located also in the uppermost part, but the orientation is
opposite to the main lithological trend (slightly dipping to the N). Products of third main alteration
event, illitisation, consists of two distinct volumes, which lie one on the other and converge in the
northwest, and are spatially associated with site-scale thrust faults (Figure 4.) (Mattila et al., 2007).
Figure 4. The 3D image of illitisation in a relation to site-scale fault zones of the site area. Illitisation is
shown as green volumes and faults as brown surfaces. View from east. (Mattila et al., 2007)

The fault zones at Olkiluoto are mainly SE-dipping thrust faults formed during contraction at the
latest stages of the Fennian orogeny, approximately at 1800 Ma ago and were reactivated at several
deformation phases, as indicated by fault-slip data (Mattila et al., 2007) and K-Ar age determinations
(Mänttäri et al., 2007). In addition, NE-SW striking strike-slip faults are also common. Fault zone
intersections from drill holes, ONKALO access tunnel and outcrops have been correlated by the
application of slickensides orientations, mise-á-la-masse-measurements, eletctromagnetic soundings,
3-D seismics and VSP-reflectors, resulting in six site-scale (Figure 5) and 69 local-scale fault zones
described in the becoming Geological Site model 2007 (Mattila et al., 2007).
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Figure 5. Site-scale fault zones in the Olkiluoto site area, view from east

The long-term stability of the large-scale structures
The largest ductile deformation zones in the Olkiluoto Island are the Liikla Shear Zone (LSZ) and
Selkänummi Shear Zone (SNSZ) interpreted to be developed during the D3 deformation phase. The
Selkänummi Shear Zone in the northern part of the island (Figure 3) has probably effected on the
shape and caused the strong strain of the tonalitic gneiss. In the southern side of the Selkänummi Shear
Zone granitic pegmatites are more abundant than in the northern side. The Liikla Shear Zone (LSZ)
located south of the investigation area (Figures 2 and 3) seems to cut through the large body of
diatexitic gneiss in the south-eastern part of the Olkiluoto Island, i.e. the Liikla Shear Zone divides the
lithological unit into two. Also the abundance of the tonalitic gneiss seems to coincide with Liikla
Shear Zone as it does with the Selkänummi Shear Zone. The swarm of lineaments also fit at the Liikla
Shear Zone, but because it is very poorly exposed the interpretation of lineaments representativity as a
brittle deformation zones is still not clear.
The GPS measurements have been ongoing since 1995 (Figure 6) and the largest movement has
been recorded between stations OL-GPS1 and OL-GPS4 (east component velocity of 0.23 mm ±
0.023 mm/y) (Ahola et al., 2007). One of the lineaments (LINKED0255), located between these two
GPS-stations, has been interpreted to coincide well with one of the site-scale brittle deformation zones,
called BFZ099, which in turn is partly following the Selkänummi Shear Zone. As a conclusion this has
been interpreted as a tectonically active zone. Also another lineament (LINKED0145) follows the
Selkänummi Shear Zone, but without any known brittle feature connected to it (Figure 6) (Mattila
et al., 2007). As a conclusion, the ductile deformation zone has probably affected the location of the
brittle deformation zone, which is still active.
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Figure 6. The location of the GPS stations at Olkiluoto in respect to interpreted linked lineaments (from
Korhonen et al., 2005). The lineament (LINKED0255) is interpreted to represent site-scale deformation
zone BFZ099 (Mattila et al., 2007)

Both major ductile shear zones are interpreted to represent the zones of over thrusting (Mattila
et al., 2007). The thrusting is interpreted to be quite large because in the Olkiluoto site some
lithological units seem to be in a wrong place or there is no counterpart found for them in the other
side of the zone and because these zones seem to be continuous covering in minimum few kilometres
in the Olkiluoto island. In addition, the ground geophysical data supports the idea of different
geological characteristics of the site, divided into three-part by the two ductile shear zones. The over
thrusting cannot be seen in the brittle features but the misfit of the lithological units reveals it.
However, at least some of the lineaments following these zones probably represent brittle features.
Understanding the geological history, especially the ductile deformation and over thrusting,
begins from the understanding of the lithological features, mainly rock types, in the island. Vice versa,
the occurrence and location of the lithological features are interpreted according to ductile
deformation. For example, the amount of red coloured ENE to SSW elongated pegmatitic granites has
clearly increased in the central part of the island. These granites have been interpreted to belong to the
ductile D3 deformation phase. Somehow these granites have also something to do with large-scale
brittle deformation zones, because some parts of the zones follow the pegmatitic granite bodies, in
some places they cut through them as is shown in Figure 7 (Mattila et al., 2007). Based on
deformation studies the ductile D3 deformation phase has probably already effected the same
locations, which have later been reactivated in brittle deformation and the same features have been
further reactivated many times in the geological history of the site (Mattila et al., 2007).
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Figure 7. The red coloured pegmatitic granites and the brown coloured site-scale faults (view is towards
W). In some locations faults seem to follow the pegmatitic granite units, in some plases they seem to cut
and dislocate those (Mattila et al., 2007)

The comparison of alteration model, especially illite, and the brittle deformation model reveals
very interesting picture. The illitized areas coincide very well with the main site-scale fault zones
(Figure 4). It is not clear which one has been there first, the alteration or the brittle fault, but it is
believed that they have clearly influenced each other. The major part of the fault zone BFZ099 (the
lower fault zone in Figure 4) is surrounded by illite alteration, which is produced by hydrothermal
fluid circulation in the bedrock between 1.6 and 1.2 Ga ago caused by rapakivi magmatism (Haapala
and Rämö 1992, Mattila et al., 2007). There needs to be routes, fractures and fractures zones, for
fluids to circulate in the bedrock, so some kind precursor for the present fault zone must have been
there. In fact, based on K-Ar ages this zone has been activated first time about 1.8 Ga ago, i.e. it is
older than existing hydrothermal event, but the area might have been affected by retrograde
metamorphism and/or ductile deformation before that. The modern fault zone probably partly follows
the earlier deformed and altered part of the bedrock, being more prominent place for the fault to
propagate than surrounding unaltered bedrock.
General idea of the long-term stability of the Finnish crystalline bedrock is based on the age of
the latest significant tectonic period (about 1.2 Ga ago) clearly visible in large scale in the bedrock
(Lehtinen et al., 2005) and the signs of repeated activity later in the already existing features (Pajunen
et al., 2001). Although Finland is located in a tectonically stable area the repeated ice age cycle has
probably caused large earthquakes and significant movements especially in the northern part of the
Fennoskandia (Kuivamäki et al., 1998). The effect of glacial loading and reloading is believed to
affect the already existing features in the bedrock. Attempt to search for the new features caused by
postglacial faulting have been done in the Olkiluoto area, but none is found (Lindberg, 2007). This is
supported by kinematic analysis of large-scale faults of the Olkiluoto site. For example the fault zone
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BFZ099 (Figures 3 and 4) is interpreted to be low-angle reverse thrust fault crosscutting and deflecting
the foliation, dipping approximately to SE. The kinematic analysis reveals that it has also a strike slip
component. This may have been formed during the same episode, but it can also be younger.
However, based on mineralogical studies, e.g. evidences of minerals with hydrothermal origin (Front
& Paananen, 2006), this zone is old, but based on lineament interpretation and GPS-measurements this
zone is believed to be active even today. According to present knowledge these large long-lived zones
are most likely to be active also in the future depending of the stress state.
Conclusions
As a conclusion, it is impossible to say that either the major ductile nor large-scale brittle
deformation zones are stable, but it is possible to say that the tectonic processes have been active in a
stable way for billions of years by reactivating the old features time after time. In addition, there are no
signs of new large features formed in the vicinity of the site during the present time including
postglacial period.
An additional lesson to be learnt is that you cannot study only present brittle deformation but you
need to understand also older ductile and lithological features to be able to understand why these
brittle features are where they are and to be able to predict them. In geology, everything affects
everything.
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STABILITY AND PREDICTABILITY IN YOUNGER CRYSTALLINE ROCK SYSTEM:
JAPANESE ISLANDS CASE
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Abstract
The Japanese Islands consist of igneous, sedimentary, and metamorphic rocks ranging in age
from Paleozoic to Cenozoic. Among these, Carboniferous to Paleogene rocks occupy about 60% of the
total area of the Japanese Islands. It should be noted that Quaternary volcanic rocks occupy only about
9% of the total area, although Quaternary volcanoes occur throughout the Japanese Islands. Long-term
stability and predictability in the rock system are discussed in terms of volcanic activity, active
faulting, and plate motion. Volcanic activity in the Japanese Islands is intimately related to subduction
of the Pacific Plate and the Philippine Sea Plate. The volcanic front related to the Pacific and the
Philippine Sea plates has been essentially fixed since about 6 Ma. The main active faults, which are
distributed sporadically throughout the Japanese Islands, number about 150 and have been extensively
investigated. The modes of the Pacific Plate and the Philippine Sea Plate have been essentially
invariable since 10 Ma and 6 Ma, respectively. These lines of evidence imply that volcanism and
tectonism in the Japanese Islands will scarcely change for hundreds of thousands of years into the
future. It is clear that many places suitable for geological disposal will be present in this rock system.
Introduction
The Japanese Islands is often misunderstood as a volcanic arc. The basement rocks of the
Japanese Islands had occupied the eastern margin of the Asian Continent before the opening of the
Japan Sea. The opening began in about 30 Ma and came to end in about 14 Ma, when the disposition
of the Asian Continent, the Japan Sea, and a chain of islands is approximately similar to that of the
present. Arc volcanism and tectonism have been caused by the subduction of the Pacific and
Philippine Sea plates since about 14 Ma.
The basement rocks of the Japanese Islands are composed of sedimentary, igneous, and
metamorphic rocks ranging in age from Paleozoic to Paleogene. These rocks were essentially formed
before the opening of the Japan Sea. On the other hand, Neogene sedimentary and volcanic rocks
generally cover the basement rocks unconformably, and Neogene intrusive rocks have intruded into
the basement rocks. The pre-Neogene rocks occupy about 60% of the total area of the Japanese Islands
if thin covers of Quaternary sediments are removed. Tertiary sedimentary and volcanic rocks occupy
about 30% and Quaternary volcanic rocks occupy about 9%.
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Rock types and distribution of crystalline rocks
Crystalline rocks are divided into three types; intrusive rocks, metamorphic rocks of high to
intermediate grades, and metamorphic rocks of low grade. These are distributed approximately parallel
or subparallel to the Japanese Islands as shown in Figure 1.
Figure 1. Distribution of Crystalline Rocks in Japan
[After Ishimaru, T., Fujiwara, O. and Kohriya, Y. (2001)]

Intrusive rocks consist mostly of granitic rocks of Jurassic, Cretaceous, Paleocene, and Middle
Miocene. Among them, the Cretaceous granitic rocks, which are accompanied by dacitic and rhyolitic
eruptive rocks in places, have the widest distribution area.
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Metamorphic rocks of high to intermediate grade consist of high T/P types and high P/T types
ranging in age from the Jurassic to Cretaceous. The protoliths of these rocks are sedimentary and
igneous, and have lost their original textures generally. Metamorphic rocks of low grade consist
mostly of meta-sediments of zeolite to greenschist facies ranging in age from the Carboniferous to
Paleogene, and have preserved their original sedimentary structures. The dominant rock types of these
rocks are sandstone, mudstone, bedded chert, and limestone, and their dominant lithofacies are
turbidites and mélanges.
Most of the crystalline rocks have densities of 2.5-2.7 g/cm3 and are virtually impermeable except
for fractures or fissilities like joints and faults. The crystalline rocks occupy about 60% of the total
area of the Japanese Islands if thin cover of Quaternary sediments is removed. All of the crystalline
rocks are essentially suitable for geological disposal except for places where Quaternary volcanoes or
active faults are present in the neighborhood. We can find such suitable places throughout the
Japanese Islands.
Volcanic activity
Volcanic activity in the Japanese Islands is intimately related to subduction of the Pacific Plate
and Philippine Sea Plate since the end of the opening of the Japan Sea. The volcanic front related to
the Pacific and the Philippine Sea plates has been essentially fixed since about 6 Ma (Figure 2).
Figure 2(a). Spatial and temporal distribution of volcanic activity around the Quaternary volcanic front
(QVF) in NE Japan during the past sixty million years (Yoshida et al., 1995). By definition, activity always
occurs to the west of the front. Over about the last 15 million years, there has been no activity
further east than about 40 km from the position of the present-day volcanic front
Figure 2(b). Distribution of the volcanic front in the Quaternary (JNC, 2000). The position of the front has
become progressively more stable with time. The shift of the front during the Quaternary is limited
to 10–20 km at most

(a)

(b)
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The mode (velocity, direction and subduction angle) of the Pacific Plate and the positional
relation between the Japan Trench and the Japanese Islands is stable since about 10 Ma as shown in
the later section. The mode of the Philippine Sea Plate and the positional relation between the Nankai
Trough and the Japanese Islands is stable since about 6 Ma. Therefore, it is probable that the location
of volcanism in the Japanese Islands will scarcely change from that of the present for hundreds of
thousands years into the future. The thermal gradient in a Quaternary volcanic area gradually becomes
lower as the distance from the center of a volcano becomes larger; the thermal gradient, in general,
lower to a normal value of about 20o-30oC/km outside about 20 km radius from the volcanic center.
Tectonic activity
Tectonic activity in the Japanese Islands has been caused by the plate subduction of the Pacific
Plate and the Philippine Sea Plate since about 14 Ma when the opening of the Japan Sea came to an
end. Among tectonic activity, faulting and uplifting are particularly important for geological disposal.
The main active faults, which are distributed sporadically throughout the Japanese Islands,
number about 150 and have been extensively investigated (Figure 3). Faulting is presumed to occur
mostly along the known 150 faults for hundreds of thousands of years into the future if the mode of
the plate system scarcely changes. In general, it takes more than one million years for the mode of a
plate system to change into another mode. New faults may arise in the future. However, it takes more
than hundreds of thousands years for a fault to grow into such a large fault as to affect the repository.
Most of earthquakes have occurred at depths deeper than 5 km in Japan. For example (Table 1),
earthquakes shallower than 5 km are only 0.1% among 4 245 earthquakes larger than M3 that occurred
in the East Japan during 20 years (1987-2006). In the case of the Central Japan, earthquakes larger
than M3 occurred 11,593 times during 22 years (1979-2000). Among those, earthquakes at depths of
0-1 km, 1-2 km, 2-3 km, 3-4 km, 4-5 km, and 5-40 km are 1.1%, 1.1%, 1.2%, 1.2%, 1.5%, and 93.9%,
respectively (NIED, National Research Institute for Earth Science and Disaster Prevention Earthquake
Catalog, [wwweic.eri.u-tokyo.ac.jp/]). This relationship between depths and frequency of earthquakes
suggests that most of faults causing earthquakes do not reach a shallow depth of about 500 m where
the repository will be placed.
Uplifting has occurred mainly along the Pacific coast of the Japanese Islands during the
Pleistocene. The uplift rate is smaller than 50 m/100 000 years in general although it is larger than
100 m/100 000 years locally.
The faster strain rates of various crustal movements in Japan are shown in Table 2. Any crustal
movement in Japan cannot exceed these strain rates. These strain rates and amounts of displacement
suggest that any strain or displacement caused by faulting, folding, or uplifting cannot reach such a
critical amount as to inflict crucial damage on the repository for hundred thousand years into the
future.
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Figure 3. Active Faults in Japan, [Nakata, T. and Imaizumi, T. (eds)(2002)]
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Table 1. Frequency of earthquakes by the depths, East Japan, 1987-2006
(Data from Japan Meteorological Agency)

Magnitude

Depth

7أM

Total

3  أM 㧨4

4  أM 㧨5

5  أM 㧨6

6  أM 㧨7

0km 㧨 D  أ2km

1

0

0

0

0

1

2km 㧨 D  أ5km

3

0

0

0

0

3

5km 㧨 D  أ10km

11

2

0

0

0

13

10km 㧨 D  أ20km

52

11

3

0

0

66

20km 㧨 D  أ30km

243

52

5

2

0

302

30km 㧨 D  أ50km

2 077

418

83

11

0

2 589

50km 㧨 D

1 009

227

33

2

0

1 271

Total

3 396

710

124

15

0

4 245

Table 2. “Faster" strain rates and amounts of displacements of various crustal movements in Japan

Type of movement

Example

Strain rate

Amount of
Displacement

Very energetic active
faults (lateral faults)

Neodani Fault,
Atotsugawa Fault, etc.

10-14 to 10-15 / sec

several m/1 000 years

Rapidly uplifting coastal
areas during Quaternary

Muroto Peninsula in Kochi 2 x 10-14 / sec
Prefecture
(0.06/100 000 years)

Rapidly subsiding sedimentary basins during
Tertiary and Quaternary

Miocene subsidence of
sedimentary basins in
Northeast Japan

10-13 to 10-14 / sec

Areas affected by large
geodetic strains during the
last 100 years

Chubu mountain region,
etc.

10-15 / sec

Rapidly subducting plates

Pacific Plate along the
Japan Trench

3 x 10-14 / sec

(0.03 to 0.003/100 000
years)

(0.3 to 0.03/100 000 years)

2m/1 000 years

several m to several
10m/1 000 years

several cm/1 000 years

(0.03/100 000 years)

(0.09/100 000 years)
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several 10m/1 000
years

Tectonic situations around the Japanese Islands since 30 Ma
Tectonic situations around 30 Ma, 14-15 Ma, 1.8 Ma, and the present are shown in Figure 4-a, -b,
-c, and –d, respectively. By comparing these figures, it is obvious that the present tectonic situation or
framework was basically established until about 14-15 Ma when the opening of the Japan Sea came to
end. The positional relationship of the Japanese Islands and the Pacific and Philippine Sea plates
around 14-15 Ma is close to that of the present. The modes of motion of both plates, tectonic force,
and location of volcanic activity at that time are presumed to have been close to the present ones.
Several lines of geological evidence also support this presumption (e.g. Kimura et. al., 1991). Both of
the tectonic situations of 1.8 Ma and the present are virtually the same. In addition, it is known that the
modes of both Pacific and Philippine Sea plates have been essentially invariable since 10 Ma and
6 Ma, respectively (e.g. NUMO, 2004). These lines of evidence imply that volcanism and tectonism in
the Japanese Islands will scarcely change for hundreds of thousands of years into the future. The longterm stability of the repository will be assured in the Japanese Islands if a suitable site for the
repository is selected.
Concluding remarks
Other than the crystalline rocks mentioned above, part of Miocene sedimentary and igneous
rocks, which occupy about 28% of the total area of the Japanese Islands, will be suitable for geological
disposal. It is true that the Japanese Islands is one of very active mobile belts where exist many active
volcanoes, active faults, and earthquakes. However, it depends on the time span considered whether a
geological phenomenon is active or inactive. If a time span of 100 millions years is considered into the
future, the Japanese Islands may grow into a huge mountain chain, or may subside deeply into the
ocean. If a time span of a hundred thousand years is considered into the future, the outline of the
Japanese Islands will change little. It is noteworthy that the Japanese Islands have still retained many
stable places where no faults or no volcanoes have occurred since one to ten million years ago. It is
also noteworthy that the volcanic activity has been restricted along a narrow zone since about 10 Ma.
When we evaluate the effect of faulting, folding, or uplifting, we should take it into consideration that
any crustal movement cannot exceed the strain rate of 10-14/sec (0.06/100 000 years). This limit of
strain rate assures that the total displacement by faulting, folding, or uplifting within a time span of
hundred thousand years cannot reach a critical amount that may cause serious damage to the
repository.
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Figure 4-a. Tectonic Situation around 14-15 Ma (NUMO, 2004)
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Figure 4-b.

Tectonic Situation around 30 Ma (NUMO, 2004)
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Figure 4-c. Tectonic Situation around 1.8 Ma (NUMO, 2004)
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Figure 4-d. Tectonic Situation at Present (NUMO, 2004)
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Abstract
The hydrologic properties of the nonwelded Paintbrush Tuff unit that overlies the planned
repository horizon at the Yucca Mountain site provide a considerable buffer to change imposed by
surface climatological conditions. These properties include few fractures and poor fracture
connectivity, high matrix porosity, and high matrix permeability, which provide a large fluid storage
capacity and promote long residence times. Fracture coating studies of samples taken from the
underlying repository horizon and geochemical and isotopic data indicate long-term hydrologic
stability for the repository horizon, despite numerous sequences of climatic variation. This long-term
hydrologic stability limits the rate and amount of water transmitted to the repository horizon, supports
modeling repository processes as approximately steady-state, and provides a means to assess
performance and site predictability. It is concluded that the unsaturated zone prevents or substantially
reduces the amount and rate of water seeping into repository drifts and will prevent or substantially
reduce the rate of movement of water or radionuclides from the repository to the accessible
environment.
Introduction
In June 2008, the U.S. Department of Energy will submit a License Application to the Nuclear
Regulatory Commission, the regulatory body responsible for the licensing of nuclear facilities in the
United States, to construct a repository for high-level radioactive waste at Yucca Mountain, Nevada,
United States. A central component of the license application will be the analysis of how the site is
expected to provide a suitable environment for the safe disposal of high-level radioactive waste for the
extended timeframe required by the licensing regulations.
An important factor in this analysis is the amount of water potentially available to degrade waste
packages and enable transport of radionuclides from the repository to the accessible environment. If
little water is available, the waste packages are expected to provide robust isolation and protection; if
large amounts of water are present, waste package performance will be degraded. In this respect, the
properties of the lithologic layer that immediately overlies the repository horizon play a vital role in
establishing stable, long-term, predictable conditions for the assessment of repository performance.
This paper will briefly describe how the forecast climate conditions, low net infiltration, and the
hydrologic properties of the nonwelded Paintbrush Tuff combine to create conditions within the
repository horizon that are conducive to the safe isolation and containment of high-level radioactive
waste. Data supporting this position comes from numerous field and laboratory studies on the
climatologic, geologic, hydrologic, and geochemical aspects of the Yucca Mountain site.
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Climate and Infiltration
While the present-day arid climate, low infiltration, and 500 to 700 m thick unsaturated zone are
considered to be positive attributes of the site, estimates of future variation in infiltration at Yucca
Mountain are required to evaluate the amount of water potentially available to interact with the
emplaced waste. Infiltration is defined as the flow of surface water downward across the atmospheresoil or atmosphere-bedrock interface beyond the depth of potential evapotranspiration (CRWMS,
2004).
The Yucca Mountain climate model provides a forecast of the mean annual temperature and
precipitation for future climate states at the site developed through evaluation of paleoclimate data
(Owens Lake microfossil record, Devils Hole dated calcite core, regional pluvial lakes), earth-orbital
parameters (precession, eccentricity, obliquity), and analogue sites (meteorological stations selected to
provide precipitation and temperature data). The climate analysis is used to interpret past climate
indicators to determine a method to identify and characterize future climate states (present-day,
monsoon, glacial-transition, and glacial) in terms of temperature and precipitation, to determine the
timing of future climate states, and to identify analogue locations with climates that best represent
future climates expected at Yucca Mountain. The analogue sites were selected based on geography,
weather patterns, vegetative cover, and microfossil data. The analogue stations provide the upper and
lower bounds for precipitation and temperature conditions for each future climate state forecast to
occur at Yucca Mountain during the next 10 000 years.
Historically, the largest amounts of rainfall at Yucca Mountain probably occurred when huge
continental ice sheets existed, resulting in cold, low evaporative conditions in the region. The
interglacial (present-day) climates persisted for only about 20% of the documented interglacial and
glacial climate history, and most of Yucca Mountain climate history is dominated by glacial-transition
climates. Glacial-transition climates are characterized by lower temperatures and greater precipitation,
which result in overall increased effective moisture conditions.
The Yucca Mountain infiltration model predicts mean precipitation over the infiltration model
domain during the present-day, monsoon, and glacial-transition climates to be 173.6, 275.2, and
283.4 mm/yr, respectively. However, processes of evaporation, transpiration, and surface runoff can
reduce the amount of precipitation that infiltrates into the mountain by more than 90%, so effective
infiltration will be a small fraction of precipitation. Consequently, the mean net infiltration over the
infiltration model domain during the present-day, monsoon, and glacial-transition climates is predicted
to be 14.3, 25.5, and 30.0 mm/yr, respectively (SNL, 2007c). These infiltration values indicate that, in
general, only modest amounts of water are introduced into the unsaturated zone even under the wettest
climate conditions.
Geologic Setting
Yucca Mountain is located in the southern Great Basin, within the Basin and Range Province of
the western United States. Yucca Mountain is situated on the southern flank of the southwestern
Nevada volcanic field, which consists of a series of volcanic centers from which large volumes of
pyroclastic flow and fallout tephra deposits were erupted from about 14.0-11.4 Ma (Sawyer et al.,
1994). The site, approximately 160 km northwest of Las Vegas, Nevada, is located on federal land
remote from population centers, with no permanent residents within about 20 km of the planned
repository (Figure 1).
Yucca Mountain itself consists of successive layers of fine-grained volcanic rocks called tuffs,
formed roughly 12.9 to 12.7 Ma (for the Calico Hills unit through the Tiva Canyon unit) when hot
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volcanic gas and ash erupted from the Claim Canyon Caldera and flowed quickly over the landscape
(ash flow tuff) or settled from the atmosphere (ash fall tuff). In instances when the temperature was
sufficiently high, the ash flow was compressed and fused to produce a welded tuff. Nonwelded tuffs,
which occur between the welded layers, are produced when the rocks are compacted and consolidated
under lower temperatures, as in ash fall tuffs.
A wide variety of geologic evidence indicates that erosion at Yucca Mountain has occurred at
very slow rates for the past several million years (CRWMS, 2004). Most of the surficial deposits
mapped on and around Yucca Mountain are the products of climatic conditions different than those at
present, with most erosion and depositional processes primarily occurring during climate transitions.
Determination of erosion rates on bedrock ridges and geomorphic observations of tectonic features
such as fault scarps and related deposition demonstrate erosional stability of the site.
Figure 1. Map showing location of Yucca Mountain, the outline of the proposed repository,
the plan view of the exploratory studies facility (ESF) and access tunnels,
and generalised surface geology

As one proceeds from the surface to depth, the major hydrogeologic units within the Yucca
Mountain unsaturated zone site-scale flow model domain are comprised of the Tiva Canyon welded
(TCw), the Paintbrush nonwelded (PTn), the Topopah Spring welded (TSw), and the Calico Hills
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nonwelded (CHn) (Figure 2). Due to the relatively high density of hydrogeologic data in the repository
area, especially within and above the TSw unit, there is reduced uncertainty in the understanding of
flow between the surface and the repository horizon. For the purposes of this paper, only those units
from the surface through the repository horizon (the TSw) will be discussed.
The manner of eruption and deposition strongly influenced the physical and hydrological
properties of the resulting rocks. Welded tuffs generally exhibit high densities of interconnected
fractures, low matrix porosity, and low matrix permeability, which lead to significant water flow in
fractures and limited matrix imbibition (from fracture-to-matrix flow). In contrast, nonwelded tuffs
have few fractures and poor fracture connectivity, high matrix porosity, and high matrix permeability,
which provide a large fluid storage capacity and promote long residence times (SNL, 2007a). These
long residence times allow increased fluid-matrix interaction as evidenced by chemical and isotopic
changes.
Figure 2. Conceptualised flow processes within a typical east-west cross section of the site-scale
unsaturated zone flow model domain

Conceptual Model of Unsaturated Zone Flow
As net infiltration from the ground surface percolates downward through the alternating layers of
welded and nonwelded tuff units, flow through the unsaturated zone is redistributed between fractures
and matrix dependent upon the type of rock encountered. The high density of interconnected fractures
and low matrix permeabilities in the TCw unit leads to significant water flow in fractures and limited
matrix imbibition from fracture-to-matrix water flow. Thus, episodic infiltration pulses move rapidly
through fracture networks in this unit, with little attenuation by the matrix. Data obtained through
observation of barometric pressure fluctuations support this assessment of flow through the unit (SNL,
2007b). Figure 2 presents the conceptualized flow processes, effects of capillary barriers, major faults,
and other unsaturated zone flow features in a typical repository cross section.
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The nonwelded PTn unit exhibits markedly different hydrogeologic properties than the welded
TCw and TSw units that bound it above and below. Both the TCw unit and the TSw unit have low
porosity and intense fracturing typical of the densely welded tuffs at Yucca Mountain. In contrast, the
PTn unit has high matrix permeability and porosity with low fracture intensity, and its matrix system
has a large capacity for storing groundwater (SNL, 2007a). The relatively high matrix permeabilities
and porosities and the low fracture densities of the PTn unit convert the predominant fracture flow in
the TCw unit to dominant matrix flow within the PTn unit (BSC, 2004a). The heterogeneous
nonwelded bedded layers within the PTn unit can also divert a portion of the percolating water
laterally into faults due to the contrast in hydraulic properties at internal layer contacts.
The damping of transient infiltration pulses by the PTn unit has been evaluated by various
modeling studies that demonstrate that water flow below this unit is approximately at steady-state
(Zhang et al., 2006). The underlying welded tuffs at the repository horizon exhibited only small
changes in saturations, capillary pressures, and water potentials from steady-state values in response to
transient pulses. The capability of the PTn to attenuate episodic percolation is also supported by the
increased 87Sr/86Sr ratio observed in the PTn relative to that found in the overlying TCw (SNL, 2007b).
Figure 3 shows this and other important geochemical information relevant to unsaturated zone flow
paths.
The PTn is not without structural discontinuities and faults may cut through the entire unit at
some locations, leading to the potential for fast flow paths. However, the limited number of bombpulse 36Cl locations observed in the underground facilities indicate that fast flow paths through this
unit are few, carry only a small amount of the percolating water, and do not significantly affect the
overall flow paths in the unsaturated zone. In addition, the unsaturated zone flow and transport
modeling approach inherently incorporates these fast flow pathways by explicitly modeling flow
through faults and fracture networks (SNL, 2007b)
The TSw unit is the host rock for the repository horizon and is composed of moderately to
densely welded deposits exhibiting intense fracturing and possessing low matrix porosity and
permeability. The thickness of the TSw unit ranges from about 280 to 350 m in the repository area.
The repository horizon is located in the unsaturated zone more than 308 m above the present-day
water table and, even under wetter future climate conditions, is expected to be at least 188 m above the
water table (Figure 2).
Flow within the TSw unit occurs mainly through fractures because fracture permeability is orders
of magnitude greater than matrix permeability. Evidence for fracture flow comes from calcite-coating
data (which retain chemical signatures of water flow history) and is also consistent with the
implications of the uranium isotopic data from the unsaturated zone as discussed below.
Evidence from Fracture Coatings
Deposits of calcite and opal lining fractures and cavities in the Exploratory Studies Facility
(ESF), an eight km tunnel that provides access to the subsurface formations at Yucca Mountain
(Figure 1), contain spatial and temporal information on past migration of water through the
unsaturated zone. These mineral coatings contain the record of past water percolation through the
connected fracture network in areas where percolating solutions exceed chemical saturation with
respect to various mineral phases.
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Calcite is abundant in the calcic soils at Yucca Mountain, leading to rapid saturation of
infiltrating water with calcite. The volcanic rocks are calcium-poor, so infiltrating water is essentially
the only source of calcium available to form calcite in the unsaturated zone. Therefore, the calcite
coatings can be related to the amount of water required to transport the calcium through the
unsaturated zone.
Figure 3. Geochemical information related to unsaturated zone flow paths

Geochronological data indicate that calcite and opal have been deposited in the fractures of the
deep unsaturated zone at extremely slow and relatively uniform rates (1 to 5 mm/Ma) over the last
10 million years. These uniform, long-term average rates of mineral growth indicate that fracture flow
in the deep unsaturated zone at Yucca Mountain did not vary substantially, despite numerous and
significant variations in climate conditions (Neymark et al., 2002; Paces et al., 2001). Microfossil
evidence (Sharpe, 2003; BSC, 2004b) indicating a series of dramatic changes to surface conditions are
not discernible in the fracture coating record.
More recent dating efforts conducted at finer scales of spatial resolution indicate that the
Pleistocene fracture-coating depositional rates may have been slower than the Tertiary rates, reflecting
the increase in regional aridity over the last several million years. Similarly, opal growth rates may
have varied during the last 40 000 years in response to differences in effective moisture availability
during different climate states (Paces et al., 2004)
Detailed fracture mapping in the ESF has shown that only about 10% of the fractures contain
secondary opal and calcite coatings, suggesting that only a relatively small subset of the total fractures
observed have ever conveyed significant amounts of water. This assessment is supported by the active
fracture model of fracture flow developed by the Project (Liu et al., 1998).
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It is also notable that virtually all of the fracture coatings are only observed on either the footwall
of the individual fractures, or the bottom of lithophysal cavitites, indicating that deposition was under
unsaturated conditions. If the deposition had taken place under saturated conditions, calcite/secondary
opal coatings would be observed on all fracture or lithophysae surfaces. Lack of such observations
underscores the stability of unsaturated conditions within the tuffs of the repository horizon.
The elevated 234U/238U ratios observed for secondary opal and calcite deposits in the repository
horizon provide additional support for confirming low water flux into this unit, and indicate that deep
unsaturated zone flow through fractures at Yucca Mountain was low in volume and/or infrequent in
order to generate 234U preferential to 238U present in percolation (measured 234U/238U activity ratio
1.124 to 6.179) (Paces et al., 2002).
Summary
Climate and infiltration studies indicate that even under the wettest of forecast future climate
conditions, only modest amounts of water will be introduced into the subsurface of Yucca Mountain.
The hydrologic properties of the PTn unit play a crucial role in further limiting the amount of water
and rate at which it is delivered to the underlying repository units. The high porosity, high
permeability, low saturation level, and large storage capacity of this unit has been shown to effectively
absorb and redistribute infiltration from the range of precipitation and temperature conditions imposed
by successive climate states. The slow and approximately steady-state release of this water to the
repository horizon is evidenced through the dating of silica and calcite fracture coatings from the TSw,
and by chemical (chloride) and isotopic indicators (14C, 234U/238U, and 87Sr/86Sr ratios). The slow,
steady growth rate of the mineral deposits in the TSw fractures over the last 10 Ma attests to the
stability of the hydrologic conditions in the repository horizon. These conditions of stability
demonstrate that the PTn is effective in limiting the amount of water delivered to the repository
horizon, and support modeling of the unsaturated system as approximately steady-state for the
purposes of predicting repository performance.
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Abstract
The present paper describes a method to calculate fracture shear displacements occurring as a
result of the stress waves and the static stress redistribution following a seismic slip on a nearby fault.
Such secondary fracture shear displacements can theoretically, if large enough, damage intersected
canisters containing spent nuclear fuel. The method is applied to a type of seismic event that is, or may
be, of concern for the long term safety of a KBS-3 nuclear fuel repository: namely, endglacial
earthquakes of magnitude 6 and larger. The numerical scheme used to simulate rupture initiation and
propagation is described and illustrated. Result examples are given that show that secondary shear
displacements on 300 m diameter fractures will be smaller than the damage criterion now applied by
the Swedish Nuclear Fuel and Waste Management Co (SKB), provided that the fracture center is at a
distance of 200 m or larger from the fault plane. The relevance of the rupture representation is
discussed based on comparison with slip velocity records from a recent, large and well-documented
crustal earthquake and with stress drop estimates made for large endglacial faults observed in Lapland,
northern Sweden.
Introduction
In the Swedish KBS-3 concept for geological disposal of spent nuclear fuel, copper canisters with
a cast iron insert containing the fuel are surrounded by bentonite clay for isolation and mechanical
protection (SKB, 2006a). The canisters are deposited in vertical deposition holes in the floor of
horizontal tunnels at between 400 and 700 m depth in crystalline rock (Figure 1, left). Large shear
displacements along a rock fracture that intersects a canister could obviously damage the canister
(Figure 1, right) in particular if the fracture shear velocity is high. Numerical analyses of the canisterbuffer system have shown that shear displacements smaller than 0.1 m will give only modest plastic
deformations in the iron insert and in the copper shell, even assuming unfavorable intersection
geometries and high shear velocities (Börgesson and Hernelind, 2006).
In the SR-Can safety assessment, canisters sheared 0.1 m or more count as failed, irrespective of
the canister-fracture intersection geometry and the fracture shear velocity (SKB, 2006a). Shear
displacements of that magnitude cannot occur on fractures of extensions smaller than about 700 m for
the predicted time-continuous reference load evolution of a KBS-3 repository at any of the SKB
candidate sites, even assuming low shear strength and worst case orientation of the intersecting
fracture (Hakami and Olofsson, 2002; Hökmark et al., 2006). Since fractures of that size or larger will
be detected during the repository construction (see following sections), it will be possible to reject
positions where canisters could be exposed to the risk of direct damage due to fracture shear
displacements caused by time-continuous load changes, for instance during the period of thermal load
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following closure, or during periods of glaciation. There are, however, uncertainties regarding the risks
of seismic events occurring reasonably close to the site selected for the repository as well as the
consequences of such an event.
Figure1. Fracture Shear Displacement across KBS-3 Canister
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Present-day Sweden is a low seismicity area with most earthquakes being observed in the southwest, along the north-east coast and in Norrbotten. The area in the south-east, where SKB’s candidate
sites Forsmark and Laxemar are located, is relatively inactive. Although large earthquakes (magnitude
about 8) have occurred in Sweden, it is generally agreed that these were connected to the late stages of
deglaciation at the end of the previous ice-age (Lagerbäck, 1988; Arvidsson, 1993; Bödvarsson et al.,
2006). While all unambiguous traces of such large endglacial earthquakes appear to be located in
northern Scandinavia where the ice-cap was thickest and had the longest unbroken duration, it cannot
be excluded that some may have occurred also in central and southern Sweden (Munier and Hökmark,
2004). This means that there may be a non-zero risk of large earthquakes occurring close to the
potential repository sites in connection with the disappearance of future ice-covers, and that the
probability of canisters being damaged, for instance as shown in Figure 1 (right), must be assessed.
Shear displacements and canister damage
Slip on earthquake faults
Figure 2(left) shows correlations between moment magnitude and surface displacement derived
by Wells and Coppersmith (1994) from a database of 224 well-documented crustal earthquakes. A
fault displacement of 0.1 m, which corresponds to the SR-Can canister damage threshold for fractures
intersecting canisters, appears to require an earthquake of moment magnitude 5 or larger. Figure 2
(right), which gives corresponding relations between magnitude and rupture area, shows that a
magnitude 5 earthquake requires a rupture area of between 2 km2 and 30 km2. Both plots are redrawn
from Wells and Coppersmith (1994).
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Figure 2. Moment magnitude as function of maximum earthquake slip and rupture area
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Figure 3 gives direct size-displacement relations, size being represented by the surface rupture
length and displacement by the maximum (left) and average (right) fault slip at the ground surface.
Both plots are redrawn from Wells and Coppersmith (1994). Provided that the regressions are valid for
small events and that the surface displacement is a reasonably relevant measure of the subsurface fault
slip at shallow depths such as the repository depth, the plots suggest that seismic events on faults
smaller than about 2 km are not likely to give any canister damage.
Figure 3. Maximum displacement and average displacement as function of surface rupture length
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The regressions in Figure 3 are based mainly on records of magnitude 6 events and larger, with
few records of events smaller than magnitude 5. (La Pointe et al., 1997) discuss the relevance of the
regressions for small events and mention that Slunga (1991) reported that the magnitude 4.5 Skövde
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earthquake hade a peak displacement of about 300 mm. The focal depth of the Skövde event was,
however, about 26 km, i.e. far below the typical repository depth.
Very few canisters would be intersected by kilometer-sized fractures at any of the SKB candidate
sites even if all deposition holes were positioned blindly according to the reference layout, i.e. without
any attempts to detect and avoid large fractures. Applying detection criteria defined by Munier (2006)
reduces the number of intersected deposition holes further as shown in Figure 4: Out of the
6 000 canisters planned to be deposited within the Swedish programme, not more than two in
Forsmark and one in Laxemar would be intersected by fractures larger than 300 m in diameter. For
comparison the size-displacement regressions (see Figure 3) are shown along with the size-intersection
relations. The extrapolated curves indicate that fractures larger than about 600 m should be safely
detected. In conclusion, potential earthquake faults appear to be (with a good margin) either too small
to give a fault slip of 0.1 m or more, or too large to avoid detection during construction. This means
that slip on earthquake faults cannot be expected to damage any canisters.
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Secondary displacements
Large earthquakes occurring at some distance from the canisters may induce shear displacements
on nearby fractures which, in turn, may intersect canister positions. Such secondary, induced, fracture
shear displacements will occur immediately in direct response to the stress waves and the
redistribution of the static stresses following rupture and slip on the primary fault on which the
earthquake originates. Together with the in-situ stresses, the dynamic and static stress additions may
exceed the stability margin of individual nearby fractures significantly, meaning that displacements
may, at least theoretically, be considerable also on fractures just a few hundred meters in diameter.
Aftershocks that take place on nearby faults or neighboring fault segments with a time delay of
minutes, hours or days are a process of relaxing stress concentrations produced by the rupture of the
mainshock (Scholz, 2002). There does not seem to be any reason to believe that size-displacement
correlations for aftershocks should be essentially different from those shown for mainshocks in
Figure 3. This means that both types will occur on features that are either to small to give a 0.1 m
displacement or too large to avoid detection during construction. For the purpose of this study there is
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no reason to distinguish between mainshocks and aftershocks (or foreshocks), i.e. both may
theoretically induce secondary displacements on nearby fractures,
Studies of secondary shear displacements and their potential to damage canisters in the KBS-3
repository have been reported previously by La Pointe et al. (1997), La Pointe et al. (1999) and
Munier and Hökmark (2004). The previous work was based on idealized descriptions of the rupture
process and the properties of the rock fractures, leading to overly conservative estimates of the
resulting secondary displacements. The results described and discussed here are based on work
reported by Fälth and Hökmark (2006) and work in progress (Fälth and Hökmark, 2007).
Problem statement
The seismic concern that appears to be most relevant to the long term safety of the KBS-3
repository is the possibility of secondary displacements induced at repository depth by seismic dip-slip
events on steeply dipping reverse type faults (i.e. similar to the endglacial earthquakes reported to have
occurred in northern Fennoscandia some 10 000 years ago).
The objective now is to establish, using more elaborate numerical models than those tried in
previous work, whether or not large fractures, yet smaller than the safe detection threshold (cf.
Figure 4), and with different orientations will slip by more than the 0.1 m damage threshold if
subjected to the dynamic and static stress effects of endglacial type events with moment magnitudes in
the range 6.0 – 7.5, occurring at distances in the range 200 m – 1 000 m. The moment magnitude Mw
is given by:
Mw = 0.667·log10M0 - 6.07,

(1)

M0 = μ·ǌ·A

(2)

(M0 = seismic moment, μ =shear modulus, ǌ = average fault shear displacement, A= rupture area)
Numerical Approach
Model outlines
The analyses described below were performed using the three-dimensional distinct element code
3DEC, developed specifically to model mechanical and thermo-mechanical process in media
containing numerous intersecting discontinuities such as rock fractures (Itasca, 2003). The code has
logic for both static and dynamic analyses. In order to propagate stress waves properly, dynamic
3DEC analyses require finely meshed models, with zone edge lengths not larger than one eighth of the
wavelength associated with the highest frequency considered. This means that events larger than
magnitude 6 cannot be modeled using present-day computational capabilities (Fälth and Hökmark,
2006). However, it is possible to model a thick slice of a rock volume intersected by a fault large
enough to host a magnitude 7 or magnitude 8 earthquake, although the truncated models will not be
able to capture the response around the fault edges and not give fully accurate results a few seconds
after rupture initiation when irrelevant reflections in the truncation plane begin to influence (Fälth and
Hökmark, 2007). Figure 5 (left) shows outlines of a full magnitude 6 model and a truncated magnitude
7.5 model. Figure 5 (right) illustrates the mesh density and the mesh density variation of a 3DEC
magnitude 6 model. The dimensions of the primary faults were specified to give rupture areas large
enough to host earthquakes of the intended magnitudes. The fault dip angle was set at 70º for all
models described here.
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Figure 5. Outlines of 3DEC models
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Target fractures
A number of 300 m diameter fractures, “target fractures”, were located at 500 m depth and at
different distances from the primary fault. Figure shows this for a magnitude 6 case. The left part
shows the block structure of the 3DEC model. Note that the orthogonal cuts are construction planes,
not fractures. The target fractures are located within the 100 m slice denoted “repository region”. The
right part shows a plane view of that region, with circles representing individual 300 m diameter
perfectly planar target fractures of different orientations. In this particular model, the target fractures
are either horizontal or dip 45º with dip directions 90º (same as fault) or 270º. In other models dip
directions 45º, 135º, 225º and 315º were tried.
Values of target fracture stiffness and strength parameters were set according to the rock fracture
description provided in the Forsmark and Laxemar site models (SKB, 2005; SKB, 2006b).
Figure 6. Target fractures in the repository region
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Initial and boundary conditions
In situ stress and pore pressure
Postglacial, or endglacial, stress states are characterised by high horizontal stresses which are due
to downwarping and/or tectonic strain accumulated under the stabilizing ice cover, whereas the
162

vertical stress corresponds to the rock overburden. Here, the major initial horizontal stress was
oriented normally to the fault strike and calibrated to give the average fault displacement needed to
obtain the intended seismic moment, assuming that the fault shear strength has effectively dropped to
zero after the rupture. For the geometry assumed here the minor horizontal stress is not important to
the fault behavior (whereas it may be for target fractures). The horizontal and vertical stress
components were taken to be principal stresses. Figure 7 (left) shows the stresses as function of depth
as assumed in the magnitude 6 models. The Mohr circle plot in Figure 7 (right) illustrates the general
stability conditions for target fractures at repository depth, with specifically indicated stability margins
for horizontal fractures and fractures dipping 45º along the major horizontal stress. Points on the
semicircles correspond to stress states in the principal stress planes, while points in the shaded area
correspond to states in arbitrarily oriented planes. Here the effects of a 5 MPa pore pressure are
included. The pore pressure influences the stability of the target fractures, but not the programmed
behavior of the earthquake fault (see following sections).
Figure 7. In Situ stress field assumed in magnitude 6 models
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Fault shear strength
The fault cohesion was set just high enough to prevent failure before rupture, and then ramped
down to initiate and control the rupture as described below. The residual fault shear strength was
arbitrarily set to zero.
Boundary conditions
All boundaries with exception of the top boundary, which was free to allow for surface
reflections, the symmetry plane and the truncation plane (magnitude 7.5 only, cf. Figure) which were
locked in the normal direction, were viscous, i.e. non-reflecting.
Rupture initiation and propagation
The 3DEC code contains a built-in programming language, FISH, which was used here to initiate
the rupture at the selected hypocenter and to propagate the rupture outwardly along the plane of the
fault with a speed corresponding to 70% of the shear wave velocity of the surrounding elastic medium.
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Figure 8 illustrates this for one of the magnitude 6 cases. The left part shows how the fault shear stress
varies with time at four points, located at hypocenter depth at different horizontal distances from the
hypocenter. When the rupture front arrives, the shear strength is ramped down to zero over a specified
period of time, e.g. 0.5 seconds. The right part shows corresponding fault shear displacement at those
points.
Figure 8. Fault Shear Stress and Fault Slip as Function of Time – Magnitude 6
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The vector plots in Figure 9 show the fault slip at three different instances of time. At the end of
the process the average displacement is about 1.9 m and the maximum 3 m (at ground surface).
Figure 9. Fault Shear Displacement Vectors at Different Times - Magnitude 6
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Results
Magnitude 6 events
Figure 10 shows induced shear displacement as function of time for target fractures dipping 45º
and striking 180º relative to the fault (i.e. dip direction 270º, cf. Figure 6). The fractures with the
largest peak displacements on the footwall and hanging wall sides were selected for this plot. Similar
results, i.e. with a very clear dependence on the source-target distance, were found for fractures of all
orientations.
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Figure 10. Magnitude 6 earthquake: Target fracture displacement as function of time
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Figure 11 shows a summary of peak displacement results from all target fractures at distances
200 m and 600 m. The maximum peak displacement is about 80 mm. 95% of the fractures at the
200 m distance slip by less than 60 mm and 60% by less than 25 mm.
Figure 11. Magnitude 6 earthquakes: Peak target fracture displacements

Percent Smaller by Shear Displacement

100
600 m

90

Dip Dir 90º
0

200 m

80

Primary Fault

70

16 TF (2 MPa)

60

8 TF
(0.1 MPa)

12 TF,
(0.1 MPa)

50

70º

45º
28 TF
(5 MPa)

40

12 TF
(0.1 MPa)

8 TF
(0.1 MPa)

30

12 TF
(2 MPa)

20
Target Fracture Radius 150 m
Target Fracture Friction 34º

10
0
0

F:\Quake_step_2\3DEC\mag6\single_prec\larger_fine\diff_strike

20

40

60

80

100

Induced Shear Displacement (mm)

The inset in Figure 11 shows the orientation of the earthquake fault and the distribution of target
fracture orientations, with a majority of horizontal fractures and with no vertical fractures. The
stability margins of the target fractures are given in parentheses. It should be noted that the small
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stability margins for fractures with dip directions 45º, 135º, 225º and 135º may turn out to be irrelevant
because of the exaggerated stress anisotropy assumed at 500 m depth in the horizontal plane (cf.
Figure 7).
The distribution of orientations is not related to site data. Note, however, that horizontal fractures
are the most likely ones to intersect canister positions, whereas vertical fractures are the least likely
ones. For both distances, 200 m and 600 m, it appears that fractures with small stability margins
(circles and triangles) tend to displace more.
Magnitude 7.5 events
Figure 12 shows results from one of the magnitude 7.5 analyses. For the same target fracture
orientation as in the corresponding figure (Figure 6) shown in the previous magnitude 6 section, the
peak displacement is about 20 mm larger. Figure 13 shows a summary of results obtained from a
couple of different magnitude 7.5 models, all with the same mechanical properties of rock and
fractures and the same rupture propagation velocity, but with different in situ stress-depth relations
and different schemes for ramping down the fault shear strength. Fast ramping (0.5 seconds, cf.
Figure 8, left) appears to give large target fracture displacements, the fundamental parameter
controlled being the fault slip velocity which is a quantity for which records from real earthquakes are
available for comparison (cf. following section).
As of yet, there are no results from magnitude 7.5 models with target fractures dipping in other
directions than 90º (same as fault) and 270º. Possibly, target fractures with the dip directions (and
stability margins) tried in the magnitude 6 model (cf. Figure 11) would have slipped more.
Figure 12. Magnitude 7.5 earthquake: Target fracture displacement as function of time
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Figure 13. Magnitude 7.5 earthquakes: Peak target fracture displacements
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Conclusions and Discussion
The moment magnitude range considered here was 6.0 – 7.5. Out of the numerous 300 m
diameter fractures with different orientations located at 200 m distance from the fault plane that were
monitored, only one slipped more than 0.1 m in response to the fault slip (cf. Figure 13). For the
magnitude 6 models no fractures slipped more than 82 mm. Obviously it will be important to establish
if the largest displacements found in the different models are realistic, overestimates or
underestimates.
Meshing and numerical precision
Numerical tests carried out with refined meshes have given insignificantly smaller induced
displacements. However, with present-day computational capabilities it is not possible to do tests with
significantly finer meshes to establish if there are systematic small overestimates in the results
presented here. Analyses run in double precision give results that are effectively identical to the
standard single precision results.
Relevance of the fault model
Figure 14 shows different 3DEC models plotted in a stress drop – slip velocity diagram. The
stress drop is a much debated quantity, which is difficult to measure and for which estimates for one
and the same event usually agree only within a factor of 4 or 5, depending on ambiguities in the
underlying physics (Scholz, 2002). For the synthetic 3DEC earthquakes it is trivial to calculate the
actual change in shear stress at every point of the fault (cf. Figure 8, left) and then integrate over the
rupture area to find the average stress drop. This gives about 15 MPa for the magnitude 6 models and
between 7 and 15 MPa for the truncated magnitude 7.5 models shown here. For real earthquakes one
has to approximate the stress drop, for instance by the slip/width ratio as shown in the lower right inset
of Figure (Scholz, 2002). Making the same approximation for all earthquakes modeled here and
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comparing with corresponding stress drop approximations for the Lapland endglacial Lansjärv and
Pärvie earthquakes suggests that our models are well on the conservative side. Slip/width ratios for the
two endglacial earthquakes are based on estimates given by Muir Wood (1993) and Arvidsson (1996).
There are no maximum slip velocity records of any of the Lapland endglacial earthquakes. The
3DEC maximum slip velocities are instead compared with data reported for the 1999 Chi-Chi
magnitude 7.6 earthquake by Ma et al. (2001) and Ma et al. (2003), and with the slip velocity of the
1992 magnitude 7.2 Landers, California, earthquake. Note that ground stations around the Chi-Chi
earthquake recorded the largest values of ground velocity ever instrumentally measured (Ma et al.,
2003). The Landers maximum slip velocity estimate is based on ground velocities reported by Wald
and Heaton (1994).
Figure14. Maximum fault slip velocity and average stress drop comparison
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Stress drop is the most fundamental earthquake scaling parameter: measurements of slip,
velocity, and acceleration can in principle be inverted for stress drop (Scholz, 2002). For the
endglacial events we do, however, only have estimates of the average stress drop, not the maximum
stress drop that would be associated with the highest potential of damage. For the Chi-Chi earthquake,
for instance, Ma et al. (2001) estimated the stress drop to be 22 MPa if averaged over a 300 km2 area
around the high velocity region in the north part of the fault, whereas the fault average is not more
than 1-3 MPa. Scholz (2006) confirms that local asperity stress drops may be one order of magnitude
larger than the fault average stress drop, possibly 100 MPa and upwards. Therefore the maximum fault
slip velocity may be a more reliable indicator of the potential for reactivation of nearby fractures than
the average stress drop.
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It appears that all 3DEC models giving target fracture displacement larger than 80 mm have not
only average stress drops larger than the average stress drops estimated for the large Lapland
endglacial earthquakes but also higher maximum slip velocities than those reported for the highvelocity Chi-Chi earthquake, i.e. all these models fall into the shaded area in the upper right part of the
stress drop – velocity plot. Yet, with the exception of the magnitude 7.5 event plotted in the far upper
right, the maximum target fracture displacement found in the models are below or well below the
0.1 m threshold. This suggests that, as far as the representation of the fault and rupture is concerned,
the maximum 300 m diameter target fracture displacement for real earthquakes would probably be
smaller than 80 mm at a distance of 200 m from the fault plane, irrespective of magnitude.
In situ stress and target fracture orientation
Depending on the stress state, the orientation and the fracture mechanical properties, target
fractures can have larger or smaller stability margins, cf. Figure 7(right) and Figure 11. In the
magnitude 6 models, target fracture displacements were systematically larger for fractures with dip
directions other than 90º and 270º. The two values given for the magnitude 6 model in Figure 14 (i.e.
56 and 82 mm), regard the maximum displacement of fractures with 2 MPa and 0.1 MPa stability
margins, respectively. As of yet, there has not been any systematic variations of the stability margin
for differently oriented target fractures. The Mohr circle plots in Figure 15 show the effects of
assuming the total minor horizontal stress to increase from the value assumed here, i.e. about
11.5 MPa (left) to about 25 MPa (right) at 500 m depth. Note that the minor horizontal stress is
assumed to be parallel with the fault strike here and therefore unimportant to the fault behavior. Points
on the semicircles and in the shaded areas correspond to possible fracture orientations. Obviously
more fractures are in a failure state, or close to failure, for the stress models assumed in this study here
(i.e. left) than there would be in the probably more realistic stress state shown to the right. From this
point of view the initial stress state is conservative.
Figure 15. Stability margins for different stress state variants
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We do not know the actual stress levels of typical endglacial stress regimes. Here we have
specified the residual fault shear strength to be zero and just calibrated the major horizontal stress to
produce the average fault slip required to generate earthquakes of the intended moment magnitudes
(cf. Eqs. 1 and 2). For real faults having non-zero residual strength, the initial major horizontal stress
would have to be larger to produce the same average fault slip and the same seismic moment, i.e. the
σH – σv Mohr circles (cf. Figure 15) would have to be larger, meaning that the dip range of fractures
with small or zero stability margins would be larger.
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Surrounding rock and target fractures
The intact rock between the explicitly modeled fractures (and between fractures and the fault
plane) was assumed to be linear elastic, i.e. without any possibilities of energy dissipation. The
consequences of this are difficult to estimate, but it is seems reasonable to believe that inelastic
deformations, for instance within the fractured transition zone usually found around the core of large
potential faults (Munier and Hökmark, 2004), would reduce the slip on target fractures outside that
zone. There are also the effects of fracturing around the tips of slipping target fractures. During slip the
stress concentrations around the tips of the slipping fracture will increase and eventually be sufficient
to initiate fracture propagation, meaning that part of the strain energy will be expended on fracturing
rather than on friction work. The process has been addressed qualitatively by La Pointe et al. (2000).
As of yet there has not been any quantitative analyses showing the potential of this process to limit
induced maximum displacements.
The target fractures were all assumed to be perfectly planar. This is obviously a conservative
assumption. The strength properties were derived from data in the site models and should be regarded
as reasonably realistic.
Final remarks
The considerations of the different aspects of the modeling approach and the modeling results
listed above seem to support the supposition that the induced displacements calculated here are
overestimates rather than underestimates. The work now in progress aims to establish or confirm this,
most importantly by analyzing earthquakes that:
•

are powered by more realistic stress fields, and

•

have average stress drops not larger than those estimated for the Pärvie and Lansjärv events,
and slip velocities not larger than the maximum velocity measured for the Chi-Chi
earthquake.
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BUFFERING AGAINST INTRUSION OF GROUNDWATER OF UNDESIRABLE
COMPOSITION

P. Pitkänen, A. Luukkonen, S. Partamies
VTT, Finland

Abstract
Favourable hydrogeochemical conditions in a geological repository for spent nuclear fuel might
be unbalanced by intrusion of undesirable water compositions. Such conditions have been triggered by
hydrogeological transients caused by glacial cycles in Fennoscandian Shield. Deglaciation and marine
stages are such changes, which could have introduced either dilute, low pH and oxic melt water or
marine source water for SO4 reduction producing dissolved sulphide, and have unbalanced favourable
hydrogeochemical conditions in the geological past. It appears that groundwater system has a
sufficient buffering capacity against these natural perturbations, and is able to stabilise chemical
conditions. Current understanding of hydrogeochemical system does not support notable dilution and
indicates strong buffering capacity against O2 infiltration or low pH water. However, the information
cannot unambiguously prove that oxygen has not reached deep bedrock and one major uncertainty is
associated with existence and rate of marine sulphate reduction. Therefore focussed fracture mineral
studies and field investigations with modelling excercises are desirable to verify the stability of
favourable hydrogeochemical conditions.
Introduction
Stability of hydrogeochemical conditions are of importance for the durability of the engineered
barriers (canister, bentonite buffer and other sealing materials) and for the solubility and migration of
radionuclides. In groundwater the most critical chemical parameters for safety are salinity, pH, and
redox conditions. Highly saline waters (TDS > 50 g/L) can be harmful by promoting the corrosion of
metals, the solubility of radionuclides and by decreasing the swelling properties of clay minerals in
bentonite. Extremely dilute water with very low cation contents (< 1 mmol/L) may cause dispersion of
bentonite in the form of colloids. Exceptionally low (<5) or high pH (>10) conditions tend to increase
radionuclide solubilities and may activate weathering and alteration processes of clay minerals in
bentonite. Uncommon redox conditions in deep crystalline bedrock, such as the presence of dissolved
oxygen or high sulphide concentrations, are also detrimental for the corrosion of metals and enhance
the solubility of some actinides.
Hydrogeochemical conditions in crystalline rock observed, for instance in Finnish, Swedish and
Canadian study sites are generally favourable in depths considered suitable (400 - 700 m) for safe
disposal of spent nuclear fuel (Nordstrom et al., 1989; Vieno & Nordman, 1999; Puigdomenech, 2001;
Gascoyne, 2004; Frape et al., 2005; Laaksoharju et al., 2008). The present-day hydrogeochemical
conditions at potential repository depths at Olkiluoto, the site for deep geological disposal of spent
nuclear fuel in Finland also provide the conditions for long-term repository safety (Pitkänen et al.,
1999, 2004, Andersson et al., 2007). Slightly alkaline pH, reducing conditions with low dissolved
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sulphide, and tolerable salinity at about 400 to 500 m depth are generally favourable for long canister
lifetimes, bentonite buffer stability and reduced radionuclide solubilities. However, the chemical
conditions in groundwater may change. Dilute, oxic, low pH groundwaters from above, highly saline
groundwater deep in the bedrock (below 800 m depth) or groundwater with high sulphide levels may
be formed and transported to the repository level. Therefore, it is important to discover whether the
hydrogeological/geochemical system has adequate buffering capacity to stabilise favourable
conditions.
In general, chemical groundwater conditions are stable at depth at Olkiluoto and reactions and
transport processes proceed very slowly (Pitkänen et al., 2004). However, chemical interactions may
enhance and thus may also consume the buffering capacity and destabilise hydrogeochemical system,
if groundwaters with different chemical states are intruded and mixed in the bedrock. The transient
may be driven by external natural processes and lead to a mixing of different water types from
different parts of the geosphere. Climate change may have a marked effect on the prevailing stable
groundwater conditions over the long-term, increasing groundwater flow and, therefore, the potential
for mixing. Glacial cycles, deglaciation and conjoined marine stages with land uplift are such changes
which could have introduced undesirable water compositions (low saline and pH, oxic melt water,
marine source water for SO4 reduction) and have unbalanced hydrogeochemical stability in the
geological past. It is necessary, therefore, to have a good understanding of the hydrogeochemical
evolution of the site, regarding former buffering induced by the mixing of groundwaters.
Destabilising palaeohydrogeological events
Crystalline bedrock at Fennoscandian Shield has undergone polyphase hydrothermal events
during the Precambrian and early Phanerozoic. The imprints of these events can be recognized from
the evidence of complex alteration in the walls of fractures, and such events may also have influenced
the current groundwater chemistry, particularly the high salinities observed in great depths, which
correspond with highly saline fluid inclusions observed occasionally in fracture calcites (Blyth et al.,
2000, Gehör et al., 2002, Frape et al., 2005). Also, understanding the transient glacial/postglacial
evolution in the Baltic Sea region during the Holocene is vital when evaluating hydrogeochemical data
in deep drillholes, since it provides constraints on the possible groundwater types that may occur in the
bedrock (Figure 1).
The interpretation of the glacial/postglacial events that have affected the groundwater
composition around the Baltic Sea in the Fennoscandian Shield is based on Quaternary geological
information from various sources, including Eronen et al. (1995), Donner et al. (1999).
Complete Weichselian deglaciation started about 11 500 years ago (Figure 1), and ice sheet
retreated quickly from Salpausselkä marginal deposit formed during the preceding millennium.
Significant parts of southern Finland were below fresh palaeo-Baltic sea after the deglaciation. Glacial
meltwater close to the retreating ice margin was able to infiltrate the bedrock under considerable
pressure.
The Olkiluoto site also remained submerged during the early stages of the fresh water and the
saline Littorina Sea (starting around 8 500–8 000 years ago). During the main part of the Littorina
stage, between about 8 000 and 4 500 years ago, when the sea at Olkiluoto had a depth of about 50 to
30 m, total dissolved solids (TDS) in the seawater was about 4‰ higher than in the modern Baltic Sea
at the Finnish coast (Donner et al., 1999). The denser, brackish seawater of the Littorina Sea could
have percolated into the bedrock by gravity, resulting in a density turnover, because the density of the
groundwater in the bedrock had probably decreased due to meltwater infiltration, at least in its upper
part.
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Figure 1. Postglacial shoreline in southern Finland from about 11 500 years ago (BP) until the present
(after Eronen et al., 1995). Almost whole Finland was covered by the Weichselian ice sheet 11 500 years
ago, when ice margin located at Salpausselkä marginal deposit. Marine regression and uplift resulted
mainly from crustal rebound after glaciation. Also shown are sites in Finland whose hydrogeochemical
conditions are found to be related to their situation relative to deglaciation and Baltic Sea evolution

As a result of continuous land uplift, Olkiluoto Island begun to emerge from the Baltic Sea about
3 000–2 500 years ago and currently the post-glacial uplift at the site is about 4-6 mm/yr (Eronen
et al., 1995). The infiltration of fresh meteoric water (precipitation) successively formed a lens on top
of the saline water because of the lower density of fresh water. Infiltrating meteoric water is
aggressive, containing carbonic acid and oxygen, due to aerobic respiration in the unsaturated organic
soil layer. Thus, infiltration may also induce weathering processes in the bedrock.
Hydrogeochemical indications of hydrogeological perturbations
The groundwater chemistry over the depth range 0-1 000 m at Olkiluoto is characterised by a
significant range in salinity. Fresh groundwater with low TDS ( 1 g/l; Davis 1964) is found only at
shallow depths, in the uppermost tens of metres (Figure 2a). Brackish groundwater, with TDS up to
10 g/l dominates at depths, varying from 30 m to 450 m. Fresh and brackish groundwaters are
classified into three groups on the basis of characteristic anions (Figure 2), which also reflect the
origin of salinity in each groundwater type. Chloride (Figure 2b) is normally the dominant anion in all
bedrock groundwaters, but the near-surface groundwaters are also rich in dissolved carbonate (high
DIC in Fresh/Brackish HCO3 type, Figure 2c), the intermediate layer (100-300 m) is characterised by
high SO4 concentrations (Brackish SO4 type, Figure 2d) and the deepest layer solely by Cl (Brackish
Cl type), where SO4 is almost absent. In crystalline rocks high DIC contents are typical of meteoric
groundwaters which have infiltrated through organic soil layers, whereas high SO4 contents indicate a
marine origin in crystalline rocks without SO4 mineral phases. Fairly low δ13C values of DIC (-25 to 15‰ PDB) and high partial pressures of CO2 (frequently Log PCO2 > -2) also indicate mainly soil
derived carbonate in HCO3 type groundwaters (Clark & Fritz 1997). Saline groundwater (TDS > 10
g/l) dominates below 400 m depth. The highest salinity observed so far is 84 g/L. Sodium and calcium
are the dominant cations in all groundwaters and Mg is notably enriched in SO4-rich groundwaters,
supporting their marine origin.
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The position of stable isotope compositions of groundwaters relative to the global meteoric
waterline (GMWL) indicates potential chemical and physical conditions and processes (e.g. Clark &
Fritz, 1997; Frape et al., 2005), which are indicated in Figure 3.
The stable isotopic composition of groundwater is in most cases controlled by meteorological
processes and the shift along the GMWL reflects climatic changes in precipitation. Cold climate
precipitation has a lighter isotopic composition (more negative values), whereas warmer climate
shows a heavier composition. A shift to the right or below the GMWL typically indicates evaporation
in surficial waters, which are enriched due to fractionation in heavier isotopes, particularly 18O,
relative to the vapour phase. Therefore, seawater composition is, for example, below the GMWL. The
shift above the GMWL is unusual and observed mainly in shield brines. In order to produce such
strong fractionation in oxygen and hydrogen isotopes, it has been proposed that this is due to effective
primary silicate hydration under a low water-rock ratio (Clark & Fritz 1997; Gascoyne, 2004; Frape
et al., 2005).
Another combination of conservative parameters reflecting the origin are Br and Cl ratio of
groundwaters (Figure 4). The ratio is almost constant in marine waters (current oceanic value 0.0034).
Relative enrichment of Br in brackish Cl and saline groundwaters might be dated back to ancient
fractionation between Br and Cl, either in hydrothermal fluid or in evaporation basin before
infiltration, under which conditions Cl is preferentially transferred in solid phases and Br remains in
the fluid phase (Nordstrom et al., 1989, Frape et al., 2005).
Figure 2. TDS, Cl, DIC and SO4 concentrations as a function of depth of Olkiluoto
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Figure 3. Relationship between δ O and δ H in Olkiluoto water samples. Arrows depict the
compositional changes caused by the named conditions. Global meteoric water line (GMWL)
after Craig (1961)
18

2

Figure 4. Relationship between Br-Cl ratio and depth in Olkiluoto groundwater samples
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The interpretations of chemical and isotopic data (Pitkänen et al., 2004, Andersson et al., 2007
and Figures 2 to 4) indicate, however, that there are water types from at least six different sources
influencing current groundwater compositions at the site. They originate from different periods,
ranging from modern times, through former Baltic stages, to pre-glacial times:
modern

relic

•

Meteoric water, which infiltrated during terrestrial recharge (during the last 0 –
2 500 a), plots over a limited area along the GMWL in Figure 3. Shallow
groundwaters from overburden and bedrock (Fresh HCO3-type) are the best
representatives of this source, but clear imprints of meteoric water mixed with
former groundwaters can be seen down to 100 m to 150 m depth (Brackish HCO3type). These water types normally contain tritium and radiocarbon varies from
100 pmC to 50 pmC resulting from isotopic dilution.

•

Seawater from the Gulf of Bothnia (0 – 2 500 a ago) has a signature showing
evaporative effects. The influence of current seawater can be seen as a slight
increase in salinity in fresh HCO3-type samples.

•

Water in the Korvensuo reservoir at Olkiluoto (domestic water used in drilling –
originally river water) shows an even stronger evaporative tendency than seawater
in Figure 3. The signature of the reservoir is observed from a few shallow, fresh
groundwater samples in the vicinity of the reservoir.

•

The influence of Littorina seawater (infiltrated 2 500 – 8 500 a ago) dominates in
brackish SO4-type groundwater, as well being observable in brackish HCO3-type
samples. Both groundwaters tend to shift to the right from the GMWL towards the
current seawater composition (Figure 3). The marine origin of dissolved solids is
indicated by the marine signatures of Br/Cl (Figure 4), SO4/Cl and Mg/Cl ratios, and
the Littorina origin by a higher salinity than in modern Baltic water and a clearly
lower radiocarbon content than in HCO3-rich groundwaters. Suplhur-34 of SO4 is
generally slightly higher than in marine SO4 value, i.e. +20‰ CDT, which indicates
minor microbial reduction of originally marine derived SO4 in groundwaters.

•

The colder climate meteoric water signature in the groundwater data (Figure 3)
probably results from the inclusion of glacial meltwater (more than 10 000 years
ago). The influence is observable both in brackish SO4-type groundwater and in
brackish Cl-type groundwaters. The latter type shows similar non-marine chemical
signatures to saline groundwater (e.g. Br/Cl ratio is twice the marine signature in the
brackish SO4-type, Figure 4) and a further depleted radiocarbon content, which
indicates a longer residence time than brackish SO4-type groundwater.

•

The stable isotopic signature in saline groundwater (Figure 3) above the GMWL
indicates strong hydration of silicates. There are several indications for assuming an
extremely long residence time for saline water. In particular, the observations from
fracture infillings and fluid inclusion studies indicate elevated temperatures for
hydration and a saline source water. Therefore, the saline water source (probably
brine) intruded and/or formed under the influence of hydrothermal fluids, which,
according to present geological knowledge, prevailed possibly during the early
Phanerozoic under thick sedimentary cover (Kohonen & Rämö, 2005) or during the
Precambrian. The original brine end-member has later been diluted with meteoric
water from precipitation in a colder climate than at present. Brackish Cl-type
groundwaters represent the end-product of this dilution.
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It has been discovered that the glacial/postglacial geological information is reflected in the deep
groundwater chemical and isotopic compositions, not only at Olkiluoto but at several other sites in
Finland (Figure 1) and Sweden (Pitkänen et al., 1998, 2001, 2004; Laaksoharju and Wallin, 1997;
Smellie et. al., 2002; Laaksoharju et al., 2008). Similar Littorina seawater infiltration as in Olkiluoto
has been observed in several coastal locations in Finland and Sweden.
Correspondingly glacial melt water intrusion has frequently interpreted from different sites. The
exact penetration depth is still unknown, but at present the glacial maximum varies in the depths of
100 to 500 m according to 18O isotopic data of groundwaters in sites in Figure 1 (Pitkänen et al.,
1998, 2001, 2004; Smellie et al., 2002). The maximum is between 100 and 200 m depth at Olkiluoto.
The fraction of melt water seems to vary being highest in places near the Salpausselkä and minor in
supra-aquatic areas. Infiltrating fresh meltwater, potentially contains oxygen, though no signals of
such oxidation have been observed so far for instance at Olkiluoto and deep groundwaters are
anaerobic, in general.
Buffering against infiltration
Signatures of unfavourable hydrogeological perturbations caused by glacial cycle are fairly
common in hydrogeochemical systems in Fennoscandian Shield. As a scenario, abrupt dilute,
oxidative and low pH waters penetration with glacial melt might intrude to repository depths. Another
marine derived scenario indicates that high sulphide concentrations could develop underground by
microbial reduction of sulphate.
Hydrodynamic conditions have evidently controlled intrusion depths of infiltrating water types
and mixing of dilute waters (glacial melt or precipitation) in existed groundwaters has been sufficient
alone to increase salinity on acceptable level at Olkiluoto. Comparison of δ18O and Cl data (Figure 5)
indicates that waters infiltrated during deglaciation or postglacial time have not mixed significantly in
deep saline groundwater system. The linear dilution of saline groundwater could be solved by two
end-member mixing with brine reference and fresh to brackish water with δ18O between -12 and
-13‰. This fresh to brackish water could be a constant mixture of other fresh and brackish reference
waters (or their original end-members). However, a high Br-Cl-ratio, extremely low HCO3 and
SO4-contents and a mixing trend in stable isotopic composition of saline and brackish Cl-type
groundwaters (Figures 2-4), indicate that these groundwater types do not contain any significant
fraction of postglacial water components, i.e. Littorina-derived seawater and meteoric recharge.
Therefore, it can be assumed that saline groundwater has also not been diluted by pure glacial
meltwater. The dilution of saline groundwater is, accordingly, due to an older event than the last
deglaciation and may be the sum of several fresh water infiltrations, glacial meltwater, as well as
meteoric recharge, for example during earlier Quaternary glacial cycles.
As the Cl content decreases still further in brackish Cl type groundwaters, δ18O values clearly
drop relative to the saline groundwater dilution trend (Figure 5). These samples plot along the mixing
trend between an estimated Littorina seawater composition (Pitkänen et al., 2004) and a potential
glacial meltwater composition, down on the vertical axis (practically no Cl in meltwater). The
association with Littorina mixing and the contrast with brine dilution also indicates that the meltwater
was derived from the Weichselian glacier and that its main influence was limited to the upper 300 m.
The infiltration of Littorina seawater clearly increases both salinity and δ18O-values in brackish
SO4-type groundwaters (Figure 5). The highest values are measured in groundwaters sampled from
depths between 100 to 300 m, the same range from which less saline brackish Cl-type and HCO3-type
groundwaters are observed (Figure 2). This is probably caused by the heterogeneous transmissivity of
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hydrogeologically active zones - the former groundwater type may represent less transmissive pockets
and the latter highly transmissive zones in the bedrock.
The major hydrogeological zones in the bedrock of Olkiluoto are subhorizontal, which have
probably been able to limit deep infiltration from surface. Another coastal site with saline
groundwater, Hästholmen (Figure 1) is characterised also by vertical zones, where clear glacial melt
signatures reach to 400 m depth. It seems that hydrogeological system has sufficient stability against
environmental changes, because Fennoscandian area has encountered several glacial cycles during
Quaternary without significant dilution or any marine signatures of deep saline groundwater system at
Olkiluoto.
18

Figure 5. δ O versus Cl concentrations in Olkiluoto groundwaters. Groundwater samples referring
to potential end-members are denoted [Littorina estimated by Pitkänen et al. (2004)]

Weathering processes induced by dissolved gases, i.e. CO2 and O2, dominate typically in shallow,
low pH groundwater recharging through the organic soil layer into the inorganic overburden and
bedrock. Oxygen is derived from the atmosphere, whereas CO2 is mainly generated by aerobic
oxidation of organic carbon, which probably consumes the majority of the oxygen from recharging
water in current conditions. The rest of the infiltrating oxygen is probably used in oxidizing mineral
sulphides and ferrous iron in silicates in near-surface weathering. Oxygen intrusion with glacial melt
may have more potential to create a redox perturbation deep in the bedrock than the present infiltration
(Puigdomenech, 2001). Hydrogeochemical system has significant buffering capacity against O2
infiltration. In addition the organic compounds in overburden, pyrite is a frequent fracture mineral in
all depths (ca. 0.6 mols/m2 of pyrite within open fracture surfaces) and high CH4 content is typical in
deep groundwater below SO4-rich groundwaters. Iron sulphides react easily with oxygen producing
iron oxyhydroxides as reaction product. However, no signs of such oxidations have been observed
deep in the bedrock at Olkiluoto and actually they are limited to the uppermost few meters near the
surface (Gehör, 2007). Recently corroded pyrites in fractures are lacking as well. Methanotrophs can
oxidise CH4 and consume dissolved O2 producing CO2. The oxidation of CH4 should have a strong
decreasing effect on the δ13C signature of dissolved carbonate or precipitating fracture calcites, if
oxidation is a significant process, because δ13C in CH4 is generally less than -40‰ PDB down to
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700m depth at Olkiluoto (Pitkänen & Partamies, 2007). However, methane derived very low δ13C
values are rare in DIC and none observed in the late stage fracture calcites, which show particularly
high even positive δ13C values (Blyth et al., 2000, Gehör et al., 2002). Those few observations in
groundwater have been indicated to result from microbial anaerobic oxidation of CH4 with reduction
of SO4. Fracture mineral studies have been systematic, but intensive studies focussed on the outermost,
latest fracture in fills with detailed microscopic and isotopic analyses have been tentative so far. Such
studies are, however, planned to concentrate on potentially major infiltration zones.
Hydrogeochemical and C-isotopic interpretations, solubility calculations, as well as fracture
mineral studies, indicate that pH seems to be dominantly controlled by the thermodynamic equilibrium
with calcite in fractures. Calcite is the most common fracture-filling mineral occurring generally in
fractures from shallow depths (Gehör, 2007) and there are indications that it may also occur in the
overburden layer (Pitkänen et al., 2004). Calcite is dissolving in the recharge zone due to high
contents of dissolved CO2 in groundwater, quickly approaching equilibrium at shallow depths, as pH
neutralises (Figure 6). Carbon-13 in DIC increases rapidly in HCO3-rich groundwaters (tritium
containing) from organic derived values (about -25‰ PDB) along with decreasing radiocarbon from
about 100 pmC to about 50 pmC level supporting calcites dominant role in buffering pH and alkalinity
against acid recharge.
Figure 6. The variation of pH and calculated calcite saturation indices with depth
in Olkiluoto groundwaters

The baseline hydrogeochemical system at Olkiluoto seems to include another thermodynamically
metastable interfaces in addition to aerobic-anaerobic interface in infiltration zone (Pitkänen et al.,
2004, Pitkänen & Partamies, 2007). At this lower interface SO4-rich, marine-derived groundwater
(Littorina) is mixed with methane to result, in places, in exceptionally high levels of dissolved
sulphide (Figure 7), as microbially-mediated reaction product, which may precipitate as pyrite.
Reactive iron buffer precipitating sulphide is weak, because iron oxyhydroxides are lacking due to
strongly reducing nature of bedrock at Olkiluoto. Kinetics of silicate iron fraction is only poorly
reactive towards dissolved sulphide (Raiswell and Canfield, 1996).
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Figure 7. Dissolved sulphate, methane and sulphide contents with depth at Olkiluoto

One major uncertainty which needs further investigation is associated with the existence and rate
of sulphate reduction. The process is evident and intensive in the interface between SO4- and CH4-rich
groundwaters, producing dissolved sulphide. However, the reduction process and the increase of
dissolved sulphide seems to be retarded, but the actual reason for this is unknown. The reason could be
hydrogeological (limited mixing of water types or limited upward diffusion of CH4) or microbiological
(due to complex and/or slow mechanism which uses CH4 as a reducer or lack of nutrients). Sulphide
precipitation may be one explanation. However, source of iron remains enigmatic (lack of
oxyhydroxides). Marine signatures are lacking from deep saline groundwater similarly as glacial melt
signatures, therefore system could be hydrodynamically buffered. As a summary, the complete
causality at the interface is unclear and should be worked out in order to evaluate the potential safety
risks.
Conclusions
It appears that groundwater system at Olkiluoto has a sufficient buffering capacity against natural
perturbations of undesirable water compositions, and is able to stabilise chemical conditions that could
be harmful for long term repository safety. Current understanding of hydrogeochemical system does
not support notable dilution and indicates strong buffering capacity against O2 infiltration with glacial
melt deep in the bedrock. Similarly pH buffer, principally formed by fracture calcites seems to be
sufficient. However, the information cannot unambiguously prove that oxygen has not reached deep
bedrock or repository depths: Iron oxyhydroxides, the potential imprints of aerobic conditions may
have been consumed later in microbial SO4 reduction process by pyrite precipitation. Carbonate
isotopic data from fracture calcites, detailed mineralogical and isotopic data from fracture pyrites
might not yet be on reliable level. Therefore focussed fracture mineral studies are desirable to verify
stability of hydrogeochemical system (Andersson et al., 2007). Important information may also be
gained by field studies in the vicinity of continental ice edge linked with hydrogeological modelling
exercises. Appropriate context could be either marginal deposits representing past stagnant continental
ice margin or existing one (e.g. Greenland), however, hydrogeological and geochemical
correspondence to perform as an analogue should be clarified.
The issue of microbial reduction of marine intrusion derived SO4 is considered important
(Andersson et al., 2007) and requires both field investigations and the development of
hydrogeochemical modelling tools coupling biogeochemical processes in reactive transport code.
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Isotopic studies of fracture minerals may also give further information on microbial SO4-CH4 redox
activity due to past marine stages during Quaternary.
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UNDERSTANDING SHIELD GROUNDWATER FLOW DOMAIN EVOLUTION DURING
THE QUATERNARY PERIOD TO BUILD CONFIDENCE IN REPOSITORY
LONG-TERM SAFETY
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Abstract
The Nuclear Waste Management Organization (NWMO) is responsible for implementing
Adaptive Phased Management, the approach selected by the Government of Canada for long-term
management of nuclear fuel waste generated by Canadian nuclear reactors. In support of this
objective, NWMO is pursuing an active technical research and development programme in
collaboration with Canadian universities, consultants and international waste management
organizations. A key objective of the geoscience component of the programme is to assemble
geoscientific evidence to advance the understanding of deep-seated groundwater flow system
evolution within typical Canadian Shield settings at time scales relevant to repository safety. This is
achieved through a multidisciplinary approach where multiple lines of reasoning are used to gain
insight in the processes and mechanisms affecting the long-term Shield flow system stability and its
resilience to external perturbations. Specific issues that are being considered include the influence of
flow perturbations by long-term climate change (temporal and spatial surface boundaries), oxygenated
glacial melt water recharge, fracture network characteristics, variable saline flow domains and
permafrost generation and decay. This paper provides an overview of selected programme activities
that are intended to improve the understanding of Shield flow evolution.
Introduction
The Nuclear Waste Management Organization was established by the nuclear electricity
generators in Canada and is responsible for implementing Adaptive Phased Management (NWMO,
2005), the approach selected by the Government of Canada for long-term management of nuclear fuel
waste generated by Canadian nuclear reactors. In support of this objective, NWMO is pursuing an
active technical research and development programme in the area of used fuel storage and repository
engineering, geoscience, safety assessment, and technical support to the development of a
collaborative siting process (Russell et al., 2007).
The geoscience component of the technical research programme is designed to develop a
geoscientific basis for understanding long-term geosphere barrier performance and build confidence in
deep geological repository safety for both crystalline and sedimentary settings (Jensen, 2005). This is
achieved by using a multidisciplinary approach involving the co-ordinated efforts of 20 research
groups drawn from Canadian universities, consultants, federal organisations and international research
institutions. Specific geoscience areas being considered include geology, structural geology, remote
sensing, geostatistics, hydrogeochemistry, isotope hydrogeology, hydrogeology, paleohydrogeology,
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natural analogues, numerical methods, seismicity, long-term climate change (i.e. glaciation) and
geoscientific visualisation. The main objectives of the work programme include:
•

develop field and laboratory techniques to improve site characterization capabilities in order
to develop integrated conceptual site descriptive models;

•

advance the understanding of long-term physical and geochemical stability of deep
groundwater flow systems in fractured porous media at time scales relevant to repository
long-term safety;

•

improve numerical methods to assess the geosphere long-term evolution and its response to
external perturbations, and to explore and constrain spatial and temporal uncertainties arising
from limitations of site characterization; and

•

develop visualization tools for integrating, archiving and communicating geoscientific
information.

The approach is to place particular emphasis on integration and coordination of the various
multidisciplinary work programmes to improve clarity and transparency of the geoscience evidence
and logic that supports the development and demonstration of site-specific conceptual geosphere
models. This process provides a systematic framework for testing hypotheses and geosphere response
to relevant events and processes that affect long-term far-field stability. It also provides a forum for
consensus building amongst multidisciplinary groups to understand how their respective contributions
influence the overall confidence in the descriptive models and predictive model outcomes. Emphasis
is also placed on the use of multiple lines of reasoning to constrain both the geosphere descriptive
models and predictive numerical realizations for flow and mass transport.
As part of this approach, efforts have been focused on developing illustrative case studies of deep
Shield groundwater flow system evolution at time frames relevant for long-term radioactive waste
deep geological repositories. Selected programme activities being carried out to support the
development of these illustrative studies are discussed in the following sections.
Canadian shield groundwater flow system evolution studies
As mentioned above, one specific objective of the geoscience work programme is to assemble
geoscientific evidence to advance the understanding of groundwater flow system evolution and
dynamics within deep-seated regional and local scale Shield settings. A multidisciplinary approach is
used to assess the processes and mechanisms contributing to an understanding of long-term flow
system stability and its resilience to external perturbations (Jensen and Goodwin, 2003). Specific
issues that are being considered include the influence of flow perturbations by long-term climate
change (temporal and spatial surface boundaries), oxygenated glacial melt water recharge, fracture
network characteristics, permafrost generation and decay and variable saline flow domains (Jensen,
2005). The geoscience work programme also involves developing geoscientific visualisation tools to
support the integration, validation and communication of complex and numerical modelling results
and site characterization data.
Regional and sub-regional shield flow system analyses
Numerical models have been developed at both regional and sub-regional scales to advance the
prediction of groundwater flow and mass transport in fractured crystalline Shield settings (Sykes et al.,
2003, 2004 and 2005). Such numerical models serve as a systematic framework to assemble and test
conceptual site descriptive models; develop methodologies to assess the influence of site
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characterisation uncertainty on numerical groundwater flow and transport predictions and to improve
the utility of numerical codes to enable a more rigorous assessment of flow domain uncertainty.
The regional flow system analyses were performed to examine and illustrate the evolution and
distribution of current physical and chemical Shield flow system properties on regional groundwater
characteristics and the influence on long-term climate change, particularly, time-dependent hydraulic,
mechanical and temperature boundary conditions on flow system evolution. Specific aspects that were
considered include: variable groundwater salinity distributions, spatially variable permeability fields,
assumed flow system dimensionality; and residual glacial over-pressures on flow paths, flow rates and
residence time. The regional scale analyses were performed using a three-dimensional numerical
model of a hypothetical 5 734 km2 watershed situated on the Canadian Shield (Figure 1). The model
was based on a realistic and accurate description of the complex topography and surface water
network characteristics. Parameters and characteristics used in the model were derived, in part, from
data gathered at the Whisteshell Area in Southeastern Manitoba, Canada, and from other crystalline
rock settings in Finland and Sweden (Sykes, 2005).
The regional numerical analyses provided insight into Shield flow systems, which may still be in
a transient state as a consequence of the retreat of the Laurentide ice-sheet that covered the Canadian
Shield during the last glacial episode. The results indicated that because of the complex topography
and a rock permeability that decreases with depth, the flow that occurs in deeper rock represents a very
small fraction of the total water budget in the watershed as the water balance is dominated by shallow
flow with relatively short flow paths. The flow system dimensionality coupled with salinity and
permeability distributions creates a deep-seated sluggish flow system in which solute transport maybe
diffusion dominated (Sykes et al., 2003).
Figure 1. Regional scale domain showing surface water features and selected sub-regional domains
(Sykes et al., 2005)

The sub-regional flow system simulations were performed on an 84 km2 portion of the regional
Shield watershed at a much higher numerical resolution (Sykes et al., 2004). The model applied was a
hybrid, discrete-fracture, dual continuum realization of the finite element code FRAC3DVS. The
model was developed to assess the behaviour of Shield flow domains containing complex three
dimensional curvilinear fracture networks and to illustrate whether the flow system at repository depth
187

remains stagnant and diffusion-dominated regardless of the uncertainty in fracture zone geometry and
interconnectivity. The modelling approach included use of a realistic complex Fracture Network
Model (FNM) that honoured many of the site-specific geological, statistical, and geomechanical
constraints (Srivastava, 2002a, 2002b, 2003, 2005). A number of modelling scenarios were considered
in order to examine the influence of uncertainties inherent to site characterisation including: the use of
100 equally probable FNM realizations, each constrained to measured surface lineaments; variable
groundwater salinity; spatially-correlated depth-dependent permeability fields in the fracture zones
and rock matrix continua and variable fracture zone width and porosity. An example of depthdependent fracture zone distribution for sub-regional flow domain is illustrated in Figure 2.
Further activities related to improving the utility of numerical predictive tools have involved the
implementation of a time domain probability technique within FRAC3DVS. This technique involves
the solution of the advective-dispersion equation to derive Probability Density Functions (PDFs) that
represent the statistical occurrence of water particles with time as a consequence of mixing processes.
Such PDFs can be representative of “life expectancy” (time to discharge) or groundwater age (time
since recharge). The analyses performed using the sub-regional model indicate that the Mean Life
Expectancy (MLE) can be a useful performance measure in assessing the influence of the uncertain
characteristics that may affect the long-term safety of a deep geological repository in a fractured
crystalline rock setting in the Canadian Shield. Mean Life Expectancy represents the average travel
time for any subsurface particle to discharge to the biosphere, while honouring both advective and
diffusive dispersion processes, unlike particle tracking which can only honour advection. Since MLE
is characterized by a probability density function, its mean may not represent earliest arrival, and
hence, must be used with caution. Figure 3 shows distribution of MLE for four horizontal slices at
different elevations. The figure shows that at an elevation of -300 m (600-800 m below ground), Mean
Life Expectancy becomes greater than 106 years for most areas except within major fracture zones.
Figure 2. Example of depth-dependent fracture zone permeability distribution (median trend)
for sub-regional flow domain
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The MLE concept was used to assess the impact of fracture zone permeability, width and porosity
on travel time. Permeability appears to exert the most significant influence, followed by width and
porosity. Preliminary results show that decreasing fracture zone permeability can increase the travel
time by several orders of magnitudes. The fracture zone permeability observed at shallow depths can
significantly overestimate the risk associated with a deep repository if it is used for fracture zones at
depth. The influence of fracture zone porosity on travel time in the sub-regional model is minimal
compared to the effects of fracture zone permeability since the fluid volume in the rock matrix is much
larger than in the fracture zones. Fracture zone width is, in general, an important factor for travel time
distribution within the flow domain as it may increase or decrease transmissivity. However, it has a
small impact on typical Canadian Shield settings where fracture zone width was observed to vary
within one order of magnitude. The presence of brines at depth was shown to reduce the topographic
gradient by requiring a greater energy potential to displace them. As deep pore fluid concentration
increases, the shallow zone accommodates higher fluxes, while fluxes at depth decrease.
Long-term climate change – Glaciation
Glaciation/deglaciation is likely the most intense of plausible natural perturbations to the subsurface hydrogeological regime. Given that the North American continent has been re-glaciated
approximately every 100 000 years over the past million years, it is strongly expected that a deep
geological repository within the northern latitudes in the crystalline rock of the Canadian Shield will
be subject to glaciation events associated with long-term climate change.
As surface conditions are predicted to change from present day boreal to periglacial then
followed by variable ice-sheet thickness cover and then rapid glacial retreat, transient geochemical,
hydraulic, mechanical and temperature conditions will be simultaneously imposed on the Shield flow
system. Geoscience research activities related to glaciation events and their impacts on the Shield flow
system evolution are being undertaken using a multidisciplinary approach aimed at collecting multiple
lines of evidence drawn from coupled numerical simulations, geochemical studies and paleohydrogeological investigations. The main aspects being considered include:
•

expected Shield physical and temporal surface boundary conditions related to potential future
glaciation events by estimating the magnitude and time rate of change of ice sheet thickness,
ground surface temperature and permafrost occurrence, amongst other attributes;

•

impacts of Coupled Thermo-Hydro-Mechanical effects imposed by glacial cycles on
groundwater flow system dynamics;

•

impacts of climate change on redox stability using both numerical simulations and
paleohydrogeological investigations; and

•

permafrost evolution and its role in influencing flow system evolution and fluid movement in
Shield terrain using field investigations.

Understanding the response of the geosphere to glaciation events provides insight in past
resilience of the geosphere at repository depth, which could enhance confidence in its future stability
in the safety case for deep geological repositories.
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Figure 3. Mean lifetime expectancy at four different elevations in the sub-region

Evolution of Shield Surface Boundary Conditions during Glaciation cycles
In order to provide a detailed understanding of expected surface boundary conditions that would
prevail during a future glaciation-deglaciation event, a series of simulations of the last Laurentide
(North American) glacial cycle have been undertaken using the University of Toronto Glacial System
Model, GSM, (Peltier, 2003, 2005, 2006a; 2006b).
The purpose of these simulations is to yield constrained predictions of the magnitude, duration
and time rate of change of peri-glacial, glacial and boreal regimes that have perturbed Shield flow
domains in the geologic past. Specific features that the model yields include ice-sheet geometry,
advance and retreat, ground surface temperatures, basal ice-sheet meltwater fluxes, glacial isostatic
depressions, and permafrost evolution. The GSM model uses a wide range of geophysical, geological
and geodetic data, such as sea level histories, ice margin position, and present day rates of rebound to
constrain the calculations and evaluate the degree of non-uniqueness in predicted ice-sheet histories
and ground surface temperatures. An example of the complex and dynamic nature of surface and
permafrost conditions reasonably expected to influence a hypothetical Shield site is shown in Figure 4.
Working with the Glacial System Model and efforts to provide explicit linkage to numerical
analyses of sub-surface hydrogeology are yielding a new understanding of groundwater flow system
evolution and response to glacial perturbations. This understanding not only provides a reasoned basis
to examine issues of geosphere stability, but offers an improved basis for the integrated interpretation
of geoscientific data necessary for developing a coherent descriptive geosphere model.
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Figure 4. University of Toronto Glacial Systems Model - prediction of Laurentide ice-sheet and
permafrost evolution at a representative Canadian Shield site (Jensen, 2005)
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Thermo-hydro-mechanical effects associated with glaciation
Geoscience activities in this area are being conducted through Canada’s participation in Task E of
the international DECOVALEX III project, Development of Coupled models and their Validation
against Experiments in waste isolation, (Chan et al., 2006). The objective is to examine ThermoHydro-Mechanical (THM) effects of a glacial event on groundwater flow system dynamics at time
scales relevant to repository performance (about 100 000 years) and provide a reasoned basis to
support the treatment of long-term climate change in Performance Assessment and to assemble the
overall repository safety case.
The main aspects that are currently being explored in Task E include: the magnitude and rate of
change of hydraulic heads, gradients and groundwater fluxes; depth of penetration of glacial
meltwater; and the influence of salinity and fracture zone orientation and interconnectivity on
groundwater movement during a glacial event. The numerical simulations are performed using the
MOTIF finite element code and 3-D and 2-D site-specific conceptual geosphere models adapted from
the sub-regional scale flow system model describe earlier. The MOTIF modelling domain was based
on the digital surface elevation map, the surface hydrology and a reduced version of the fractured
network considered in the sub-regional flow model. Transient glacial loading/unloading boundary
conditions were obtained from the University of Toronto Glacial System Model for a 120 000-year
Laurentide glaciation scenario including transient normal stress and temperature conditions and basal
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ice-sheet meltwater production rates. Some highlights of the preliminary results obtained for the
specific conditions modelled include:
•

the hydro-mechanical coupling associated with glacial loading increases the subsurface
hydraulic heads by approximately 1/3 of the basal normal stress applied by the ice sheet;

•

sensitivity analyses showed that a temperate glacier, very low permeability rock (~ 10-20 m2)
and less well connected fractures are necessary for residual hydraulic heads to persist at depth
for thousands of years following ice-sheet retreat;

•

adding thermal coupling to the Hydro-Mechanical (HM) simulations generally increases
groundwater velocity by reducing water viscosity, while including salinity effects generally
decreases groundwater velocity by increasing water viscosity and density;

•

for the simplified version of the fractures network considered in the model, fracture zone
orientation and interconnectivity were not found to greatly affect predicted groundwater
velocity, perhaps as a consequence of the assumed high permeability in the modelled fracture
zone as well as in the upper rock mass regions.

An important aspect with respect to the effect of glaciation on groundwater flow system and
repository safety is whether altered boundary conditions could potentially create a situation for
oxygenated recharge to reach typical repository depth. Advective particle tracking using constant
fracture zone permeability with depth and without considering the influence of salinity suggests
glacial meltwater recharge depths of one to several hundreds of metres via long connected fracture
zones. However, simulations conducted taking into account depth-dependent salinity leads to
shallower recharge of glacial meltwater. The influence of glacial meltwater recharge on redox stability
is discussed in the next section.
Impact of climate change on redox stability
The influence of future climate change and altered physical and chemical boundary conditions on
the stability of redox conditions is an important issue that the technical research programme is looking
at using two complementary approaches. One approach involves the application of numerical models
to simulate the long-term evolution of hydrogeochemical conditions in fractured crystalline rock. The
other investigates the presence or absence of weathering signatures in minerals adjacent to fractures in
crystalline rock, to provide information on the maximum depth of penetration of oxygen carried by
recharging groundwaters in the past.
Numerical simulations using reactive transport modelling were applied to: provide a greater
understanding of redox processes under simplifying assumption of oxygenated recharge water to depth
of 500 m in fractured crystalline rock; identify the most important parameters controlling oxygen
ingress; and demonstrate the capabilities of multicomponent reactive transport models in fractured
crystalline rock (Spiessl et al., 2006). Modelling scenarios considered included hypothetical glacial
meltwater recharge into both a single fracture and fracture zone. These scenarios were, to the extent
possible, constrained using parameters values characteristic of Canadian Shield rock. In the single
fracture-matrix system, oxygen diffusion into the rock matrix and oxygen consumption by reduced
iron minerals such as biotite was found to limit the depth of dissolved oxygen migration into the
reducing region of the host rock to less than 15 m during a simulated melt water production of
10 000 years. For the fractured zone case, which is characterized by a larger oxygen-mass loading, the
ingress of oxygen into the reducing zone was limited to depths of about 70 m (Figure 5).
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Figure 5. pO2 distribution with time and depth in a fracture (a) and in the fracture zone (b)
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Uncertainty analyses demonstrated that for the set of parameters investigated, the most influential
on oxygen migration for the single fracture-matrix case are: flow velocity in individual fractures,
fractures aperture, biotite reaction rate in the rock matrix, the partial pressure of oxygen in the
recharge water in the fracture zone, and the volume fraction of chlorite in the fracture zone.
Paleohydrogeological studies have been conducted at the Whiteshell Research Area in Southeastern Manitoba (WRA), Canada, to investigate past weathering events in crystalline rock. If
evidence was found that fractures in crystalline rock provided pathways for the ingress of oxygenated
waters to repository depths (500–1 000 m) in the past, there would be concerns that similar conditions
may develop in the future. Previous studies (McMurray and Ejeckam, 2002; Gascoyne et al., 2004),
which used optical microscopy, electron microprobe analyses and isotope geochemistry, found that
evidence of low-temperature oxidative weathering was limited to depths of less than 20 m.
More recent studies (Cavé and Al, 2005, 2006) used higher resolution techniques such as
Transmission Electron Microscopy (TEM) to examine samples of drill core sections from the WRA
adjacent to vertical fractures at depths between 7 and 240 m. Samples were also collected further away
from the fractures to examine mineralogical features related to older, high-temperature alteration, to
enable these features to be discriminated from low-temperature weathering patterns. The results of the
analyses confirmed the conclusions of earlier studies and showed no evidence of low-temperature
weathering at great depths. Very small amounts of biotite weathering products such as kaolinite,
gibbsite and goethite were found in a fractured sample from 7 m depth. The only other evidence of
low-temperature oxidation was found in samples below 7 m was a very thin Fe oxyhydroxide coating
(40-100 nm thick) observed around pyrite in a sample from 65 m depth, at a distance of 20 mm from
the vertical fracture (Figure 6). Even at high magnification in the TEM, no oxyhydroxide coating was
observed in other samples from greater depths. The results demonstrate that analytical TEM
techniques can be effectively applied to find evidence of Fe mineral weathering in the form of very
small oxidised phases that are not detectable by techniques with lower resolution.
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Figure 6. Iron oxyhydroxide along a boundary between chlorite and pyrite in specimen from 65 mm
depth, and approximately 20 mm from a vertical fracture (Cavé and Al, 2006)

Imaging and analytical techniques: SEM = scanning electron microscopy. BSE =
backscattered electron. (S)TEM = (scanning) transmission electron microscope. BF
= bright field. HAADF = high angle annular dark field. EDS = energy dispersive X-ray spectroscopy.

Conclusion
The long-term evolution of the Canadian Shield groundwater flow system is a key research topic
within the geoscience component of the NWMO technical research programme on used nuclear fuel.
An integrated multidisciplinary approach and multiple lines of reasoning are being used to develop
illustrative case studies to advance the understanding of deep-seated groundwater flow system
evolution and its resilience to external perturbations. The focus is also on developing numerical tools
and methods to improve the prediction of groundwater flow and mass transport in fractured crystalline
Shield settings. These models provide a systematic framework to assemble and test conceptual site
descriptive models, develop methodologies to assess the influence of site characterisation uncertainty
on numerical predictions and improve the utility of numerical codes to enable a more rigorous
assessment of flow domain uncertainty.
Regional and sub-regional groundwater flow analyses for typical Canadian Shield settings are
providing evidence that the Shield flow domain at repository depths is characterised by stagnant
groundwater flow systems where diffusion is the dominant mass transport mechanism. The concept of
Mean Life Expectancy is a promising tool that could be used as a performance measure in identifying
and assessing the relative importance of relevant geosphere processes and parameters that affect the
long-term evolution of groundwater flow systems in fractured crystalline rock settings.
The prediction of Shield surface boundary conditions during glaciation cycles and their explicit
consideration in hydrogeological numerical analyses are yielding improved understanding of
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groundwater flow response to glacial perturbations. While the results of coupled Thermo-HydroMechanical numerical analyses suggest glacial meltwater penetration to depths varying from one to
several hundred meters, both paleohydrogeological studies and numerical simulation using reactive
transport modelling for typical Canadian Shield conditions are providing evidence that dissolved
oxygen migration into the reducing zone remains limited to depths less than 100 m.
As a general observation, the various field and numerical simulations being carried out are
providing evidence that groundwater flow systems within typical Canadian Shield settings at
repository depth are stable and unaffected by surface events.
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HYDRAULIC AND HYDROCHEMICAL RESPONSE TO SEISMIC EVENTS

T. Nohara
Japan Atomic Energy Agency, Japan

Introduction
Water level changes related to seismic events are well known in Japanese hot springs. Record
from old document is a valuable source of information for investigations of the regularity of coseismic
groundwater change. Co-seismic groundwater anomalies that accompanied the 1946 Nankaido
earthquake have been previously reported [1]. Water levels in the wells at the Dogo Hot Spring fell
14 m and returned to the original level after three months. Similar phenomena were observed
repeatedly in the same wells during the Nankai earthquakes related to oceanic movement along the
Nankai trough during the Hakuho era (684 AD), during the Houei era (1707 AD), and during the
Ansei era (1854 AD). The magnitude of water level decline is consistent with expansive volume strain
due to fault activity at this point [1].
Waters from springs in the tunnels of the Kamaishi mine were analyzed before and after
earthquakes, to establish if earthquakes influenced the groundwater chemistry. However, significant
changes in groundwater chemistry were not observed. Only minor changes were observed in SO4 and
HCO3 in four cases [2]. Although there is little information concerning changes in geochemistry of
groundwater solely due to seismic activity, indications of potential for geochemical changes are
recorded by chemical changes in the rock in and around faults. For example, the reported results from
a drilling survey in the Nojima fault after the 1995 southern Hyogo earthquake [3] indicated
remarkable alteration of fault rock at about 300 depth m. The alteration zone is a zone of cataclasis
characterized by leaching of biotite minerals and alteration of feldspar to clay up to 50 m into the
hanging wall (granite) adjacent to the active fault.
These papers show that some water level changes are within predictable limits based on volume
strain accompany fault activity. The results of groundwater observations in the Kamaishi Mine [4] and
the Tono Mine [5] indicate that changes of groundwater flow and of groundwater geochemistry
accompanying fault activity are temporary and smaller than seasonal variations. The width of
geochemical influence around active faults is considered to be several dozen metres [6].
It is thought that widespread influence to the geological environment is limited in these cases [6].
On the other hand, for enhanced reliability of a geological isolation system, knowledge of the cause of
any groundwater change, regional influences and size and duration of the perturbation are important.
As part of the development of predictability and for evaluating the effect of changes to groundwater
flow accompanying future fault activity, factors assumed to control groundwater level changes need to
be understand and considered for predictive modelling. Therefore the results of an assessment of
existing information and a case study in the northern Awaji-shima, the western Tottori earthquake
source region, and the Tono area are described in this paper.
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Causes of groundwater level change
Information on proposed causes of water level changes during seismic events have been surveyed
and studied. The observed distribution patterns of coseismic groundwater level changes are consistant
with the expected distribution pattern of volumetric strain for a given focal mechanism [7,1,8,9]. In a
confined aquifer, the coseismic water level changes correspond to volumetric strain [10]. The main
aquifers near fault rocks, the high permeability fractured rocks, are often surrounded by lower
permeability rocks around active faults [11]. Water pressure in this confined aquifer changes in
response to crustal strain. The pressure records are similar to records of a broadband seismograph
response to a distant earthquake [12]. Using long-term observations of groundwater level, Igarashi &
Wakita [13] investigated the influence of atmospheric pressure, tides and precipitation to develop an
understanding of aquifer characteristics. They presented a technique to distinguish the influence of the
former from the influence of diastrophism on an aquifer.
From an examination of the relationship between coseismic changes of water level and
volumetric strain, it was observed that some wells exhibited changes equivalent to the estimate based
on volumetric strain while other wells exhibited non-equivalent changes in the same direction as the
volumetric change and/or had incredibly high groundwater level change independent of the volumetric
strain change [8,13,14,15]. The main reason for the latter is likely to be heterogeneity of geological
structures [13]. Various models address heterogeneities in the rock mass at various scales (e.g. [1620]).
Changes in groundwater level that accompanied fault activities were temporary in many cases,
and recovered in several months to several years [1]. Dissipation of pore pressure [21], filling by
minerals [3,22] and decline in porosity accompanying recovery of crustal stress [22] are suggested
reasons for the recovery.
Groundwater change accompanying fault activity
During the southern Hyogo earthquake in 1995 (moment magnitude: Mw 6.8), movement
occurred on the Nojima fault in northern Awaji-shima. In this area, the greatest portion of springwater
is considered to originate as groundwater in granite. High fluoride ion concentration in springwater
also has a granitic origin [23]. The main chemical compositions of springwater in this area are similar
[24] (Figure 1). It was shown that the model of volumetric strain could not fully explain the changes in
groundwater level [25]. Most of the notable coseismic changes of groundwater level occur within
100 km of respective epicenters [26]. Using accurate data on the depth of wells and of the observation
points in those areas, changes of groundwater levels in shallow wells (< 30 m), were 5 m or less in
more than 90 percent of the wells. The maximum change was an 18 m water level decline. Similarly,
the range in deeper wells (> 30m) was only several decimetres or less [27]. Beyond the Awaji-shima
area, remarkable coseismic water level changes were observed but they are sporadic and unevenly
distributed. It is considered that the distribution reflects heterogeneity of geologic structures, such as
presence of a tectonic line [28].
The result of this survey indicates that both new springs and increased yield occurred in lowlands,
while large-scale water shortages occurred in highlands. Precipitation in the highlands, the recharge
area, is the origin of springwater [29]. It is thought that the main cause of the change in hydrogeology
of the wells is permeability increase accompanying fault activity [29-30]. It is thought that change of
the regional groundwater flow to lowlands from highlands reflects heterogeneities of geologic
structures, when the permeability of a continuous aquifer increases with fault movement. Coseismic
increase of the permeability is estimated to be about 7 times [30].
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The western Tottori earthquake in 2 000 (Mw 6.8) occurred in inland Japan. Geological and
water level investigations indicated that small faults and water level dropping are unevenly distributed
in the domain in which an increase in shearing stress is predicted by numerical analyses [5]. Increased
shearing stress may be the cause of coseismic changes near active faults.
Change of the regional groundwater level accompanying distant earthquakes
In the Tono area, central Japan, remarkable changes were observed in groundwater levels and
water pressures accompanying distant earthquakes, with a maximum epicenter distance of 1 300 km. It
is pointed out that water level and water pressure observations differ according to changes in geology
for every observation point in this area [31]. In the Tono area, the tendency for the groundwater level
and water pressure to change is clearly related to the theoretical strain quantity as defined by
Dobrovolsky et al. [32]. The specific value of strain (about 10-8), is the boundary for the appearance
of coseismic change. Clear correlations do not occur between the amounts of coseismic change and
values estimated by volumetric strain. The amounts of coseismic water level decline are several
centimetres to decimetres (a maximum of 43cm), and the amount is larger than seasonal variations.
These changes can be explained by special local permeability change. In addition, it is shown that
coseismic changes had clearly reduced within one year following earthquake events [31].
This is an example which suggests coseismic change of the regional groundwater flow system in
the Tono area. Coseismic rising of water level in discharge areas and coseismic dropping of water
level in recharge areas are also observed [5].
Long-term influence
Research on the long-term influence on groundwater change associated with fault activity is a
future subject for improvement in reliability of a geological isolation system. Coseismic changes in the
Tono area are related to the theoretical strain quantity. It can also be said that groundwater changes
due to the 1995 southern Hyogo earthquake and the 2000 western Tottori earthquake are also related
to the theoretical strain quantity. Therefore, in attempting to improve the reliability of a geological
isolation system, it is possible to initially target the volumetric strain accompanying fault activity and
model the change of groundwater flow accompanying the strain. The maximum volume distortion was
presumed from distribution of active faults in the central part of Japan, including the Tono area. In the
Tono area, the largest known volumetric strain changes occurred near the Atera fault zone in the
northeast part of the area. The model predicting change in groundwater conditions relevant to this is
being developed. In crystalline rock, continuity of any high permeability zone in a hydrogeologic
structure and the magnitude of permeability change and duration are the main areas of interest.
In addition, remarkable coseismic changes in the Tono area are observed in boreholes into the
Tono uranium deposit. Although faulting and relatively high permeability fractured rocks occur in the
Tono uranium deposit and coseismic changes occur, the deposit has remained relatively stable for
some time, and there is no indication of remarkable remobilization of uranium for the past several
hundred thousands years at least [33]. Moreover, rich lead-zinc deposits are present in proximity to the
Atotsugawa fault zone. Preservation of these mineral deposits suggests that the effect of the
groundwater change accompanying the fault activity is limited.
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Conclusion
The results of the research on changes to groundwater flow accompanying fault activity are as
follows.
•

In many cases, changes of groundwater flow accompanying fault activity are small.

•

There are many examples of water table recovery in about several months.

•

Significant water level changes are observed to reoccur at specific locations.

•

In a confined aquifer, groundwater level changes corresponding to volumetric strain were
occurred in response to fault movement.

•

Fault movement in the northern Awaji-shima area generated initially increasing permeability
of the aquifer, and then water table decline in recharge areas and water table rising in
discharge areas.

Subjects for future research
The changes of groundwater flow in the deep underground are not well known, especially in
terms of changes in the regional hydrogeologic structure of active faults. In particular, understand of
the influence of heterogeneities in geological structures on hydrogeological changes will also be
required in crystalline rock areas. A quantitive examination of the influence of diastrophism on
hydraulic conductivity, on the distribution of high-permeability zones, which can change easily and
hydraulic gradient is a desired outcome of observation and investigation in the underground.
Furthermore, it is important to understand the groundwater flow system and strain recovery. It will be
a subject for improvement of the long-term safety of geological isolation with additional field
surveying and numerical analysis in a mobile belt.
Figure 1. Location map and chemical composition of spring water in the Awaji-shima area
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Abstract
Posiva, the nuclear waste management organization in Finland, is currently constructing an
underground research facility at the Olkiluoto site. The Olkiluoto Modelling Task Force (OMTF) has
been established for planning and integrating the results and the modelling work in the different
supporting disciplines. The main duty of the OMTF is to develop site descriptive models of the
Olkiluoto site, as well as predicting and evaluating the disturbance created by construction of the
ONKALO ramp and characterization tunnels. Various approaches are utilised including crossdiscipline workshops to ensure a common basis for modelling; prediction/outcome studies; and
carrying out an overall confidence assessment are key synthesizing and integrating tools. The resulting
geosynthesis is reported in a series of Site Reports. Future updates of the Site Report will be part of the
Safety Case portfolio supporting a licence application for constructing a final repository for Finland’s
spent nuclear fuel at the site.
Introduction
Posiva, the nuclear waste management organization in Finland, is currently constructing an
underground research facility, ONKALO, at the Olkiluoto site. The ONKALO, as well as other
characterisation activities at Olkiluoto, produces a substantial amount of data, Figure 1. These data
need to be incorporated into models of the site to be used as input, both for the further construction of
the ONKALO and for use in subsequent safety analyses and licence applications.
The Olkiluoto Modelling Task Force (OMTF) has been established for planning and integrating
the results and the modelling work in the different supporting disciplines. The OMTF consists of
modelling teams covering the subjects of Geology, Rock Mechanics, Hydrogeology and
Hydrogeochemistry. A Task Force Core Group, consisting of representatives from the modelling
teams, plus the Task Force Leader, has been established. The main duty of the OMTF is to develop
site descriptive models of the Olkiluoto site, as well as predicting and evaluating the disturbance
created by construction of the ONKALO ramp and characterisation tunnels.
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Figure 1. The general layout of ONKALO according to the current design

The resulting geosynthesis is reported in a series of Site Reports. A first version, Site Report 2004
(Posiva, 2005) as well as an updated version, Site Report 2006 (Andersson et al., 2007) have already
been published. Future updates of the Site Report will be part of the Safety Case portfolio, Figure 1
supporting a licence application for constructing a final repository for Finland’s spent nuclear fuel at
the site
Figure 2. The Site report will be part of the Posiva Safety Case portfolio
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Site descriptive model
The main product of the modelling is a descriptive model of the site, i.e. a model describing the
geometry, properties of the bedrock and the water, and the interacting processes and mechanisms that
are relevant for understanding the evolution of the site to the present day and the potential for future
radionuclide migration. This Site Descriptive Model (SDM) is, therefore, distinct from the measured
data themselves. Modelling involves interpreting data, extrapolating or interpolating between
measurement points and calibrating the numerical models used to simulate the system against data,
based on the various assumptions inherent in the conceptual model(s) being employed.
Geologcial model

For convenience of description and handling, the geological model has been subdivided into a
series of subsidiary descriptions covering lithology, alteration, ductile deformation, brittle deformation
and fracturing. This sub-division is for the convenience of handling different types of data and should
not be regarded as of fundamental significance. For example, the deformation zone model and fracture
system model (DFN-model) both represent the effects of brittle deformation at the site, describing
deterministic large-scale features and stochastic small-scale features, respectively. However, this is
clearly an artificial sub-division, geologically, since these features are closely related with regard to
their mode of formation. Similarly, the lithological model may have considerable significance for the
distribution of fracturing in space.
The rocks at Olkiluoto can be divided into high-grade metamorphic rocks and igneous rocks on
the basis of texture, migmatite structure and major mineral composition. The metamorphic rocks
include various migmatitic gneisses and homogeneous, banded or only weakly migmatised gneisses,
such as mica gneisses, quartz gneisses, mafic gneisses and tonalitic-granodioritic-granitic gneisses.
The bedrock at Olkiluoto belongs to the Svecofennian domain of Southern Finland, which was
deformed in a ductile manner during the Svecofennian Orogeny ca. 1.91 – 1.80 Ga ago. The bedrock,
except for the diabases and certain pegmatitic granite dykes, has been affected by five stages of ductile
deformation, as determined on the basis of refolding and cross-cutting relationships. The ductile
deformation models essentially concerns the 3-D model of the orientation of the composite foliation
S2/3/4 dipping gently to the S and SE.
After the Svecofennian Orogeny ca. 1 910 – 1 800 Ma ago, the Fennoscandian shield was
dominated by several tectonic events, resulting in brittle deformation, and a brittle deformation zone
model is developed for describing this deformation. The starting point for the brittle deformation
modelling was the observed intersections of deformation zones (brittle fault intersections and brittle
joint intersections) in the drillholes, their kinematic data and geophysical indications. Since the brittle
fault zones were supposed to be the spatially most continuous brittle features, the modelling work was
strongly focussed on them. Tentatively, five groups of brittle faults (Groups A to E) can be defined
from the total number of brittle faults. Fault-slip directions are sub-horizontal, N-S trending for
group A, see Figure 3, gently NE or SW plunging for group B, gently SSE plunging for group C,
gently ENE plunging for group D and gently SE plunging for group E. In all of the groups, most of the
fault planes dip gently to the SE. In fault groups A and B there are also fault planes dipping steeply to
the E and SE, respectively.
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Figure 3. Fault zones of fault group A. View from the SW

The main advance since Site Report 2004 is the development of the brittle deformation model
where the starting point for the brittle deformation modelling was the observed intersections of
deformation zones in the drillholes, their kinematic data and geophysical indications, whereas
hydrogeological data have deliberately not been used to allow for an independent assessment of the
these data.
Rock mechanics model

The rock mechanics model consists of the geometrical, mechanical and thermal descriptions of
the rock mass. The geometrical description is based on the bedrock geological model, as described
above. The mechanical description includes the in situ stress state and the deformation and strength
properties of the intact rock, the fractures, the rock mass between deformation zones and the
deformation zones themselves. The thermal description is based on the thermal properties of the intact
rock. The rock mechanics model also includes a description of the effects of excavation and considers
the interaction of the rock mechanics model with the hydrogeological model.
Uniaxial compressive strengths are assessed from the field tests from drillhole cores. The strength
values of the samples show noticeable variation, which is significant, even when different rock types
are considered separately. The high standard deviation (approximately 30 MPa) may be assumed to
reflect the heterogeneous nature of the different rock types at Olkiluoto. It may also be due to the
difficulty in defining the rock types for the samples, as their locations in the boreholes were not known
accurately and there are frequent variations in rock types; with rock type boundaries often coinciding
with the locations defined for the samples.
The stress field is assessed from overcoring measurements, hydraulic fracturing stress data, and
results from the Kaiser Effect measurements. However, the scatter in the data makes it difficult to
determine a single, representative stress profile for each stress component, rather, estimated lower and
upper limits were defined. When determining these, it was assumed (as is often inferred from actual
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near-surface measurements in Fennoscandia) that the stress state comprises a significant non-zero
horizontal component near the surface, whereas the vertical stress is governed primarily by the
overburden pressure (zero at the surface). These linear profiles were subjectively defined to
encompass the majority (but not all) of the data, thus providing reasonable input data for future work.
The orientations of the maximum horizontal stress show a larger scatter, but are generally in the
interval of 050–130°.
Site scale hydrogeological model
The site scale hydrogeological model consists of the hydrostructure model and the flow model.
The hydrostructure model describes the location and extent, i.e. geometry of each water bearing
(transmissive) zone of the bedrock. Although it is closely related to the geometrical structure of the
geological bedrock model, the geometrical structures, including the deformation zones of the
geological model, are not necessarily identical to the geometrical structure of the hydrogeological
model. One of the modelling tasks is to describe its relationship with the geological model. From the
viewpoint of the practical groundwater flow modelling on the site scale there is a need to introduce
“hydrogeological zones” or to combine geological features into less complex hydraulic ones. The
groundwater simulation model with its boundary conditions for the groundwater pressure and salinity,
and specification of their initial states, and assigned hydraulic and transport properties is called the
flow model.
Measured transmissivities, as displayed in Figure 4, form, in addition to the geological structures,
the basis of defining the hydrosgeological zones as well as determining the effective properties of both
these zones and the properties of the sparsely fractured rock mass between these zones. Figure 4
shows that the spatial distribution of transmissivities greater than 10–9 m2/s exhibits a strong
concentration close to the surface and to three major hydraulic zones. The customary assumption
attributes such a distinct vertical trend in the transmissivity to the lithostatic stress, which increases
linearly at shallow depths, thus reducing the apertures of fractures – in particular those having subhorizontal orientations. This is not, however, the only explanation, as the density (frequency) of
fractures clearly decreases at a depth of several tens of metres. In Figure 4 the high transmissivities at
shallow depths are enclosed within a blue loop. Below this group the frequency of high
transmissivities abruptly decreases, but at greater depth another spatial grouping of high
transmissivities is met. This group of elevated transmissivities below sounder rock is associated with
an important hydrogeological zone HZ20 (the domain of high transmissivities above it encloses the
HZ19 hydrogeological zone system). A more careful examination uncovers the fact that at yet greater
depth, another group of enhanced transmissivities is encountered (indicated with a dotted line in the
figure), but is clearly of less significance.
The main geological input to the hydrogeological bedrock model describes a number of brittle
deformation zones (BFZ) whose hydrogeological properties have been determined with drillhole
measurements of transmissivity. The extensive dataset gathered clearly indicates that not all the BFZs
are hydrogeologically significant. Furthermore, in some cases clearly elevated transmissivities cannot
be associated with modelled structures in the brittle deformation model. This is important feedback for
the next version of the BFZ-model, since extensive hydraulic zones are expected to be connected to
deformation zones, even if the rock mass between the zones can contain connected and tranmissive
individual fractures.
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Figure 4. Measured transmissivities higher than T = 10 m /s. Three distinct areas of spatial grouping of
high transmissivities are indicated

View from southwest
Boreholes KR1-KR39
Red=T>1E-5
Purple=T>1E-6

Hydrogeochemical model

The hydrogeochemical model consists of a description of the groundwater composition and an
assessment of the processes controlling the evolution of the groundwater composition in time and
space. Hydrogeochemical conditions are of importance for the durability of engineered barriers
(canister, bentonite buffer and other sealing materials) and for determining the solubility and migration
of radionuclides. The most critical chemical parameters in groundwater for safety are salinity, pH,
oxygen, the concentration of divalent cations and dissolved sulphide.
Generally chemical groundwater conditions are stable at depth at Olkiluoto and reactions and
transport processes proceed very slowly. However, chemical interactions may be enhanced, and thus
may also consume the buffering capacity of the system, if groundwaters with different chemical states
are mixed, or other materials (in contact with water) are in significant disequilibrium with
groundwater. Therefore, it is necessary to have a good understanding of the hydrogeochemical
evolution of the site, regarding former interactions induced by the mixing of groundwaters. The
ultimate goal is to create a site-specific model that reliably describes changes in groundwater
composition and explains their causes.
The groundwater chemistry over the depth range 0-1 000 m at Olkiluoto is characterised by a
significant range in salinity. Fresh groundwater with low total dissolved solids (TDS  1 g/l) is found
only at shallow depths, in the uppermost tens of metres. Brackish groundwater, with TDS up to 10 g/l
dominates at depths varying from 30 m to 450 m. Saline groundwater (TDS > 10 g/l) dominates below
400 m depth. Sodium and calcium dominate as main cations in all groundwaters and Mg is notably
enriched in SO4-rich groundwaters, supporting their marine origin.
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The hydrogeochemical conditions and their distribution in the bedrock are the result of
progressive mixing and reactions between various initial water types, which represent some of the
major events at the site during its geological history. The initial waters have reference compositions in
current groundwater data, which are most evident in combinations of conservative parameters, such as
values of stable isotopes of water, Cl and Br contents. A comparison of δ18O and Cl data indicates
four extreme reference groundwaters, which can govern the other groundwater compositions by
mixing. The waters are according to age: brine reference, glacial reference, Littorina reference and
meteoric water which, with the addition of Baltic seawater (basically diluted Litorina), enables the
mixing traces of the other samples to be determined.
The interpretation of hydrogeochemical data indicates that mixing has controlled the wide salinity
variations in groundwaters at Olkiluoto at low temperature conditions. However, water-rock
interactions, such as carbon and sulphur cycling and silicate reactions, buffer the pH and redox
conditions and stabilise the groundwater chemistry. The baseline hydrogeochemical system at
Olkiluoto, outlined in Figure 5, seems to include two natural metastable interfaces at which the
majority of chemical processes are concentrated. The upper is an infiltration zone, mainly in the
overburden, and the lower lies between two brackish groundwater types at 200-300 m depth, where
SO4-rich groundwater changes to be SO4-poor, but becomes methane-rich. The disequilibrium at both
interfaces is caused by differences in redox states. At the upper interface oxic waters from the surface
(meteoric or seawater) infiltrate the anoxic organic rich layer. Respiration of organic matter releases
CO2 in groundwater (carbonic acid) that activates weathering processes, e.g. calcite and silicate
dissolution, that buffer groundwater pH to neutral levels. At the lower interface between the sulphidic
and methanic redox environments, SO4-rich, marine-derived groundwater mixes with methane to
produce, in places, exceptionally high dissolved sulphide contents and carbonate as microbiallymediated reaction products, which may precipitate as pyrite and calcite.
Figure 5. Illustrated hydrogeochemical site model of baseline groundwater conditions with main waterrock interactions at Olkiluoto
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Prediction outcome studies
The adequacy of the site model is tested by making different kinds of predictions, A, B and C as
the tunnel work progresses:
• Type A predictions only use the latest version of the overall Site Model.
• Type B predictions also use data that were not available at the time of producing the Site
Model, such as results from recently completed tunnel mapping and pilot holes.
• Type C predictions occur after excavation and involve establishing whether the modelling
methods applied could indeed have predicted the known outcome by judicious adjustment of
input parameters.
Predictions concern both what will be encountered during construction of the ONKALO, such as
the lithology of the rock mass and the rock mechanics properties, and the disturbance caused by the
construction, such as drawdown and upconing, and any rock spalling that may occur. Clearly, strong
deviations between the A, B and C predictions are reasons to update the overall Site Model, however,
it may not be feasible to formulate strict criteria for determining the level of “success” or “failure” for
all parameters. Instead a set of principles for the prediction/outcome studies have been established. It
is important to understand that the objective of the studies is not to strive for exact matches or for
fully-calibrated models, but to develop a prediction methodology that is sufficient with regard to the
needs of the Design work and the Safety Case.
Groundwater flow and evolution of groundwater composition
An essential part of the groundwater flow analyses is calibration, which strives to ensure that the
flow model corresponds to the hydraulic characteristics of the real system as much as possible. The
calibration is carried out using a manual trial-and-error technique evaluating the flow model against
the measured pressure and salinity in the drillholes.
Simulations computed with the initial geometric mean transmissivities obtained from hydraulic
tests, show a fairly good agreement between the simulated and measured pressures, apart from some
drill holes intersecting a hydraulic zone in the upper 300 m. Thus, it was considered justified to
increase the transmissivity of this zone in the upper layer. This results in quite good fits, Figure 6,
although some discrepancies remain with measured values (red).
Figure 6. Pressure and salinity in drillhole KR5 simulated using the initial model (green), with the
calibrated model for two different initial salinities (blue and light blue) compared
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Uncertainty and confidence assessment
The Site Descriptive Modelling involves uncertainties and it is necessary to assess the confidence
in such modelling. This has been assessed through special protocols in a technical auditing exercise.
These protocols investigate: whether all data have been considered and understood; where the
uncertainties lie and what the potential is for alternative interpretations; whether there is sufficient
consistency between disciplines and consistency with the past evolution of the site; as well as
comparisons with previous model versions.
Conclusions
Overall, the uncertainty and confidence assessment demonstrates an evolving confidence in the
Site Description. The main remaining challenge of the site characterisation work is to properly assess
the confidence in the Site Description outside the well-characterised ONKALO volume, and to
enhance the resolution of the description of the spatial variability in potential repository volumes
including discrete fracture network modelling, and resulting transport properties as well as stress and
rock mechanics and thermal properties.
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Abstract
For quantitative estimation of late Quaternary uplift in an inland area, the method using fluvial
terraces was proposed in previous studies. We verified this method by comparison with displacement
of active faults. Furthermore, we showed that the method is available for estimating the uplift for late
Quaternary in an inland area quantitatively. Hence, it enables characterisation of Quaternary tectonic
movement in an inland, for example, tectonic movement of uplift/subsidence in late Quaternary.
Methodology and concept proposed in this study give practical survey for the long-term safety of
geological disposal of radioactive waste.
Introduction
Uplift estimation in an inland area that leave from the coast is very important for site screening
and long-term safety of the geological disposal of high-level radioactive waste project. However it is
delayed remarkably in comparison with those in a seaside area. For quantitative estimation of late
Quaternary uplift in an inland area, the method using fluvial terraces in previous studies. It is based on
the assumption that terraces are formed controlled by the cyclic glacio-eustasy, and relative height
between terraces formed under the similar climate such as glacial age or inter-glacial age. In general,
river profiles are steep in the glacial age and are gentle in the inter-glacial age, because they often
depend on seal-level change. Yoshiyama and Yanagida (1995) defined FS, FS’, TT, BV and BB
values as indicators of uplift during late Quaternary (Figure 1), and concluded that TT, BB values are
slightly larger and more reliable than FS’ BV ones. However, reliability of TT, BB values wasn’t yet
proved concretely.
In this study, we verify that the fluvial terrace method is available for estimating the uplift for late
Quaternary in an inland area quantitatively, using active faults. Furthermore, we discuss
characterisation of Quaternary tectonic movement in an inland area by uplift estimation.
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Figure 1. Uplift estimation using elevation of terraces. FS, FS’, TT, BV and BB values show the quantities
5
of uplift during late Quaternary, about 10 years (Yoshiyama and Yanagida, 1995). (A) Change of elevation
of the former shoreline related both sea level change (Chappell, 1994) and uplift. (B) Terrace formation
model (Dury, 1959; Kaizuka, 1977).

Verification of uplift estimation using fluvial terraces during late Quaternary
Method
If uplift estimation using fluvial terraces is practical, difference of uplift between hanging wall and
footwall is equal to fault throw (vertical displacement) of terrace (Figure 2). So we have done
geographical and geological investigation of terraces in two areas (Figure 3), which are Natori and
Hirose Rivers area in Miyagi prefecture, and Naka and Hoki Rivers area in Tochigi and Ibaraki
prefectures, to measure TT and BB values in both sides of active faults. TT and BB values were
measured on the basis of terrace distribution maps and river profiles by our previous studies.
Thickness of a covering layer on a terrace deposit was ignored. Elevations of fluvial terraces were read
by 5m from 1/25 000 topographic maps of Geographical Survey of Japan.
Figure 2. Verification of uplift estimation method using fluvial terraces
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Figure 3.

Study areas. A: Natori and Hirose Rivers area (Figure 5),
B: Naka and Hoki Rivers area (Figure 6)

Stratigraphic description of study areas
In Natori and Hirose Rivers area, the Ayashi fault, which is 2 km in length (The Research Group
for Active Faults of Japan, 1991), is distributed. Hataya et al. (2005) described stratigraphic
correlation and chronology of terraces along Natori River and its branches (Figure 4). We mapped out
fluvial terraces along Hirose River, and carried out correlation of terraces between along Natori River
and Hirose River, by air-photograph interpretation and field survey (Figure 5). As results, we could
detect fluvial terraces of MIS6 and MIS3-MIS2.
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Figure 4. Stratigraphic correlation and chronology of terraces in study areas. Numerical ages of Marine
Oxygen Isotope Stage depend on Koike and Machida eds. (2001). Abbreviations, stratigraphic positions
and fall ages of marker tephra layers, except Ac-Md (Adachi-Medeshima Pumice), MoP (Moka Pumice),
are based on Machida and Arai (2003). Strayigraphic position of Ac-Md is shown by Hataya et al. (2005).
That of MoP depends on Koike and Machida eds. (2001)

Figure 5. Distribution of terrace in the Natori and Hirose Rivers area
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In Naka and Hoki Rivers area, the Sekiya fault, which is 40km in length, runs on the boundary
between Nasunogahara and Shiobara districts (The Research Group for Active Faults of Japan, 1991).
Hataya (2006) described stratigraphic correlation and chronology of terraces of this area and
distribution of fluvial terraces of MIS6 and MIS3-MIS2 in the north part of this area (Figure 4, 6).
Figure 6. Distribution of terrace in the North part of Naka and Hoki Rivers area (Hataya, 2006) Terrace
distribution of Lf2 and Lf3 around Nasunogahara is followed Koike and Suzuki (2000)

Results of verification of uplift estimation method using fluvial terraces
Differences of TT and/or BB values that are estimated in both sides of the Ayashi fault in Miyagi
prefecture and the Sekiya fault in Tochigi Prefecture are almost equal to throws of these faults during
late Quaternary (Figure 7).
Difference of TT values between hanging wall and footwall of the Ayashi fault along the Hirose
River is 20 m, and the vertical slip rate was estimated with 0.2m/103y. On the other hand, the throw of
Ayashi fault after formation of the Mf terrace is 21m (Ouchi, 1973), and the vertical slip rate was
calculated with 0.2m/103y.
Near the Sekiya fault, difference of the TT values on the hanging wall is 40m, and the BB value
on footwall are about 0m, and the vertical slip rate was estimated with about 0.4m/103y. The vertical
displacement of the Mf terrace is 40+m (Hayakawa, 1985), and the vertical slip rate was calculated
with 0.3+m/103y.
Hence, it is concluded that relative heights of fluvial terraces surface and valley bottoms, TT and
BB values, are good indicators of uplift estimation in late Quaternary in an inland area.
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Figure 7. River profiles and comparison between difference of uplift and active fault throw.
River profiles are along profile lines of both river shown in Figure 4 and 5.

Tectonic movement in an inland area
Uplift estimation method using fluvial terraces is “long-term geodesy”. It is possible to find the
geotectonic feature that were overlooked so far such as unknown active faults, de-formed zones along
active fault, tectonic style of uplift and subsidence in an inland area, by obtaining the 3-dimentional
distribution of uplift during late Quaternary.

Uplift zone around the Ayashi fault, Natori and Hirose Rivers area
The TT value is slightly larger in the hanging wall side of Ayashi fault. Furthermore, Hataya et
al. (2005) shows that there are larger TT points along Natori River and Goishi River. The larger TT
value zone suggests that there is an uplift zone of N-S direction (Figure 8). However, in previous
studies, no tectonic relief/active fault was detected except the Ayashi fault of only 2km in length. It
suggests that the uplift estimation method using fluvial terrace during late Quaternary enables to detect
an unknown active structure that wasn’t detected by “lineament survey” in an inland area.
Figure 8. Uplift zone detected from distribution of uplift estimated using fluvial terraces
in the Natori and Hirose Rivers area
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Tectonic style of uplift and subsidence
Terrace distribution in Naka and Hoki Rivers area (Figure 3) is showed by Hataya (2006). On the
basis of its data, we obtained TT, BB, FS’, FS values in Naka and Hoki River area (Figure 9).
Figure 9. Distribution of TT, BB, FS’, FS values in Naka and Hoki Rivers area

Figure 10. Tilting movement detected from distribution of uplift estimated using fluvial terraces
in the Naka and Hoki Rivers area

Uplift during late Quaternary along Naka River decreases monotonously from the river mouse
toward to Sekiya fault (Figure 10). It indicates that block tilting movement toward to the west and that
there is a narrow subsidence area near the footwall of the Sekiya fault. Koike (1968) has shown tilting
movement toward to the west during Quaternary by discussing distribution and stratigraphy of uplift
peneplains. Our result is conformable to his conclusion. Furthermore, it shows that block tilting
movement continues from early Quaternary to the recent, and gives new information, a quantitative
tilting rate during late Quaternary.
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Summary
Uplift/subsidence is a key process affecting the geophere stability of host rock. In this study, we
can verify the estimation method of uplift during late Quaternary using fluvial terraces. Furthermore,
the method enables to discuss unknown active structures and tectonic style inland area during
Quaternary. Methodology and concept proposed in this study give practical survey method of late
Quaternary 3-dimentional uplift characteristics to evaluate the long-term stability of host rock for
geological disposal of high-level radioactive waste. By applying this method to Quaternary research,
new insights on the Quaternary tectonic movement may be given.
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Abstract
Among the possible impacts of earthquakes on the geological disposal system, ground motion is
not included in the criteria for selecting a candidate repository site because, in general, ground motion
deep underground is considered to be smaller than at the surface. Also, after backfilling/closure, the
repository moves together with the surrounding rock. We have carried out a detailed examination of
earthquake ground motion deep underground using extensive data from recent observation networks to
support the above assumption. As a result, it has been reconfirmed that earthquake ground motion
deep underground is relatively smaller than at the surface. Through detailed analysis of data, we have
identified the following important parameters for evaluating earthquake ground motion deep
underground: depth and velocity distribution of the rock formations of interest, the intensity of the
short period component of earthquakes and incident angle of seismic waves to the rock formations.
Introduction
NUMO – the Nuclear Waste Management Organization of Japan – was established in October
2000 on the basis of the Specified Radioactive Waste Final Disposal Act (the Act) promulgated in
June 2000. In this Act, NUMO is given the clearly defined remit to develop a project for the safe
disposal of vitrified high-level radioactive waste. In October 2001, NUMO presented a stepwise
programme for selecting a repository site through Literature Surveys based on existing literature
information, Preliminary Investigations involving surface-based field testing and, finally, Detailed
Investigations with excavation of shafts and tunnels. A call was sent out for volunteers as potential
areas for the Literature Surveys to all 3 239 municipalities in Japan in December 2002. The call was
accompanied by a document on the Siting Factors used for selecting the sites for Preliminary
Investigations, with explicit specification of exclusion criteria and other favorable factors (NUMO,
2002). A technical report (NUMO, 2004) was also published which provides the scientific background
for the Siting Factors based on recent technical input from, for example, JNC (2000) and JSCE (2001).
In parallel with these activities, NUMO has been carrying out research and development programmes
to establish and improve its technical basis for siting and constructing a deep repository.
Japan is located in a subduction/convergent zone of several continental and oceanic plates and is
one of the most tectonically active areas in the world. The possible impacts of earthquakes on the
geological disposal system are displacement/deformation of geological formations due to faulting,
earthquake ground motion, and changes in groundwater flow and hydrochemical properties. Of these,
earthquake ground motion is not included in the Siting Factors for the reason that the ground motion
deep underground is generally smaller than at the surface (e.g. JNC, 2000) and the safety of a deep
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repository during operations can be assured by appropriate earthquake-resistant design; after
backfilling and closure, the repository moves together with the surrounding rock. This assumption is
based on relatively limited data on the deep underground compiled up to the 1990s. Considerable
development of the earthquake observation networks in recent years has provided an abundance of
reliable data on the deep underground environment. Technologies for the analysis and evaluation of
earthquake ground motion have also been improved in the area of seismic hazard prevention and
nuclear safety assessment in recent years (e.g. Headquarters for Earthquake Research Promotion, 2001
and Nuclear Safety Commission, 2006). We therefore conducted a detailed examination of ground
motion in the deep underground environment by comparing it with motion at the surface, and by
conducting an analytical study which assumes the repository to be a construction project with many
open spaces. This paper presents the results of the former study.
Figure 1. Location of sites and earthquakes for examination

MYGH04


Examination and results
Examination of general trends using a nation wide published database
On its home page, National Research Institute for Earth Science and Disaster Prevention (NIED)
provides acceleration data collected using a nation wide Digital Strong-Motion Seismograph Network
(KiK-net). For the initial examination, we selected 69 sites where the depths of seismometers are
greater than 300 m and used 861 earthquake data for which the maximum acceleration is more than
10 Gal (Figure 1). The correlation between the ratio of maximum acceleration underground and at the
surface, hereafter the “maximum acceleration ratio (underground/surface)”, and parameters such as
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seismometer depth, depth of hypocenter, distance from hypocenter, seismic rock properties (seismic
wave velocities and specific period) were examined. The trend of the ratio of the response spectrum
underground to that at the surface, hereafter “response spectral ratio (underground/surface)”, is also
examined for seven sites where more than thirty earthquakes have been recorded and the rock
properties are well described.
In most cases, the maximum acceleration ratio (underground/surface) is less than 1, indicating
that the maximum acceleration underground is smaller than at the surface (Figure 2). The horizontal
maximum acceleration ratio (underground/surface) decreases with increasing distance from the
hypocenter, implying that the further away earthquakes are, the closer to vertical the seismic waves
arrive and the more amplified the ground motion is in the rock formations. The response spectral ratios
for both horizontal and vertical movement underground are smaller than at the surface. The ratio
increases towards the longer period side, indicating that the longer period component is less amplified
in the rock formations (Figure 3).
Figure 2. Maximum acceleration ratio (underground/surface) relative to distance from the hypocenter

Figure 3. Response spectral ratio (underground/surface)

Detailed examination of cases where the maximum acceleration underground exceeds that at the
surface
A detailed examination was carried out to understand the reason for an increase in the maximum
acceleration ratio (underground/surface). One of the sites, MYGH 01, where the maximum
acceleration underground exceeds that at the surface, was characterised in detail by comparing it with
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an adjacent “normal” site, MYGH 05, which does not show such an increase in earthquake ground
motion. The correlation between the maximum acceleration ratio (underground/surface) and
parameters such as distance from hypocenter, depth of hypocenter and magnitude was investigated,
and wave pattern and response spectral ratios were examined for each site. The relationship between
maximum acceleration ratio (underground/surface) and velocity and incident angle of the seismic
wave was also investigated. The incident angle was derived by constructing a rock formation model
and using Snell’s law.
At MYGH 01, the following characteristics have been identified. Earthquakes with large
maximum acceleration ratios typically have a shorter distance to the hypocenter, a smaller magnitude,
a more abundant short period component of the response spectral ratio and pulse-like wave patterns
compared to others (see the left side of Figures 4 to 6). The shear wave velocity of 3 260 m/s at the
depth of the seismometer is equivalent to that of the seismic bedrock. The incident angles of
earthquakes are distributed over a wide range (Figure 7, left). Earthquakes which have larger
maximum acceleration ratios (underground/surface) tend to be concentrated at an incident angle
around 60° from the vertical.
At MYGH 05, on the other hand, the following characteristics are found. The maximum
acceleration ratio (underground/surface) is almost constant irrespective of hypocenter distance,
hypocenter depth and earthquake magnitude, and a pulse-like wave pattern is rare (see the right side of
Figures 4 to 6). The shear wave velocity of 690 m/s at the depth of the seismometer is very small
compared to the seismic bedrock. The incident angle of the seismic waves is close to vertical and a
correlation with the maximum acceleration ratio (underground/surface) is not obvious (Figure 7,
right).
Figure 4. Maximum acceleration ratio (underground/surface) relative to distance from the hypocenter

Figure 5. Response spectral ratio (underground/surface)
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Figure 6. Seismic waves of a small earthquake at the surface and underground

Figure 7. Maximum acceleration ratio (underground/surface) relative to incident angle

Based on these findings, the cause of the increase in the maximum acceleration ratio
(underground/surface) is hypothesized to be as follows. At a site where a seismometer is located in
deep rock formations with a shear wave velocity equivalent to that of the seismic bedrock, and when
an earthquake with an abundant short period component comes in at a high incident angle to the
vertical, the short period component wave may be decayed by reflection and dispersion before it
reaches the surface, resulting in a higher maximum acceleration ratio (underground/surface) compared
to cases with a lower incident angle.
Verification of the hypothesis regarding the higher maximum acceleration ratio (underground
/surface)
To verify the above hypothesis, an additional examination of the earthquake data from the KiKnet was carried out. Of the nation wide observation stations, two groups of sites were selected to
assess the effect of different seismometer depths. One is a group of four sites, AICH 04, AICH 12,
CHBH 13 and IBRH 07 (Figure 1) where the depths of the seismometers are greater than 400 m, the
shear wave velocities are greater than 2.5 km/s equivalent to the seismic bedrock, and the maximum
acceleration ratio (underground/surface) is high. The other group of the three sites, MYGH 04,
MYGH 11 and MYGH 12 (Figure 1) which is close to MYGH 01 described in the previous section,
and has seismometers at relatively shallow depths between 100-200 m from the surface but with shear
wave velocities greater than 2.5 km/s. Both the maximum acceleration ratio (underground/surface) and
the response spectral ratio (underground/surface) were compared with seismometer depth, period of
ground motion and earthquake magnitude. The incident angles of the earthquakes were also calculated
and compared with the maximum acceleration ratio (underground/surface). In addition, the
relationship between incident angle and amplification in the rock formations (transmission function)
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was investigated. Theoretical transmission functions were derived by constructing rock formation
models and using a one-dimensional wave transmission analysis.
At all four sites with deep seismometers, it was confirmed that the response spectral ratio
(underground/surface) is close to 1 at the short period side for earthquakes with a magnitude less than
5. Figure 8 (left) shows the case of AICH 04 as an example. On the other hand, at all three sites with
shallow seismometers, the response spectral ratio (underground/surface) does not show any difference
between larger and smaller earthquakes, and is generally at around 0.5. Figure 8 (right) shows the case
of MYGH 04 as an example.
Figure 8. Response spectral ratio (underground/surface) for different seismometer depths

With respect to the incident angles of earthquakes, these tend to be distributed over a wide range
irrespective of seismometer depth, and the angles for which the maximum acceleration ratio
(underground/surface) is high are different at each site. Figure 9 shows the cases of AICH 04 and
MYGH 04 as examples from the two groups.
Figure 9. Maximum acceleration ratio (underground/surface) relative to incident angle

From the analytical examination of the relationship between incident angle and transmission
function, the following results are obtained. At the four sites with deep seismometers, the transmission
function decreases with increasing frequency and becomes less than 1, indicating a larger decay of the
shorter period component in the rock formation. It is noted that the transmission function at an
incident angle of 60° is generally smaller than for vertical incidence at all four sites. Figure 10 (left)
shows the case of AICH 04 as an example. At the three sites with shallow seismometer depth, the
decay in the shorter period is small, indicated by a transmission function larger than 1. The difference
in the incident angle is not obvious for all three sites. Figure 10 (right) shows the case of MYGH 04 as
an example.
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Figure 10. One-dimensional wave motion analysis for different insert angles

The hypothesis is consistent with the results of examinations using data from other sites and with
model analyses, thus supporting its validity.
Conclusions
Recent nation-wide earthquake data were examined to characterize ground motion deep
underground. The results are summarized as follows. (1) The general understanding that earthquake
ground motion (maximum acceleration and response spectra) deep underground is relatively smaller
than at the surface is reconfirmed. (2) At a site where the shear wave velocity of the rock formation is
equivalent to that in the seismic bedrock, the incident angles will be distributed widely and ground
motion deep underground relative to the surface may be larger for a certain incident angle range,
depending on the type of earthquake. (3) At a site where the rock formation of interest is deep and has
a high shear wave velocity, when an earthquake with a predominantly shorter period component
occurs, the shorter component may be more decayed through transmission, resulting in relatively
larger ground motion underground than at the surface. (4) At a site where the rock formation of
interest is deep and has a high shear wave velocity, when an earthquake with a predominantly shorter
period component occurs close to the site and the incident angle is high from the vertical, ground
motion deep underground will be relatively larger than at the surface. (5) Based on (2) to (4) above,
the important parameters for evaluating earthquake ground motion deep underground are considered to
be depth and velocity distribution of the rock formations of interest, the intensity of the short period
component of the earthquakes, and the incident angle of the seismic waves to the rock formations.
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FREQUENCY OF FAULT OCCURRENCE AT SHALLOW DEPTHS DURING PLIOPLEISTOCENE AND ESTIMATION OF THE INCIDENCE OF NEW FAULTS
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1
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Abstract
It is required that buried high-level radioactive wastes should not be broken directly by faulting in
the future. Although a disposal site will be selected in an area where no active faults are present, the
possibility of new fault occurrence in the site has to be evaluated. The probability of new fault
occurrence is estimated from the frequency of faults which exist in Pliocene and Pleistocene strata
distributed beneath 3 large plains in Japan, where a large number of seismic profiles and borehole data
are obtained.
Estimation of the frequency of faults having occurred and/or reached at shallow depth during
Plio-Pleistocene time.
The frequency of fault occurrence was estimated by counting the number of faults that exist in
Plio-Pleistocene strata that are widely distributed in large plains in Japan. Three plains, Kanto, Nobi
and Osaka Plains (Figure 1) are selected for this purpose because highly precise geological profiles,
which were prepared from numerous geological drillings and geophysical investigations, are available
in them.
Figure 1. Location of Three Plains

Nobi Plain

Kanto Plain
Osaka Plain
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Figure 2. Method of estimation of the fault frequency per unit time and unit area

Formations older than Pliocene were excluded from this study because they have such
complicated structures as folding, minor faulting, tilting, and so on. As is shown in Figure 2, five
faults have occurred during 2 million years within the area (L1xL2) and consequently the fault
frequency is estimated to be [5 faults per 2 million years and per (L1xL2)]
As is shown in Table 1, the frequencies of fault in the Kanto, Nobi and Osaka plains were
estimated to be extremely infrequent at between 0.0008 faults to 0.0401 faults per 0.1 m.y. and per
10 km2.
2

The
study
area

Table 1. Fault Frequencies (Number of faults/0.1m.y/10km )
Number
Geological
Area
of
age
2
Reference
(km )
faults
(Ma)
“The Report of Geological Structure Investigation
of Tokyo Bay,” JGS, 1984

Fault
frequencies

7

350

2.20

0.0091

2

400

2.20

0.0023

1

250

5.2

0.0008

1

400

0.78- 0.80

1

195

0.25- 0.35

3

576

0.13

“The Report of Geological Structure Investigation
Kanto
Plain

in Kanto Plain (The Western Part of Chiba
Prefecture),” JGS, 2001

Nobi
Plain

Osaka
Plain

“The Report of Geological Structure Investigation
in Chiba Prefecture” JGS, 2001
“The Report of Geological Structure Investigation
in Nobi Plain,” 2001
“Geological Cross Sections in Nobi Plain,” JGS,
1987
“Geology of The Southern Part of Nagoya,” GSJ,
1986
“Geological Cross Sections in Osaka Plain,” JGS,
1998
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0.00320.0031
0.02050.0147
0.0401

Estimation of the incidence of new faults occurring at shallow depths
We checked the relationship between earthquake frequency and fault frequency. Table 2 shows
the number of earthquakes in the past 75 years in the 3 plains, and shows calculated earthquake
frequencies for 0.1 m.y. Earthquakes are caused by faulting. The fault frequencies in Table 1 and the
earthquake frequencies in Table 2 differ largely. It is inferred from this evidence that almost all faults
earthquakes-generated do not reach shallow depths.
Table 2. Records of earthquake frequency in the study area
Items

Kanto Plain

Nobi Plain

Osaka Plain

Total of earthquakes larger than magnitude 3
in the past 75 years

91

92

25

2,520

1,575

1,215

478

774

294

2

Area (km )
Frequency of earthquakes larger than
magnitude 3 (number of earthquakes /
2
0.1m.y/ 10km )

We investigated the relationship between depth of hypocenters and scale of faults, using the Uzu
and Matsuda formulae shown in Table 3. As is shown in Figure 3, the earthquake data of Tokyo Bay
during the past 22 years were used for the study. Figure 4 shows the relationship between the depths of
hypocenter and the earthquakes larger than magnitude 3.
Earthquakes larger than magnitude 3 have occurred 16 times in total during the past 22 years.
From the relationship between the depth of hypocenter and the scale of a fault that is obtained from the
magnitude of an earthquake, it is concluded that the upper limit of all faults that generated earthquakes
is deeper than 1km. In other words, it can be said that the faults related to the 16 earthquakes did not
reach near the ground surface. As has been shown, from the relationship between the depth of
hypocenter and the scale of earthquake, it is obvious that the probability that earthquake-generating
faults reach near the ground surface is extremely small. This is the reason, why a large differentce is
present between the frequency of earthquake occurrence and the frequency of fault occurrence near the
ground surface.
Conclusion
The study also reviewed new methods using existing materials in order to grasp an overall
understanding of the frequency of the existence of faults near the earth’s surface at a depth shallower
than 1km or less. The areas studied are not particular in seismicity, fault activity and geological
structure. Therefore, the frequency of fault occurrence obtained from this study probably represents a
typical value for the frequency of fault occurrence distributed near the earth’s surface throughout
Japan.
The crustal movements in the Japanese Islands are fundamentally controlled by plate motions.
The plate motions around the Japanese Islands have been almost stable and constant since about
10 Ma and will make no large change for the coming 100 000 years. Accordingly, we can certainly
expect that the overall status of tectonic stress in the vicinity of the Japanese Islands will change little;
the frequency of new fault occurrences in the shallow depths will be as small as the above estimation
during the next 100 000 years or more.
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Table 3: Earthquake magnitudes and fault scales

The formulae proposed by
Matsuda

Magnitude

The formulae proposed by Uzu

Fault area
2
(S:km )
logS=1.0M-3.9

(L:km)
logL=0.5M-1.8

(W:km)
W=S/L

Critical depth
of
hypocenter
(D1:km)
(D1=W+1)

Fault width
Fault length

Critical depth
of hypocenter
(D2:km)
(D2=L+1)

Fault length
(L:km)
logL=0.6M-2.9

3.0

0.13

0.50

0.26

1.3

0.080

1.08

3.5

0.40

0.89

0.45

1.5

0.16

1.16

4.0

1.3

1.6

0.81

1.8

0.32

1.32

4.5

4.0

2.8

1.4

2.4

0.63

1.63

5.0

13

5.0

2.6

3.6

1.3

2.3

5.5

40

8.9

4.5

5.5

2.5

3.5

6.0

130

16

8.1

9.1

5.0

6.0

6.5

400

28

14

15

10

11

Ground surface

Ground surface

Depth:1km
Depth:1km
D1
Remarks

D2

W

W

hypocenter
hypocenter
L
L
D1,D2: Faults having generated earthquakes with hypocenters
shallower than D may reach depths shallower than 1km
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Figure 3. Epicenter map in study area (The Tokyo Bay)

Figure 4. Relationship between depth of hypocenter and magnitude of earthquake
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THE ROLE OF THE GEOSPHERE IN POSIVA’S SAFETY CASE
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Abstract
Posiva Oy is developing a safety case for the construction licence application of the Finnish spent
nuclear fuel repository. Following the selection of Olkiluoto for the site and the extension of the site
characterization, the knowledge of site-specific properties is taken progressively into account in the
assessment of the repository system.
Posiva’s safety case is organised as a portfolio composed of ten main reports, as follows. The
“Site” report, the “Repository Design” report, the “Evolution of Site and Repository”, the
“Characteristics of Spent Fuel”, “Canister Design”, the “Process” report and the following three
reports addressing the safety and regulatory compliance: “Biosphere Assessment”, “Radionuclide
Transport” (safety assessment) and “Complementary Evaluations of Safety” (e.g. natural analogues).
The “Summary” report draws together the key findings and arguments of the safety case.
Posiva’s safety concept is primarily based on the long-term isolation and containment of the spent
fuel in copper canisters (Figure 1). In this concept, the key functions of the geosphere are to provide
favourable and predictable conditions for the engineered barrier system, to isolate it against processes
taking place in the proximity of the ground surface and to lower the probability of inadvertent human
intrusion. The geosphere also limits and retards the inflow and release of harmful substances to and
from the repository. Characteristics of the Olkiluoto bedrock supporting the safety include low flow
rate of groundwater deep in the bedrock, groundwater salinity at acceptable level, neutral to slightly
alkaline pH, low content of organics, reducing geochemical conditions deep in the bedrock, pH and
redox buffering capacity, e.g. consumption of oxygen, and rock mechanical stability including a low
probability of post-glacial movements. Evolution of these favourable properties under disturbance of
the construction and over the time frames reaching at least several hundreds of thousands of years with
changing climate are key issues in compiling the safety case. Most relevant to canister integrity are the
functionality of buffer, especially under the potential infiltration of diluted glacial meltwater and in
case of rock shear movements, in particular during post-glacial periods.
Introduction
The selection of the Olkiluoto site for construction of the Finnish spent fuel repository was
preceded of intensive investigations to characterize and compare the geological features of four
candidate sites (Anttila et al., 1999a-d). Common to all the sites were the type of rock (hard crystalline
rock), the relatively layered groundwater system, and the resilience of the groundwater systems to the
natural perturbation(s) produced during the last glacial cycle(s). Being the characteristics of the
geosphere at all sites similar at this level, Olkiluoto was mostly selected on the basis of public
acceptance. The geosphere of the pristine Olkiluoto site (i.e. before construction) offered most of the
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requirements supporting safety, that is, low flow rate of deep groundwater, reducing geochemical
conditions, and neutral-to-slightly alkaline pH. The construction of the underground research facility
ONKALO represents on one hand a major perturbation of the natural system and, on the other hand,
the best way to check what was partly assumed in preliminary surface and borehole-based
investigations and to gather new information about the site at depth. New information is being
gathered to adjust geochemical and groundwater flow models in updated site reports. The geological
(including geochemical, geomechanical, and hydrological) data derived from these investigations is
periodically updated and incorporated in the reports of the Safety Case portfolio.
Figure 1. Outline of the safety concept for a KBS-3 type repository for spent fuel in crystalline bedrock
(Posiva 2006; adapted from Vieno & Ikonen, 2005). The major role or functions
of the geosphere are encircled
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The geosphere in the safety case
The site and the repository design
The geological features of the site (deformation zones and hydrology) serves as a basis for the
site-specific repository design, and the repository layout is based mainly on the principle of avoiding
water-conductive features and large structures that could reactivate in case of future earthquakes.
Water-conductive features can be of different sizes and they are to be avoided as they may serve as a
path for the entering of harmful substances or for the transport of radionuclides towards the biosphere.
Recently a host-rock classification system was set up using Olkiluoto data (Hagros, 2006) and
following this work a programme on rock classification criteria (RSC) is being developed at Posiva
(TKS, 2006). Part of this programme consists of identifying structures that might reactivate during
future earthquakes and thus damage the engineered barrier system. Thus the repository design makes
use of geosphere data taking into account criteria aiming at the long-term safety, altogether with other
data (e.g. geomechanics) addressing to the stability of the geosphere at the site as a whole. Knowledge
of in situ stresses is important to assess the probability of EDZ formation, spalling and thermal
spalling. Thus, in situ stresses orientation and magnitude have a large impact on the detailed repository
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layout. The depth of the repository is selected taking into account the chemistry of the groundwater as
for favourable reducing conditions. The levels of salinity and sulphate, sulphide and methane contents
are adequate or low enough only up to certain depth.
The site, the evolution of site and repository, and processes
The starting point for the description of the evolution of site and repository is the site report, and
whenever possible, the repository design report, as well as the process report. The most important
processes relating the evolution are external processes that may affect the repository at depth (e.g.
climate-related processes) and internal processes inherent to the geosphere such as those related to
groundwater flow and geochemistry. The characteristics of the site, its geological and geographical
situation, and the design of the repository can be used to rank the importance of the process to be taken
into account in the description of the evolution of site and repository. The different groundwater types
at Olkiluoto are layered in a fashion common to several sites in Finland and Sweden (see e.g.
Andersson et al., 2006 and references therein). The range of groundwater compositions varies from
fresh to brackish and saline groundwater at increasing depth. The presence of relatively high methane
concentrations in groundwater increasing with depth is a characteristic feature of the Olkiluoto site and
a strong indicator of the reducing environment. The pH conditions in the deep aquifer system at
Olkiluoto are well buffered by the presence of abundant carbonate and clay minerals. This is also true
for the reducing redox conditions, which are buffered by the presence of iron sulphides and
microbially-mediated redox processes.
The site and the radionuclide transport (safety assessment)
In the radionuclide transport analysis, the formulation of the calculation cases is based – among
other – on such geosphere related features that are presented in the site report, evolution report and
process report. The goal is to cover all meaningful features, events and processes by the calculation
cases while keeping the number of calculation cases rather low. In order to achieve the goal, it is
necessary to simplify the cases and to make them less realistic. The resulting broadly defined cases
may look like having lost their site-specificity, although the site properties have affected the cases.
Similar principle is applied to the selection of the input data of the calculation cases. There are other
driving forces for the calculation cases like the regulatory guideline YVL 8.4 (STUK, 2001), the
properties of spent fuel, the properties of canister, and the design and operation of the repository.
The site data are not straightforwardly applied in calculation cases. It can be said that the data
used in calculation cases are derived from real data measured at the site, e.g. temperature,
transmissivity, hydraulic conductivity, position of hydrostructural features, groundwater chemistry.
There is a chain of different interpretations between the acquired raw data and the final input
parameter values forwarded into the transport models. Alone the flow modelling, which feeds to the
transport models, uses heavily interpreted site information.
In the geosphere-transport analyses of radionuclides, matrix diffusion and sorption in the rock
matrix are so far the only processes assumed to retard and disperse radionuclides.
The site and complementary evaluations
Data supporting the buffering capacity of the geosphere at the site come from hydrogeochemical
and palaeohydrogeological studies. The layering of the different groundwater types and their mixed
interfaces seems to recover quite fast from (or resist being affected by) disturbances related to
glaciation, like infiltration of meltwater. Palaeohydrogeological arguments provide convincing support
for expectations concerning long-term flow system evolution, as the current groundwater chemistry is
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the result from flow, transport and water rock interactions driven by the past and current climate
(Laakasoharju et al., 2005, Posiva 2005, Pitkänen et al., 2004). The location of the site in the
Fennoscandian shield and especially in Finland is advantageous with respect to the stability of the
geosphere (Figure 2). Earthquakes magnitudes in Finland have never reached 5 on the Richter scale
(e.g. Mäntyniemi & Ahjos, 1990, Ahjos & Uski, 1992), the latest dating from the 1880s (Mäntyniemi,
2005). La Pointe and Hermansson (2002) studied the displacements of fractures with respect to future
seismicity for Olkiluoto considering earthquakes of magnitudes (ML) of 5.5 up to 7-8, and estimated
the probability for canister failure due a rock displacement exceeding 10 cm to be 0.0041% i.e. the
expected number of failed canisters is 0.12 (out of 3 000) during a 100 000 year period. The estimate
is based on the simulations giving that in case of earthquake the canister failure probability is 0.0021
(i.e. 6 canisters out of 3 000) and the probability of a damaging earthquake is 0.02. These arguments
serve to build confidence in the buffering capacity and long-term stability of the geosphere at the
Olkiluoto site. The absence of natural resources at Olkiluoto is also a complementary line of evidence
for the long-term safety of the site.
Figure 2. Earthquakes in Northern Europe in 1375-1964 (to the left) and in 1965-2005 (to the right). Note
that the density and magnitude of earthquakes in Finland is lower than in other sites.
Figures can be found in the website of the University of Helsinki in the addresses:
http: //www.seismo.Helsinki.fi/bulletin/list/catalog/histomap.html (left)
http: //www.seismo.Helsinki.fi/bulletin/list/catalog/instrumap.html (right)

Other data supporting the safety of geological disposal
Descriptive, semi and fully quantitative data form other geological environments than the site
itself can be used to support safety. These may come from the study of natural analogues and also
from the measurements of natural radionuclide fluxes and concentrations. For example, in the IAEA
Coordinated Research Project (CRP) entitled Natural Safety Indicators (Concentrations and Fluxes)
(IAEA, 2005) Finland and many other countries contributed to assess the long-term safety of the
geological disposal of radioactive waste by means of additional safety indicators based on the
observation of natural systems. Experiences from Finland show that the geosphere, nearly at any
investigated site (e.g. Pitkänen et al., 2003, Kaija et al., 2003) can act as an effective chemical and
physical barrier limiting the movement of element to and from the repository.
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Conclusions
The geosphere in the safety assessment vs. the geosphere in the safety case
The broader concept of the Safety Case, as explained above, allows the use of the geosphere and
geosphere related data a more multidimensional way to address the safety of a geological repository
than the concept of Safety Assessment alone. Numerical and descriptive geosphere data previously
only supporting the results of performance or safety assessment are now integrated in the Safety Case
since the very beginning and are included directly or indirectly in most of the reports included in the
Safety Case portfolio.
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VARIATION IN VOLCANISM AND THE CONTINUITY OF THE RELATED PHENOMENA
FOR ESTIMATING REGIONS OF NEW VOLCANO DEVELOPMENT

H. Kondo
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Abstract
The basic policy for evaluating volcanism for selecting sites for HLW (high-level radioactive
waste) geological disposal is excluding regions of future volcanism in order to avoid magmatic
intrusion or volcanic eruption regarded as external factors causing serious damage to the repository.
For the purpose of evaluating regions of new volcano development in a subduction zone such as the
Japanese Islands, it is essentially important to focus on the duration of the uneven and concentrated
distribution of the past volcanism and the geologic processes causing such characteristics within a
volcanic arc for as long period as possible to the present, in terms of the continuity of the present
subduction conditions around the arc. The regions of future volcanism can be estimated by
extrapolation based on plausible geological models in consideration of the trends or regularity deduced
from the past volcanic activities. For the actual estimation, the duration of the uneven and concentrated
distribution of the past volcanism to the present within the characteristics of long-term spatio-temporal
variation in volcanism, and the continuity of the related phenomena indicated by topographical,
geological and geophysical data observable at the present time should be confirmed through the
correlation between them.
Introduction
Paleozoic to Cenozoic formations in the Japanese Islands, consisting of a variety of sedimentary,
igneous and metamorphic rocks, show a zonal arrangement extending along the island arc. Granitic
rocks, the predominant rock type of plutonic rocks occupying around 10% of the total area of Japan
(Murata and Kano, 1995), are typical of crystalline rocks and widely distributed forming a framework
of the main body of the Japanese Islands. They were formed mainly through Cretaceous (to
Paleogene) magmatism as a continental arc being active before the period of the opening of the Japan
Sea back-arc basin. After the end of the opening of the back-arc basins (Japan Sea, Kurile Basin,
Shikoku Basin, etc.) at around 15 Ma (Jolivet et al., 1994), basic framework of the plate system
around the Japanese Islands has been fixed. Under such reorganised plate tectonic regime, rock bodies
including the above-mentioned granitic rocks formed in earlier stages have suffered from new stage
volcanism (magmatic intrusion or volcanic eruption) in regions of back-arc side of the volcanic front
of various ages in the arc-trench system lasting to the present.
Within the scope of understanding the past volcanism and the related phenomena, which have
occurred in this arc-trench system, it is important to exclude regions of future volcanism in order to
avoid magmatic intrusion or volcanic eruption regarded as external factors causing serious damage to
the repository for selecting sites for HLW (high-level radioactive waste) geological disposal in Japan.
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Estimation of regions of new volcano development will be accomplished by establishing plausible
geological models using available data such as spatio-temporal patterns in volcanism combining with
the related topographical, geological and geophysical data. In terms of establishing geological models,
recent research revealed a lot of useful information about uneven and concentrated distribution of
volcanism, characterized by volcanic clusters and gaps, and the related phenomena lasting for at least
several millions of years in subduction zone of the Japanese Islands (Kondo et al., 1998, 2004;
Tamura et al., 2002; Hasegawa and Nakajima, 2004).
In this presentation, the basic framework of an empirical approach to the methodology of the
evaluation of regions of new volcano development for selecting sites for HLW geological disposal will
be introduced with special emphasis on the correlation between the spatio-temporal patterns within the
characteristics of long-term variation in volcanism and the continuity of the related phenomena
indicated by the available topographical, geological and geophysical data in the arc-trench system of
the Japanese Islands lasting to the present. This study was financially supported by the Nuclear Waste
Management Organization of Japan.
Premises of discussion and timeframe for the evaluation of future volcanism in the Japanese
Islands
In a subduction zone such as the Japanese Islands, volcano distribution and the basic processes of
magmatic generation and assent strongly reflect subduction conditions, essentially controlled by the
movement modes (e.g. movement rate, direction, inclination of subduction surface) of the oceanic
plate. Therefore, the duration of subduction conditions can be one of the preconditions for evaluating
future volcanism around the target area. Basic framework of the plate system around the Japanese
Islands has been fixed since the cessation of the opening of the back-arc basins at around 15 Ma
(Jolivet et al., 1994), although there have been slight changes in the movements of the oceanic plates
(the Pacific and the Philippine Plates) since then (Pollitz, 1986; Kamata and Kodama, 1999).
The report entitled “Guidelines on Research and Development Relating to Geological Disposal of
HLW in Japan”, published in 1997 by Advisory Committee on Nuclear Fuel Cycle Backend Policy,
Atomic Energy Commission of Japan, stated the following view on the projected timescale of the
future geological events. It is possible to evaluate the extent and pattern of natural phenomena for the
next one hundred thousand years, based on analyzing and interpreting the regularity and continuity of
the phenomena for the past several hundreds of thousands of years. This view is supported by the
information about the stability of the above-mentioned plate tectonic regime and also the continuity of
the stress conditions in and around the Japanese Islands. In accordance with this view, a period of
around one hundred thousand years has been adopted as the projected timescale for evaluating future
geological events for HLW geological disposal (JNC, 1999; JSCE, 2001; NUMO, 2004), although a
timescale for repository safety assessment has not yet stipulated in Japan.
A lifetime of a volcano of a volcanic arc such as the Japanese Islands is several hundreds of
thousands of years on average (Kaneoka and Ida, 1997). During the next one hundred thousand years
as the projected timescale for evaluating future geological events for HLW geological disposal, a
possibility of the generation of new volcano as a new magma plumbing system in the target area, not
only a possibility of the migration of magma to the repository from each existing volcano (a magma
plumbing system) around the target area during its lifetime, should be considered because the
timescale for evaluation is long enough as compared with a lifetime of a volcano. For the purpose of
evaluating new volcano development and the changes in the position of magma activity in a region,
the information about spatio-temporal variation of volcanism for the period of over the past 105-106
years (order of the average lifetime of a volcano) is indispensable. Investigation of the past volcanism
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for as long period as possible in terms of the continuity of the present subduction conditions around
the volcanic arc enables us to evaluate regions of future volcanism with much confidence.
Current information useful for the evaluation of regions of new volcano development in terms of
HLW geological disposal
For the purpose of evaluating regions of new volcano development, it is essentially important to
focus on the duration of the uneven and concentrated distribution of the past volcanism and the
geologic processes causing such characteristics within a volcanic arc for as long period as possible to
the present, in terms of the continuity of the present subduction conditions around the arc. The regions
of future volcanism can be estimated by extrapolation based on plausible geological models in
consideration of the trends or regularity deduced from the past volcanic activities.
Presence of the volcanic front
Volcanism occurring within the Japanese Islands under constant subduction conditions is
essentially characterized by uneven and concentrated distribution. In the Japanese Islands, the ocean
trench-side distribution of volcanoes of various ages is defined as the volcanic front. The generation of
magma in a subduction zone in general is controlled by both decompression melting process within
the upward flow portion of the convection from the deep mantle within the mantle wedge induced by
oceanic plate subduction, and dehydration process of subducting slab and the affected underlying
hydrous layer of the mantle wedge (Tatsumi, 1995; Iwamori, 1998; Takahashi, 2000; Kawakatsu,
2002). The volcanic front is a boundary line dividing into two regions, implying whether or not the
region meets the condition of magmatic generation and ascent, although the cause of the volcanic front
has not been settled definitely. Exceptionally, the volcanic front is understood as a boundary line
between the regions of alkali-basalt monogenetic volcanism not related to subduction processes, and
that of no volcanism where the subducting oceanic plate (the Philippine Sea Plate) has been covering
its magma source, in the Chugoku District, the western part of Honshu (Uto, 1995; Kimura et al.,
2005).
In any case, the rate of migration of the volcanic front since the late Miocene can be estimated to
be several km per million years or under, i.e. the volcanic front has been stable on the order of several
millions of years, based on available literature (Yoshida et al., 1995; Uto, 1995, etc.). Therefore, it is
extremely unlikely that new igneous activity will commence on the ocean trench side away from the
present volcanic front in the next hundred thousand years or so (JSCE, 2001).
Characteristics of uneven distribution of volcanism on the back-arc side of the volcanic front
As for uneven and concentrated distribution of volcanism on the back-arc side of the volcanic
front in the Japanese Islands, the examination of the spatio-temporal distribution of Quaternary
volcanoes revealed that the Quaternary volcanism is unevenly distributed in particular regions where
new volcano has formed repeatedly (JNC, 1999). In the Northeast Japan Arc, east-west trending
‘branches’ showing regions of volcanic cluster at intervals of 50-100 km, with the fields of rare
volcanism adjacent to the north and south of each ‘branch’ on its back-arc side, reflect regular
intervals of magmatism along the arc which has been under constant subduction conditions since the
cessation of the back-arc opening at 14 Ma (Kondo et al., 1998, 2004). The evolution of the thermal
structure (cooling process) within the mantle wedge since the cessation of the back-arc opening has
resulted in a tendency for the distribution of volcanism during the late Miocene to Quaternary to
become localized and concentrated more specific areas (Kondo et al., 2004).
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Within the scope of discussion on the Quaternary volcanism in the Northeast Japan Arc, the
correlation of regions of volcanic cluster and the related phenomena indicated by such indexes as
topographic highs (including elevated basements), local negative Bouguer gravity anomalies
(indicative of the thickening of the crust), and low-velocity anomalies in the images of seismic
tomography (interpreted as hot regions) of the mantle wedge were pointed out (Tamura et al., 2002;
Hasegawa and Nakajima, 2004). Regular intervals of volcanism and the related phenomena indicated
by topographical, geological and geophysical data along the arc reflect convection-controlled,
heterogeneous thermal structures within the mantle wedge along the Northeast Japan Arc (Tamura
et al., 2002; Hasegawa and Nakajima, 2004).
Consequently, in a volcanic arc under constant subduction conditions, it is likely that the
elucidation of the correlation between uneven and concentrated distribution of the past volcanism to
the present and the related phenomena indicated by topographical, geological and geophysical data,
provides useful information in order to estimate the regions where new volcano will form around the
target area. Through such a correlation, the duration of the uneven and concentrated distribution within
the characteristics of long-term variation in volcanism and the continuity of the related phenomena
observable at the present time should be confirmed.
Tohoku case as a basic example
The results of a case study of the correlation between uneven and concentrated distribution of the
past volcanism to the present and the related phenomena under constant subduction conditions in the
Northeast Japan Arc are described below as a basic example in terms of abundance of available data
and characteristics of volcanic clusters and gaps.
Plausible geological model for the evaluation of regions of future volcanism
On the back-arc side of the volcanic front in the Northeast Japan Arc, a typical volcanic arc
undergoing constant subduction, a geological model for evaluating regions of future volcanism can be
established in consideration of at least the following three kinds of key phenomena inferred from
current available literature (Tamura et al., 2002; Hasegawa and Nakajima, 2004; Kondo et al., 1998,
2004, etc.): (1) hot regions capable of supplying magma to the crust, where the thickness of the
upwelling mantle flow (partially molten) is larger enough to become sufficient melt contents to cause
repeated ascent of magma to the crust, are distributed in specific regions within the mantle wedge with
east-west trending patterns arranged along the arc; (2) volcanism occurring within specific regions in
the form of volcanic cluster accompanied by its uplifted basements and crustal thickening have been
caused by repeated injection or underplating of magmas derived from the hot regions in the mantle to
the crust; and (3) there is a tendency for the distribution of volcanism to become localized and
concentrated into more specific areas in the form of clusters since 14 Ma.
These phenomena have been possibly caused by the presence of convection-controlled
heterogeneous thermal structures and their evolution within the mantle wedge along the arc under
long-term constant subduction conditions. This model is supported by spatio-temporal patterns in
volcanism and the related topographical, geological and geophysical data.
Result of the correlation between uneven and concentrated distribution of the past volcanism to the
present and the related phenomena
From the viewpoint of the estimation of regions of new volcano development on the basis of such
model, the duration of the uneven and concentrated distribution of the past volcanism to the present
within the characteristics of long-term spatio-temporal variation in volcanism, and the continuity of
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the related phenomena indicated by topographical, geological and geophysical data observable at the
present time were confirmed through the correlation between them. The correlation was carried out in
an area of long. 139° 30´-142° 00´, lat. 38° 40´-41° 40´, which was fixed so that it includes typical
Quaternary volcanic clusters and gaps in the northern part of Tohoku of the Northeast Japan Arc.
Since the cessation of the opening of the Japan Sea back-arc basin at 14 Ma, sedimentary basins
widely developed in the back-arc region indicating regional subsidence due to lithospheric cooling
(Sato, 1992, 1994), whereas volcanism occurred in specific regions characterized by both a “trunk”
with a north-south trend in the volcanic front region and ‘branches' with east-west trends in the backarc region in the Northeast Japan Arc (Kondo et al., 1998, 2004). Moreover, the distribution of
volcanism tended to become localized and concentrated into more specific areas as mentioned before.
For the purpose of the above-mentioned correlation, accumulative distribution maps of igneous rocks,
within several kinds of fixed periods of time from a certain point after 14 Ma to the present were
illustrated using available literature. The comparison between accumulative distribution maps of
volcanism for different periods of time to the present revealed that the shorter the period is fixed, the
more conspicuous the characteristics of the distribution of volcanic cluster become, volcanic cluster in
the 2-0 Ma period is the most conspicuous.
However, the accumulative distribution pattern of volcanism in the 2-0 Ma period is not the best
consistent with the patterns of the related phenomena indicated by topographical, geological and
geophysical data observable at the present time. In the survey area, the accumulative distribution
pattern of volcanism since 5 Ma can be much correlated with both the distribution pattern of
mountainous regions that include east-west trending warping (indicating differential uplift related to
volcanism) on the contour map showing the distribution of summit level of topography, and that of hot
regions indicated by low-velocity anomalies on the map showing the distribution of S-wave velocity
perturbations along the core zone of the mantle wedge, using tentative thresholds after several trial and
error of qualitative correlation (Figures 1 and 2). The coincidence of distribution patterns between
volcanism since 5 Ma and the related phenomena observable at the present time indicates that the time
frame of the continuity of these phenomena is estimated to be the order of several millions of years. In
order to specify possible regions of future volcanism, optimal thresholds of the correlation should be
fixed appropriately, through the information of key phenomena obtained by more detailed
investigation focusing on the region around the target area.
Flow chart showing basic procedure for evaluating regions of future volcanism
Based on the results of this case study in Tohoku, a flow chart showing basic procedure for
evaluating regions of future volcanism is developed from more generalized viewpoints (Figure 3).
Within the time range fixed in consideration of constant subduction conditions, the investigation of
spatio-temporal patterns in the past volcanism among volcanoes or volcanic units around the target
area provides fundamental information for evaluating future volcanism in terms of the determination
of meaningful trends or regularity in volcanism. The viewpoint of the investigation of crustal structure
and movement indicating (or controlling) concentration of volcanism is extremely variable as it is
dependent on the conditions of magmatic generation and ascent in relation to tectonic settings: e.g.
volcanism initiated by crustal melting associated with graben formation along a major tectonic line
(Kamata and Kodama, 1999) and volcanism posterior to basement subsidence forming a sedimentary
basin indicative of crustal erosion due to the convective coupling between the ductile lower crust and
the upper mantle induced by mantle diapiric upwelling in the back-arc region (Nakada et al., 1997).
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Figure 1. Map showing the correlation between the distribution of igneous rocks since 5 Ma and the
range of mountainous regions, the elevation of which is more than 500 meters above (the hatched area
with oblique lines). The distribution of igneous rocks is extracted from the following literature: Editorial
Committee for Civil Engineering Geological Maps of Tohoku District (1988), Hata et al., (1972, 1984),
Kamata et al., (1991), Ozawa et al., (1988, 1993), Ozawa and Suda (1978, 1980), Tsushima (1964), and
Yoshida et al., (1984). It is compiled from the viewpoint of volcanic central facies (Ohguchi et al., 1989;
Kondo et al., 1998, 2004) in consideration of the location where magmatism occurred in situ or in close
proximity. Distributions of igneous rocks for two periods, 5-2 and 2-0 Ma are differentiated. The caldera
outline is extracted from Yoshida et al., (1999). The contour line is extracted from a distribution map of
summit level of topography with a 10 km mesh, based on “Digital Map 50m Grid (Elevation)” published by
the Geographical Survey Institute of Japan (2001). Note that the region of the Kitakami Mountains on the
ocean trench side of the volcanic front is not considered here, because it is clear that the Kitakami
Mountains have been formed by warping, not related to the agency of volcanism (Koike et al., 2005)
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Figure 2. Map showing the correlation between the distribution of igneous rocks since 5 Ma and the
range of S-wave low-velocity anomalies within the mantle wedge, the velocity perturbation of which is
less than -4% (the hatched area with vertical lines). The base map of seismic tomography data is showing
the projection of the distribution of S-wave velocity perturbations along the core of the inclined lowvelocity zone shallower than ~150 km within the mantle wedge sub-parallel to the subducting slab (the
Pacific Plate). The data are provided by Prof. A. Hasegawa and Dr. J. Nakajima with their permission, the
same as those used in (Hasegawa and Nakajima, 2004). The rest of the legend is the same as that for
Figure 1
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Figure 3. Flow chart showing basic procedure for evaluating regions of future volcanism
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Abstract
Establishment of comprehensive techniques for investigation, analysis and assessment of the
stability of deep geological environments for time periods exceeding several 100 000 years is
important for the geological disposal of nuclear wastes. The purpose of this study is to provide a
method to evaluate the effects of future topographic and climatic perturbations on groundwater flow
conditions, such as hydraulic gradient, velocity distribution, flow paths and lengths.
Simulations of landform development and groundwater flow have been carried out in the Tono
area. The Tono area, located in Central Japan, has typical uplift rate of Japanese inland areas and
abundant data on the geology, hydrogeology and hydrochemistry have been obtained in this area. The
regional scale, tens of kilometers square, has been selected for the simulations in order to evaluate the
effects of topographic changes on groundwater flow conditions within an entire groundwater flow
system, from recharge area to discharge area. The period selected for the landform development
simulation is from the present to approximately 120 000 years into the future and is based on past
global climatic cycles ranging from extremely warm to glacial periods. The input dataset for the
landform development simulation is based on a literature survey of topics such as uplift and erosion
rates. Topographic conditions predicted by landform development simulations have been used as the
upper boundary in the groundwater flow simulation models. A cold period was selected for the
groundwater flow simulation in order to evaluate the effect of a major climatic perturbation, as well as
that of changed topography.
Results of the simulations show the influence of the topographic and climatic perturbations on
hydraulic gradient and groundwater velocity. In particular, the influence on hydraulic gradient
downstream of the faults normal to the major direction of groundwater flow is much smaller than in
the area upstream of the faults.
Through this study, it has been confirmed that the method of combining simulations of landform
development with groundwater flow is useful for the evaluation of effects of topographic and climatic
perturbations on groundwater flow conditions. In future studies, field investigations to obtain sitespecific data regarding topographic and climatic changes and hydrogeological characterization of
faults will be carried out in order to confirm the appropriateness of the general hypotheses and the
input parameters used in the simulations in this study. For example, future studies could include pollen
analysis for paleoclimate studies and terrace investigations on uplift rates.
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Introduction
Establishment of comprehensive techniques for investigation, analysis and assessment of the
stability of deep geological environments for time periods exceeding several 100 000 years is
important for the geological disposal of nuclear wastes. Simulations of landform development and
groundwater flow have been carried out in the Tono area in order to provide a method to evaluate the
effects of long term topographic and climatic changes on groundwater flow conditions. The Tono area
is located in Central Japan and has an uplift rate typical of the Japanese inland. Abundant data on the
geology, hydrogeology and hydrochemistry are available from investigations during the Regional
Hydrogeological Study (RHS) project [1-3] and the Mizunami Underground Research Laboratory
(MIU) project [2-5] carried out by Japan Atomic Energy Agency (JAEA).
This study has been carried out based on the workflow shown in Figure 1. Future topographic
conditions in the Tono area have been predicted based on landform development simulations [6]. The
topography predicted by landform development simulations have been used as the upper boundary in
the geological and hydrogeological models. Groundwater flow simulations have been carried out
based on the hydrogeological models in order to evaluate the effects of topographic and climatic
perturbations on groundwater flow conditions. In the groundwater flow simulation, climatic
perturbations have also been taken into account with respect to the upper boundary conditions.
Figure 1. Workflow of the study

Landform development simulations
Upper boundary surface
Development of geological and
hydrogeological models

Groundwater flow simulations

Recharge rates
taking account of
climatic perturbation

Upper boundary
conditions

Evaluation of the effects of future
topographic and climatic perturbations on
groundwater flow conditions based on
results of groundwater flow simulations

Overview of the study area
The Toki River basin has been selected as the study area (Figure 2). The local scale area shown
on the figure is where the RHS project and the MIU project have been carried out. The study area is
located around the boundary between the Mino Highland and Mikawa Highland (Figure 2). The Kiso
River flowing through the northern part of the study area forms a deep antecedent valley. The Toki
River flows from east to west in the central part of the study area.
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The sedimentary Neogene Mizunami group unconformably overlies the Paleozoic Mino
sedimentary complex, the Upper Mesozoic Nohi rhyolites and granites (Figure 3). The Neogene Seto
group, consisted of weakly consolidated deposits, unconformably overlies the Mizunami group.
Unconsolidated terrace and alluvial deposits are distributed along the mainstream and branches of the
river. The study area is dominated by active faults with northeast and northwest strikes. The NE faults
are the Byobuyama, Enasan and Kasahara faults, the NW faults are the Ako and Hanadate faults
(Figure 3). The inactive Tsukiyoshi fault, traverses the central part of the study area. Granites and the
Mizunami group are displaced by the fault.
Figure 2. Study area (Reference the A-A’ line to Figure 9)

7)

Figure 3. Geological map (modified from Geological Survey of Japan, 1992 )
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Landform development simulation
Simulation methodology
The landform development simulation is aimed at predicting approximately 100 000-years of
landform development in an actual drainage basin. Landform development is roughly categorized as
occurring in hill slope, channel, and sea domains (Figure 4). The simulation programme for landform
development of an inland area used different diffusion equations for the hill slope and channel
domains. The hill slope domain is dominated by creep of weathered materials. Therefore, an equation
to determine flux of material is a basic requirement for the simulation. The simulation programme for
the hill slope domain applied the following equation [8] to calculate flux by a diffusion phenomenon
dependant on gradient.

where u is height at time t and position x, k is the diffusion coefficient.
The channel domain is dominated by running water and its role in erosion, transportation, and
sedimentation. The simulation programme for the channel domain applied the following equation6) to
calculate landforms having straight and concave segments.

where r is the coefficient that determines concavity of a longitudinal river profile.
Figure 4. Mass transport and mass movement in landform system

Input parameters
The period for the landform development simulation is from the present to approximately
120 000 years into the future, based on past global climatic cycles with extremely warm and cold
periods. Warm periods are assumed to occur from 0 to 30 000 years and from 60 000 to 120 000 years
into the future. On the other hand, a cold period is assumed from 30 000 to 60 000 years into the
future. The lithologic character is divided into two types; alluvium and bedrock. A digital elevation
model with a 10 meter mesh is used for the simulation. Two uplift cases, G1 and J1, were modeled.
For the G1 case, it is assumed that the entire area uplifts at 0.3 mm/yr uniformly. For the J1 case, it is
assumed that uplift rate is different for each fault block (Figure 5).
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Figure 5. Uplift rate map for J1 case of the simulation

Results of the landform development simulation
There are some problems with the simulation results. For example, topographic change with high
resolution cannot be simulated, and overall the landforms become more subdued due to erosion.
However, the simulation results generally show the development of landforms consistent with current
topographical knowledge, e.g. enhanced erosion because of high relief energy (Figure 6). The
maximum erosion after about 120 000 years, for the G1 and J1 cases are about 140 meters and about
200 meters, respectively. The simulated absolute value does not show actual quantity of landform
development because many of the input parameters for these simulations are hypothetical.
Figure 6. Results of landform development simulation
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Groundwater flow simulation
The time 50 000 years into the future (a cold period in the landform development simulation) has
been selected as the time for the groundwater flow simulations in order to evaluate the effect of a
major climatic perturbation, as well as major topographic change. The time 120 000 years into the
future (warm period) has also been selected to evaluate the effect of topographic perturbations. In the
warm period, the climatic condition was assumed to be same as present climatic condition.
Hydrogeological modeling and groundwater flow simulations were carried out using the newly
developed software system (GEOMASS system; geological modelling analysis and simulation
software system) [9-10]. The GEOMASS system has been developed by JAEA for integration of the
results of 3-D geological modeling using a commercial system (EarthVision®), with automatic 3-D
grid generation and groundwater flow simulation using the proprietary code (Frac-Affinity), which is
based on the finite difference method.
Development of hydrogeological models
The topographic conditions predicted by the landform development simulation have been used as
the upper boundary surface in the geological and hydrogeological models. The topographic conditions,
lithological units and geological structures, all of which are considered to have a great effect on
groundwater flow, are spatially represented in the geological model. Therefore, the geological model
serves as a template for the hydrogeological and the geochemical models. The follows were modeled:
•

Topographic conditions.

•

Sedimentary formations.

•

Geological structures such as an upper highly fractured domain and a lower sparsely
fractured domain in granite.

•

Faults [Byobuyama fault, Enasan fault and Kasahara fault (Figure 2)].

Geometries of the boundary surface of selected lithological units and structures were modeled
independently at first. Then, a 3-D geological model was constructed combining the 3-D tectonic
structure model and the geological sequence, as shown in Figure 7.
Figure 7. Geological model
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In the geological modelling, the lithological units and structures were classified from a
hydrogeological point of view. Hydraulic conductivities in each lithological unit were assumed to be
homogeneous and were assigned geometric mean values from the results of long interval hydraulic
testing [1,2,3,5], as shown in Table 1.
Table 1. Hydraulic parameters of the hydrogeological model
Hydraulic Conductivity
(m/s)

Unit

Horizontal: 1.0E-05
Vertical: 1.0E-07

Sedimentary Formations
Upper highly fractured domain

4.0E-07

Lower sparsely fractured domain

3.2E-08

Faults
Normal to fault: 1.0E-11
(Byobuyama Fault, Enasan Fault and
Parallel to fault: 7.0E-06
Kasahara Fault)

All faults were modeled with hydraulic anisotropy (hydraulic conductivity parallel to fault plane
higher than hydraulic conductivity normal to fault) based on the hydraulic characteristic of the
Tsukiyoshi fault [1,2,3,5] and large scale faults located around the study area.
Groundwater flow simulation cases
Groundwater flow simulations cases are summarised in Table 2. It is considered that recharge
rate in a cold period will decrease due to decrease in precipitation. However, there is a large
uncertainty in estimation of recharge rate during a cold period. In particular, large uncertainty exists in
the estimation of evapotranspiration. Hence, three recharge rates were assigned (25%, 50% and 75%
of present recharge) to evaluate the effect of climatic perturbations in this study. A 3-D steady state
groundwater flow simulation with saturated and unsaturated conditions has been carried out.
Table 2. Groundwater flow simulation case

Simulation Case

Case of the
Landform
development
simulation

Regional_t000

Time of
groundwater
flow simulation

Present

Recharge rate

Measured value
25 % of recharge rate at
present

G1Regional _t050_025
G1Regional _t050_050
G1 Case

50,000 years
into future

75% of recharge rate at
present

G1Regional _t050_075
120,000 years
into future

G1Regional _t120

50 % of recharge rate at
present

Same as recharge rate
at present
25 % of recharge rate at
present

J1Regional _t050_025
J1Regional _t050_050
J1 Case

50,000 years
into future

75% of recharge rate at
present

J1Regional _t050_075
120,000 years
into future

J1Regional _t120
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50 % of recharge rate at
present

Same as recharge rate
at present

Boundary conditions
A constant recharge rate boundary was set at the upper boundary. Since side boundaries of the
study area were located at the boundary of a large river basin, no-flow boundary conditions were
selected. A constant head boundary was set for the part of the model at the Toki River. A no-flow
boundary condition was set at the bottom boundary.
Results of groundwater flow simulation
Head distributions on the horizontal plane at E.L. 100m and the cross-section along line A-A’
shown in Figure 2 were compared to evaluate the effects of future topographic and climatic
perturbations on groundwater flow conditions (Figures 8 and 9).
Figure 8. Head distributions on horizontal plane at E.L. 100m
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Based on the groundwater flow simulations during the cold period, drawdown of water table is
recognized. The drawdown is especially large in the recharge area. The recharge areas almost coincide
with the mountainous area with high uplift rates. The drawdown is caused by decrease in recharge
rate. Hydraulic gradients from recharge area to discharge area also decrease due to decrease in
recharge rate. In particular, decrease in the hydraulic gradient occurred in the area between the
northern recharge area (“A” in Figure 9) and the Byobuyama fault. On the other hand, decrease in
hydraulic gradient is not significant in the area between the Byobuyama and Enasan faults. This
tendency is observed for both cases, G1 and J1.
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Figure 9. Head distributions on cross-sections along the A-A’ line in Figure 2
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The water table in the recharge areas rises considerably at 120 000 years into the future. The
effect of the rising water table in the recharge area on the hydraulic gradient in the area between the
Byobuyama and Enasan faults is not significant. The rise of the water table in the G1 and J1 cases is
different in the recharge areas. However, the effect of the difference on the hydraulic gradient in the
area between the Byobuyama and Enasan faults is also not significant.
The reason considered for these results is that there are anisotropic faults normal to the major
direction of groundwater flow and the faults limit the effect of the changing water table on the
hydraulic gradient downstream of the fault.
Also, it is found that the influence of topographic and climatic perturbations on hydraulic
gradient gradually decrease with depth.
The average Darcy velocities in 100 m vertical intervals were compared. Figure 10 shows the
average Darcy velocity at shallow (EL. 200 m to 300 m) and at greater depths (EL. – 1 000 to –
900 m). Variations of the simulated Darcy velocities at shallow depth are much larger than at greater
depth. The magnitude of the Darcy velocity at shallow depths is also larger than at greater depths.
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Figure 10. Average of Darcy velocities
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Conclusion and future study
In this study, the effects of long term changes to topographical relief on the results of
groundwater flow simulations have been evaluated. Consequently, it has been confirmed that the
method combining simulations of landform development and groundwater flow is useful for the
evaluation of effects of topographic and climatic perturbations on groundwater flow conditions.
In future studies, field investigations to obtain site-specific data regarding topographic and
climatic perturbations and hydrogeological characterisation of a fault will be carried out in order to
confirm appropriateness of the general hypotheses and input parameters used in the simulations
carried out in this study. For example, investigations such as pollen analysis for paleoclimate studies
and terrace investigations to assess uplift rates are possible.
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IMPACTS OF NATURAL EVENTS AND PROCESSES ON GROUNDWATER FLOW
CONDITIONS: A CASE STUDY IN THE HORONOBE AREA,
HOKKAIDO, NORTHERN JAPAN

T. Niizato, K-I. Yasue, H. Kurikami
Japan Atomic Energy Agency, Japan

Abstract
In order to assess the long-term stability of the geological environments for over several hundred
thousand years, it is important to consider the influence of natural events and processes, such as uplift,
subsidence, denudation and climate change, on the geological environments, especially in an active
region such as Japan. This study presents a conceptual model related to the future natural events and
processes which have potential impacts on the groundwater flow conditions in the Horonobe area,
Hokkaido, northern Japan on the basis of the neotectonics, palaeogeography, palaeoclimate, historical
development of landform, and present state of groundwater flow conditions. We conclude that it is
important to consider interactions among natural events and processes on the describing of the bestpossible approximation of the time-variation of geological environment.
Introduction
In research and development for geological disposal of high-level radioactive waste, it is
important to establish comprehensive investigation and analysis technique of describing future
evolutions of the geological environment in consideration of influence of the natural events and
processes. Prediction methods of geological environments are roughly classified into four categories:
1) prediction by extrapolation, 2) prediction by analogy (e.g. natural analogue), 3) prediction by
probability, and 4) prediction by numerical simulation (e.g. Kusunose and Koide, 2001). In any
method, the studying the past to the present is fundamental approach to reach to a best-possible
approximation of the future geological environments.
This paper provides a conceptual model related to the future natural events and processes which
have potential impacts on the groundwater flow conditions in the Horonobe area, Hokkaido, northern
Japan on the basis of the tectonics, palaeogeography, palaeoclimate, historical development of
landform, and present state of groundwater flow condition. It also suggests the interaction matrices of
the natural events and processes. The items included in the matrices are important for the description
of the future geological environments in the area situated in the coast and sedimentary basin, such as
the Horonobe area. The range of this study in the sequence of tasks for the description of the future
groundwater flow conditions is shown in Figure 1. The approach employed in this study is based on
the framework of palaeo-hydrogeological study proposed by Chapman and McEwen (1992) and Yusa
et al. (1992).
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Figure 1. A framework of the study on the long-term stability of the geological environments in and
around the Horonobe area. The tasks in grey boxes indicate the range of this study.

Outline of geology
The Horonobe area is situated in the eastern part of the Tenpoku Basin, and its geology is
dominated by the Neogene to Quarternary sedimentary sequences, that is, Onishibetsu (alternating
beds of conglomerate, sandstone, and mudstone, intercalated with coal seams), Masuporo (alternating
beds of conglomerate, sandstone, and mudstone), Wakkanai (diatomaceous and siliceous shale),
Koetoi (diatomaceous and siliceous mudstone), Yuchi (sandstone), and Sarabetsu Formations
(alternating beds of conglomerate, sandstone, and mudstone, intercalated with coal seams) in
ascending order. These formations are unconformably overlain by terrace deposits, alluvium, and
lagoonal deposits (unconsolidated deposits of gravel, sand, and mud). The growth structures of the
fold-and-thrust belt of northern Hokkaido indicated by seismic reflection profiles suggest that the
ongoing EW compressive tectonics (neotectonics) in the western part of the Horonobe area has begun
in Late Pliocene time (Figure 2).
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Figure 2. Geological evolution in the Horonobe area since Late Pliocene, Partly modified
from Niizato et al. (2007). The shaded relief map is after geographical survey
institute (2001). Sa-F: Sarobetsu fault zone, Om-F: Omagari fault.

Based on the time-stratigraphy and sedimentary analysis, the development of the structures has
resulted in westward migration of the depositional area in the Tenpoku Basin (Yasue et al., 2005). In
addition, the distribution of hypocenters for micro-earthquake, active structures, and the Quaternary
sediments indicates that present-day activity has been localized with the western part of the Horonobe
area.
The Horonobe area has widespread distribution of the marine terrace deposits, which are
correlated to the marine oxygen isotope stage (MIS) 7 through 5e. Figure 3 shows the
palaeogeography in the area from MIS7 to the present on the basis of the formative age and
distribution of the deposits, global-scale sea-level change, and sea-floor topography. The former
shorelines of interglacial stages (e.g. MIS5e) have proceeded ca. 12 km away from that of the present
on the landward. On the other hand, the former shorelines of glacial stages (e.g. MIS2) have proceeded
ca. 50 km away from the present shorelines on the seaward. The great migration of the shoreline
caused by glacial-interglacial cycles is attributed to the gentle slope of sea-floor topography.
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Figure 3. Palaeogeography from MIS7 to the present in and around the Horonobe area, Partly modified
from Niizato et al. (2007). The age of each MIS stage is after Koike and Machida (2001).

Additionally, we can point out a few natural events and processes which have potential impacts
on the groundwater flow conditions. The main phenomena are as follows:
•

Distribution of the fossil periglacial wedges suggests that northern Hokkaido was located in
the northern margin of the discontinuous permafrost zone during the maximum cold stage of
the Last Glacial Age (MIS2; Miura and Hirakawa, 1995).

•

The relationship between geology and geomorphology (hill morphology, drainage pattern,
etc.) suggests that geomorphic processes are different in each geological formation (Ota, et
al., 2007).

•

A change in porosity due to burial process will also change hydraulic conductivity and
transport properties of formations. This time-dependent phenomena will proceed in time
frame of ten thousand to one million years.

Conceptual model for future geological evolution and geological environments
Consequently, natural events and processes which have potential impacts on groundwater flow
conditions in the Horonobe area are summarised in Figure 4. The figure represents the situation in the
present and future glacial stage with some exagerations on the basis of the tectonics, palaeogeography,
palaeoclimate, historical development of landform, and present-state of groundwater flow conditions
in the area. Also, it assumed that the future natural events and processes will behave much as it did in
past and does in the present (the past is the key to the future).
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Figure 4. A conceptual model for natural phenomena That have potential impacts on groundwater flow
conditions in the Horonobe area, partly modified from Niizato et al. (2007)

The groundwater flow conditions (direction and flux) in the present are taken and simplified from
Kurikami et al. (2006). The conditions in the future glacial stage are conceptually drawn in
consideration of impacts of future natural events and processes on the groundwater flow conditions in
the present. The events and processes with underline in the Figure 4 (lower figure) are important ones
for the description of the best-possible approximation of the future groundwater flow conditions. For
example, the development of the permafrost will prevent meteoric water from infiltrating to the
underground, and then the recharge rate of groundwater will be decreased dramatically. Figure 4
further explains certain types of interactions between natural phenomena. For example, a relative sealevel change is attributed not only to climate change but also to local uplift due to fault movement in
the coastal area (see left-hand side on Figure 4). Moreover, a change of base-level of erosion due to
sea-level change causes a change of sedimentation and denudation area. As mentioned above, the
interactions of natural events and processes impact on geological environments.
The interaction matrices of natural events and processes
All of the geological evolutions, and potential impacts of natural events and processes on the
geological environments in the Horonobe area are summarised in Figure 5a and 5b in the form of
interaction matrices. These are the current integration and will be updated during the investigation, as
additional data and analytical results are obtained.
Figure 5a. Overview of the Interaction Matrices of Natural Events and Processes in the Horonobe Area.
See Figure 5b for Details of the Items Enclosed by Heavy Solid Line.
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Figure 5b. Details of natural events and processes, Their impacts on geological environments, and
interactions of them related to the future evolution of the geological environments, especially for
uplift/subsidence, Denudation/sedimentation, and climate and sea-level change, in the Horonobe area.

Conclusion
So far we have outlined the geological evolutions, impacts of natural events and processes on the
geological environments, and the interaction of it in the case of the Horonobe area. We conclude that it
is important to consider interactions of natural events and processes. If not so, we assume that it is
impossible to assess the impacts of natural events and processes on the geological environments, and
long-term evolution and stability of it in an appropriate manner.
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GROUNDWATER FLOW PREDICTION METHOD IN CONSIDERATION
OF LONG-TERM TOPOGRAPHIC CHANGES OF UPLIFT AND EROSION

1
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Abstract
When evaluating margin of safety of radioactive waste disposal, leakage and transfer of
radioactive material into groundwater are important factors. The evaluation should be done for a long
geologic period, such as tens of thousand to hundreds of thousand years, depending on the
concentration and quantity of radioactive materials. It is essential to take climatic and topographic
changes into consideration of the groundwater flow for such long-term prediction. We examined a
method for a long-term prediction, and found it effective through its application to realistic example.
Purpose
Since 1992 in Japan, disposal of low level radioactive wastes generated by operation of nuclear
power plant have been carried out at Rokkasho-mura, Aomori Prefecture. At the moment about
80 000 m3 of low level radioactive wastes are authorized to be buried at near-surface sites. On the
other hand, methods of disposal for low level wastes not suitable for near-surface burial have been
under investigation if they could be disposed at depths over several tens of meters in the ground where
it is assumed to be safely isolated for a long-term (called sub-surface disposal).
In July 2007, the Nuclear Safety Commission disclosed a report, “Fundamental guidelines of
safety regulation of low level radioactive waste (Interim report),” in which they pointed out that when
evaluating long-term safety of disposal facilities, various uncertainties have to be taken into
consideration. The report said that depending on the levels of uncertainties the evaluations should be
classified, based on risk evaluation method, into likely scenario, unlikely scenario, and very unlikely
scenario, and for each category tentative dose limit should be applied. Further, it emphasised that in
likely scenario of sub-surface disposal, a suitable groundwater scenario should be considered taking
effects of long-term geologic changes such as uplift, subsidence, sediment deposition, erosion, sea
water level change etc. into consideration as well as climatic change from the viewpoints of isolating
the waste materials from biosphere by deep burial.
There are few examples of groundwater scenario taking long-term effects of geologic and
climatic changes, however. We therefore examined long-term (up to tens of thousand years) prediction
of groundwater flow from topographic and climatic changes into consideration based on realistic
examples and discuss the effectiveness of the method.
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Examination procedures
Before starting assessment of examination procedures, it is necessary to see if the items of natural
phenomena have possibilities of affecting the groundwater flow. On volcanic activities and faulting,
the disposal site is quite unlikely to be affected is confirmed in principle. Next, the laws governing
changes of uplift rate and of sea level, and erosional history are examined to predict topographic
future. Lastly, based on the changes of topography and climate, groundwater flow in the future is
estimated.
Outline of geology, groundwater, and climate of the area examined
Topography and Geology
The research area is situated on the Pacific side of southern Shimokita Peninsula, Aomori
Prefecture. It is bounded in the north by Oibe River, and south by Futamata River and Obuchi Lake,
and a plateau consisting of sea terraces about 30 to 60 m a.s.l.
Geology of the area is Miocene pumiceous tuff and pumice mixed sandstone (Takahoko
Formation). The thickness of each bed is 10 to 50 m. It is overlain by about 10 m thick Quaternary
terrace deposits and volcanic ash beds (Figure 1).
Figure 1. Geologic map of research area (Horizontal slice EL.-80m)

Takahoko Formation is dominated by low-angle fractures which are assumed to have been
formed by unloading of overlying strata during uplift. Density of fracture distribution tends to become
less from the ground surface to the depths. At depths below 50 m from the ground surface, numbers of
fractures are about 0.3 to 1.3 per 10 m, somewhat depending on the type of rocks. As far as examined
on the exploratory drift walls at depth below 50 m, 90 % of apparent lengths of the fractures tend to be
shorter than 5 m.
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Groundwater
Hydraulic conductivities of Takahoko Formation measured at bore holes are mostly in the order
of 1×10-8 m/s ~ 1×10-9 m/s with slight differences among different rock types and depths. Flow
porosities measured on boring cores by tracer test tend to be large at 11 to 57 % suggesting that the
matrix of the basement rocks is porous easily allowing groundwater flow. Also, fractures seem to be
not connected to each other because their densities are small, and it is judged that most of the
groundwater flow occurs through matrix and scattered non-continuous fractures.
Water table is located within the Quaternary beds about 10 m thick overlying the terraces and its
surface shape follows topography. Judged from topography and pore water pressure measurements,
the groundwater recharged on the terraces is estimated to be discharged to the lakes and valleys of
surrounding areas. Based on chemical analyses and resistivity data, stagnant high salinity fossil sea
water seems to exist at depths deeper than 300 m. Therefore, the depths of infiltrated groundwater
from the surface seem to be restricted about above 300 m depth. The flow velocity of the groundwater
estimated from hydraulic conductivity, hydraulic gradient, and flow porosity is about 0.01 to 0.1 m per
year.
Climate
Climate of the research area is as follows: Average annual atmospheric temperature about 10°C,
annual precipitation about 1 300 mm, and average amount of recharge to the groundwater about 250 to
500 mm per year.
Volcanoes and active faults
The research area is situated close to the boundary of North American Plate and Pacific Plate.
The subducting Pacific Plate produces volcanic front (eastern edge of distribution of volcanoes) on
North American Plate on which the research area is situated. The research area is 20 km to the east of
the volcanic front. The position of the volcanic front has not changed much in the last 2 000 000 years.
No active faults have been identified directly beneath the research area. Also there is no active
fault that to extend to the research area.
From the above, the disposal site is unlikely to be directly influenced by volcanoes and active
fault in the future.
Uplift rate
In all Shimokita Peninsula, marine terraces formed during last 700 000 years are distributed. The
uplift rate is between 20 m per 100 000 years and 45 m per 100 000 years, and uplift rate at each area
is estimated to be steady (Koike et al., 2001). Also this area is under E-W stress field for the last
5 000 000 years.
In the southern part of Shimokita Peninsula within which the research area is located, six marine
terraces (MIS11 ~ 5c) formed by uplift movements during the last 400 000 years are identified
(Figure 2). Using elevations of old shorelines and relative sea level data of Chappell (1994), uplift rate
of the area is estimated as shown in Figure 3. The calculated values are conformable to the present day
topography; that is, they are large in high elevation areas and small in low-lying areas.
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Figure 2: Classification of marine terraces in the southern part of Shimokita Peninsula

Figure 3. Uplift rate during last 330 000 years in the southern part of Shimokita Peninsula
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Plot data are based on clear old shorelines (MIS9, MIS7, MIS5e and MIS5c) of six marine
terraces (MIS11 ~ MIS5c).

From the above, predictions are made for the coming several hundreds of thousand years
assuming that similar stress field and uplift rate would continue to work. The assumed uplift rate is
35 m per 100 000 years for the research area.
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Climatic and sea level changes
Climatic and sea level changes are claimed to occur due to changes of global air and seawater
circulation pattern, and to wax and wane of continental ice sheet caused by changes of solar radiation
which could result from change in solar activity or Earth’s orbital element or both (e.g. Kumazawa et
al., 2002). Sea level changes for the last 450 000 years studied by oxygen isotope ratios such as
(į18O) revealed that the level may have fluctuated with cycles of 80 000 to 120 000 years between
+10 m and -130 m as compared to the present level (Labeyrie et al., 2002). Also from salt contents of
bottom sediments, Rohling et al. (1998) reported that the sea level of the Red Sea about 440 000 yBP
was lower than present-day level by 139 m±11 m. In addition, Chappell (1994) reported that the range
of sea level change was estimated to be within +5 m~-130 m based on the data from sea terrace
heights in Huon Peninsula, Papua New Guinea, where uplift rate was found to be exceptionally large.
According to Ishizaki et al. (2004), variations of sea water temperatures to the east of the research
area deduced from alkenones during last 25 000 years are conformable with the data estimated in north
Atlantic. Combined with elevation data of alluvial deposits in the area, the sea level and climatic
changes of this area are conformable with global trend.
Climate and sea levels deduced on the cyclic nature of past records indicate a cooler temperature
in the future than present-day, as the earth is near the apex of warm period at the moment. However,
the amount of solar radiation calculated from earth’s orbital element is similar to that of 400 000 years
ago, and from this the warm period may last another 15 000 years according to a report (EPICA
community members, 2004). Another hypothesis says that according to climate simulation taking the
effect of greenhouse gas into it shows that warmer period may last for another 50 000 years (ANDRA,
2005).
As are shown above, there remain too many uncertainties as to the future climate and sea level
changes. Here predictions are made for two cases; one for continuing warm period, and the other for
cool temperature. As to the sea level, constant +10 m high level than present-day is assumed. For
cooling climate cases, -90 m for 10 000 years and -150 m for 60 000 years from now is assumed,
based on the case with fastest cooling change among 4 cycles in past 450 000 years (Figure 4).
Figure 4. Forecast sea level changes in the future
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Prediction of future topography
To predict future topography of the research area, it is necessary to understand the erosion
proceeds such as fluvial erosion, marine erosion, glacial erosion and wind erosion. However, the
surface of the research area is covered by eolian deposits such as loess from China and volcanic ash
deposits after the formation of terrace surfaces, and glacial erosion and wind erosion need not be
considered. Therefore, for prediction in cooling model, only fluvial erosion related to the lowering of
sea level is to be considered. For warming model, as sea level would rise, marine erosion and fluvial
erosion are to be considered.
Fluvial erosion
Longitudinal river section at the times of last glacial maximum and interglacial can be known
from current riverbed shape, distribution of basal elevations of alluvial deposits, and distribution of
fluvial terrace elevations. Therefore, it would be safe to conclude that future erosion would occur
along this longitudinal shape. For the amount of deepening, Fujiwara et al. (1999) reported that under
stable sea level it does not exceed uplift rate. Therefore, it would be safe to assume that the deepening
is balanced with uplift rate. The method to estimate amount of fluvial erosion is shown in Figure 5.
Figure 5. Method of estimating fluvial erosion for research area

Erosion by small tributaries are estimated in comparison to erosional shapes on marine terraces at
the times of MIS7 (peaked at about 210 000 yBP) and MIS5e (peaked at about 125 000 yBP) and rules
of erosion was obtained. In Figure 6 is shown longitudinal and traversing sections of tributaries for
different catchments of the research area. From this figure, it is clear that longitudinal and traversing
sections show similar shape despite differences in the depths of the tributaries, ages of erosions, and
geology. It shows that the erosion in tributaries progresses while holding longitudinal and traversing
shapes constant with the major river as datum plane.
282

30䍽

40

Height from head of tributary (m)

Height from bottom of tributary (m)

Figure 6. Similarities of longitudinal and traversing sections of tributaries for research area
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Marine Erosion
Rate of marine erosion in the research area is estimated from the deposits in nearby Obuchi Lake.
As is shown in Figure 7, humus silt is accumulating in the central part of the lake for the last 10 000
years, and no deposits have been supplied from lake shore or sea. On the other hand, sand mixed with
silty material is found deposited on the lake shore. The topmost deposits are supplied from materials
composing terraces. Therefore, topmost deposits are identified to have derived from eroded terrace
materials during hypsithermal period. From the volume of the materials, marine erosion rate would be
estimated. Assuming maximum erosional rate, the edges of the terraces are estimated to be eroded at a
rate of 10 m per 7 000 years.
Figure 7. Amount of marine erosion as deduced from deposits of Obuchi Lake
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Prediction of topographic change
Upper left in Figure 8 present-day topography of the research area (2 km square) is shown, and
upper right and lower right are shown those predicted for 10 000 and 60 000 years from now under
cooling climate conditions, respectively. Lower left in Figure 8 is shown future topography under
warming conditions. Based on those, future groundwater flow analysis models are produced.
Appropriateness of the future topographic model is judged using erosional rates of marine
terraces. Observed erosional rates of marine terraces are about 30 % for MIS5e, which emerged from
the sea about 125 000 years ago, while it is about 50% for MIS7, emerged about 214 000 years ago.
Calculated erosional rates of future topographic model are found to be about 30 % and 50 % for the
terraces corresponding to about 125 000 and 214 000 years, respectively, after emergence from the
sea. The fact that those values match with observed values confirm the appropriateness of the model.
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Figure 8. Bird’s eye view of topographic model
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Prediction of groundwater flow pattern
Analysis model and boundary conditions
Groundwater flow pattern in the future is analyzed using three dimensional FEM model. Two
analyzed areas, one regional model of 20 km across and another medium-sized model of 10 km across
have been chosen and influences of geology and geography as well as sea water-fresh water boundary
are considered (Figure 9). The results show that groundwater of research area flows within a drainage
area of about 2 km which is bounded by closest river and lake. Also it is clear that very little
intermixing occurs between water at depths deeper than 300 m, where fine-grained sandstone and
mudstone with lower hydraulic conductivity is distributed, and the water of shallower depths. From
these results, further detailed analysis is carried out for a 2 km square area. The chosen area is
bounded in the north, west, and south by drainage area consisting of rivers and a lake. The boundary is
assumed to be impervious. The eastern boundary is assumed to be where flowing out occurs (hydraulic
head value is fixed based on the regional model analysis). The base of the groundwater flow is also
assumed to be impervious at depth of 300 m (Figure 10).
Hydraulic conductivity is assumed to be the same with that obtained from in situ permeability test
of included fractures. To confirm the influence of fractures on groundwater flow, gross permeability
for rocks with fractures and actual matrix is analytically examined. Specifically, density, dip and
strike, and expanse of fractures are set at statistically matching values, and only positions of fractures
are randomized in Monte Carlo method in preparing three dimensional groundwater flow analysis
model. Through flowing of water and other materials to this model, parameters necessary to calculate
gross hydraulic conductivity and gross flow rate are obtained.
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Figure 9. Regional analysis model of groundwater flow
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Figure 10. Groundwater flow analysis model (for an area detailed study is carried out)
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Within the 2 km square of research area for groundwater flow analysis, drilling survey at 250 m
grids has been carried out. Some three dimensional reflection seismic survey data are available, in
addition to geologic observations on exploratory tunnel. Therefore, detailed geology of the area is well
known. Also in situ permeability tests utilizing drill holes are carried out which reveal relationships
between rock types and hydraulic conductivities, and state of weathering and depths. As a result of
these data it becomes clear that hydrographic characteristics such as hydraulic conductivity, effective
flow porosity should be set for each rock type (hydrogeological classification) for realistic modeling.
To the upper part of the model is given infiltrating precipitation. The rate of infiltration is given
to conform, in average, calculated groundwater level to observed level. On the other hand, future rate
of infiltration in glacial period may become less with the decrease of precipitation. Therefore, it is
assumed that the brown discoloration shown in weathered rocks represents groundwater level at the
glacial maximum period about 20 000 yBP with lowest temperature, and calculation of the amount of
infiltration from analysis is carried out.
Confirmation of model
To confirm validity of the groundwater flow analysis model, calculated values of pore water
pressure distribution, amount of spring water seeping into exploratory tunnel, and groundwater quality
are compared to those of observed. The calculated pore water pressure distribution shows similar trend
with that of observed. Thus, it is confirmed that hydrographic classification and relative hydraulic
conductivity allotted to each rock type are properly modeled. Also, amount of groundwater discharge
to drift is found to be matching between calculated and observed, confirming the validity of allocated
hydraulic conductivity to the rocks near the tunnel, which in turn confirms the validity of the
allocation of hydraulic conductivity and the model as a whole (Figure 11). In the meantime as to the
water quality, groundwater collected from several boreholes are analyzed for oxygen/hydrogen
isotopic ratios (į18O, įD). Some groundwater show small isotopic ratios indicating that they originate
at the time of prevailing low temperature during glacial maximum period of 10 000 to 20 000 yBP.
Therefore, by using groundwater flow analysis, time required for the water to infiltrate from the
ground surface to the depths can be calculated, and these in turn can be used to confirm validities of
flow velocities of groundwater and effective flow porosities. It is confirmed that the calculated
groundwater flow velocities give about one to twice as high velocities from actual cases (Figure 12).
Figure 11. Comparison of observed and calculated amounts of groundwater discharge
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Figure 12. Comparison of general and analyzed trends in oxygen/hydrogen isotope ratios
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Prediction of Groundwater flow
Using the confirmed model as described above groundwater flow analysis is carried out with
consideration to future changes in topography, sea level, and precipitation and recharge rates. The
results show that with changes to those, how groundwater flow rate and flow direction change
(Figure 13).
Figure 14. Results of groundwater flow analyses in consideration of long-term topographic changes
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Summary
Based on the predicted topographic changes for a period over several tens of thousand years,
long-term prediction of groundwater flow is carried out. The prediction has carefully followed along
current scientific knowledge, with the validity of the model confirmed along the way as far as
possible. With the changes of topography, groundwater flow rate and its direction would change. This
shows importance of similar examination along the same lines of this study as well as effectiveness of
the method.
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AN INTEGRATED APPROACH FOR DETECTING LATENT MAGMATIC ACTIVITY
BENEATH NON-VOLCANIC REGIONS: AN EXAMPLE FROM THE CRYSTALLINE
IIDE MOUNTAINS, NORTHEAST JAPAN

K. Umeda
Japan Atomic Energy Agency, Japan

In order to avoid future volcanic hazards at any given waste disposal site or something similar, it
is indispensable to ascertain in advance the presence of latent magmatic activity in the deep
underground. The Iide Mountains are located on the Japan Sea side of northeast Japan, and are mainly
composed of Late Cretaceous to Paleogene crystalline rocks. Although no evidence of volcanism
during the Pliocene and the Quaternary is known in and around the Iide Mountains, the region has
long been recognized to be unusual in comparison to other “non-volcanic” regions, as indicated by the
presence of high temperature hot springs. In order to examine whether or not the heat source for the
hydrothermal activity originates from recent magmatic activity in this “non-volcanic” region, we
carried out local seismic travel time tomography and wide-band magnetotelluric soundings and also
determined the helium isotopes content in gas samples from hot springs around the Iide Mountains.
The estimated seismic velocity and resistivity structures show that a zone with low velocity P- and Swaves, low Vp/Vs ratios and high electrical conductivity are clearly visible at depths of more than
15 km below in the Iide Mountains. The location of the geophysical anomalies correlates with the
geographic distribution of hot springs with high 3He/4He ratios similar to MORB-type helium,
suggesting that the heat source is due to high-temperature fluid and/or melt derived from mantle
materials. Therefore, it is concluded that the geophysical anomaly beneath the Iide Mountains is due to
newly ascending magmas in the present-day subduction system. It means that an integrated approach
combining geophysical and geochemical methods is useful for detecting crustal magma storage, which
has the potential to cause future volcanism in a “non-volcanic” region.
Introduction
Geological hazard assessments are being used to make decisions that may affect society for
extended periods of time. For example, the need to make quantitative, long-term estimates of future
volcanism, estimates that exceed human timescales are of increasing importance. This is partly as a
requirement for constructing nuclear facilities, such as repositories for deep geological disposal of
long-lived, high-level radioactive waste in regions with low volcanic risk, tens of kilometers from
Quaternary volcanoes. Generally, in order to assess the risk posed by a volcano, it is necessary to
determine the age of the last activity by geological and geochronological means and deduce from this
whether the volcano poses a credible risk (McBirney and Godoy, 2003). However, it is difficult to
carry out volcanic risk assessment in a region consisting of Paleozoic or Mesozoic formations without
a record of Pliocene to Quaternary volcanism. In such cases, we would examine the potential for new
volcanism using mainly geophysical and geochemical information to elucidate the presence of crustal
magma storage in a given region.
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Seismic wave velocities can vary mainly depending on fluid contents and temperature. Seismic
travel time tomography has been widely applied to investigate the subsurface structure of active
volcanoes (e.g. Nakajima and Hasegawa, 2003). Many previous tomographic studies have imaged
seismic velocity anomalies that are interpreted as magma chambers, intrusive bodies, gas-filled
regions, etc. It is known that low P-wave (Vp), low S-wave velocity (Vs) and low Poisson’s ratio
(Vp/Vs) observed in the upper crust are caused by inclusions of H2O with a relatively large aspect ratio,
and low Vp, low Vs and high Vp/Vs in the lower crust and the uppermost mantle are caused by melt
inclusions (Nakajima et al., 2001). Thus, seismic tomography is considered to be a powerful tool for
detecting magma and related fluid in the crust and the upper mantle. Magnetotelluric (MT) methods
can provide electrical conductivity images of the crust and upper mantle by measuring natural
electromagnetic signals at the Earth’s surface in a wide frequency band (e.g. Jones, 1992). A great deal
of effort has been made to obtain information about the resistivity structure of active volcanoes and
surrounding geothermal fields by MT soundings (e.g. Matsushima et al., 2001). As electrical
conductivity is the physical property most sensitive to the configuration of aqueous fluid and/or melt,
MT can contribute to the delineation of magma plumbing systems. Accordingly, seismic and
electromagnetic studies provide geophysical constraints on crustal magma transfer and storage around
volcanic and/or geothermal regions.
On the other hand, noble gases and their isotopes are excellent natural tracers for mantle-crust
interaction in different geotectonic provinces. Due to their inert chemical character, they provide
durable tracers that are unchanged by the complex chemical processes affecting reactive species.
Helium isotopes can be especially, useful geochemical indicators of mantle-derived materials in the
crust, owing to the distinct difference in isotopic compositions between the crust (3He/4He ratio of
~10-8) and the upper mantle (3He/4He ratio of ~10-5) (e.g., Ozima and Podosek, 2002). Previous studies
have measured helium isotopes in various types of gas samples, and precise 3He/4He data can provide
knowledge on geochemical features of subduction zones (e.g. Sano and Wakita, 1985). The upper
limit of 3He/4He ratios of fumarolic gases and terrestrial waters around volcanoes are commonly
similar to those of MORB-type helium, whereas those in the fore-arc regions are significantly lower
than the relative to atmospheric value of 1.4x10-6. According to investigations of the 3He/4He ratio
distributions in and around individual volcanoes, there is a general trend for 3He/4He ratios to decrease
with increasing distance from the main cone of each volcano (Sakamoto et al., 1992). This trend is
interpreted to be an indication of the presence of magma with a high 3He/4He ratio, and that the gas
supplied from the magma is diluted by atmospheric and/or crustal components with low 3He/4He ratios
with increasing distance from the peak.
As indicated above, seismic tomography, magnetotelluric soundings and determination of helium
isotope ratios could provide geophysical and geochemical constraints on the presence of latent
magmatic activity beneath crystalline basements in “non-volcanic” regions. This is especially
significant if there is no geologic record of Pliocene to Quaternary volcanic events, so that the
information obtained would enable us to examine the likelihood of future volcanism. Moreover,
integrating evidence from a variety of disciplines could lead to progress in scientific issues regarding
magma dynamics and evolution: Are magma reservoirs small or large, shallow or deep, ephemeral or
long-lasting? The purpose of this study is to show how these methods were applied to indicate whether
or not latent crustal magma storage remains in “non-volcanic” regions.
The Iide Mountains, composed of crystalline basements, are located on the Japan Sea side of
Honshu Island along 38.0°N latitude, where the Pacific plate has been subducting beneath the North
American plate. The Iide Mountains are located approximately 60 km away from the nearest
Quaternary volcano, and there seems to be no evidence of volcanism during either the Pliocene or the
Quaternary. However, this area has been recognized to be an unusual “non-volcanic” region as
indicated by high heat discharge values observed (Sumi, 1981). In this work, local seismic travel time
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tomography and wide-band MT soundings in and around the Iide Mountains were carried out in order
to estimate 3-D seismic velocity structure and 2-D resistivity structure, respectively. In addition, we
measured helium isotopes in gas samples from hot springs surrounding the Iide Mountains, and
examined whether or not the heat source for hot springs originates from recent magmatic activity,
based on integrating evidence from a variety of disciplines.
Figure 1. Location of the Iide Mountains (open triangle). Also shown are Quaternary volcanoes in
Northeast Japan (solid triangles)

Geological background
The Iide Mountains mainly consists of Mesozoic sedimentary rocks and Late Cretaceous to
Paleogene granitic rocks (Figure 2). The Mesozoic sedimentary rocks, consisting of massive
sandstone, layers of sandstone-shale and bedded chert, are completely metamorphosed by the granitic
rocks, and biotite and muscovite are recognized in all the metasediments. The granitic rocks of the Iide
Mountains are mostly composed of granite and granodiorite accompanied by garnet-biotite-muscovite
granite and granophyre. Notable biotite K-Ar ages of the granodiorite were reported to be 56.3 to
51.3 Ma, and the K-Ar ages of biotite and muscovite from the garnet-biotite-muscovite granite were
reported to be 30.3 to 23.9 Ma (Takahashi et al., 1996).
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Figure 2. Simplified geological map around the Iide Mountains. Also shown are MT site locations
and locations of hot springs

Miocene sediments, unconformably overlying the pre-Neogene basement, are distributed around
the Mountains. They are represented by terrestrial and marine sedimentary rocks, with frequent
intercalation of volcaniclastic rocks and lava. Intrusive rocks, mainly consisting of biotite rhyolite,
orthopyroxene-clinopyroxene andesite and clinopyroxene-olivine basalt intruded into the Late
Cretaceous to Paleogene granitic rocks and the Miocene sedimentary rocks (Takahashi et al., 1996).
The K-Ar ages of andestic intrusions were reported to be 12.1 ± 0.3 Ma and 12.6 ± 0.4 Ma (Umeda
et al., 2007). It follows that Miocene volcanism continued until around 12 Ma in this region.
In the Iide Mountains, there are several high-temperature hot springs, such as Iide (55°C),
Awanoyu (41°C) and Yunohira (56°C). On the basis of their chemical composition, they belong to
Na䊶Ca-Cl䊶SO4䊶HCO3 type and CO2-Na-Cl䊶SO4 type (Kimbara, 1992), which are similar to those of
hot springs in volcanic regions. Although there is no observational data on heat flow in the Iide
Mountains, the heat discharge values, estimated using water temperature and volumetric flow rate of
the above hot springs, is over 12 mW/m2 in the Iide Mountains, whose values are equal to those in
volcanic regions in Japan (Sumi, 1980), and cannot be interpreted to be due solely to the radiogenic
heat production of the crystalline rocks.
Seismic tomography
Data analysis
We used P and S wave arrival time data from shallow earthquakes in and around the Iide
Mountains where over 20 seismic stations are located (Figure 3). These data were collected from a
catalog of earthquakes processed with close coordination of the Japan Meteorological Agency (JMA)
during the period from January 2002 to February 2006. We used data from 1 688 earthquakes. The
accuracy of hypocenter locations is better than 5 km in the inversion. The total numbers of P and
S wave arrival times used are 32 790 and 34 557, respectively. The seismic tomography method used
was originally developed by Aki and Lee (1976). This work employed the method and computer
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Figure 3 Vertical cross-sections of (a) Pwave, (b) S-wave and (c) Vp/Vs structure

programmes developed by Zhao et al. (1992a), which are useful for velocity structures with
discontinuities in complex geometries. A 3-D grid net was set up in the model space for this area to
express the 3-D velocity structure. The P- and S-wave velocities at every grid node were taken as
unknown parameters. The velocity at any point in the model space was calculated using a linear
interpolation of velocities at the eight grid nodes surrounding that point. For the initial velocity model,
we adopted the 1-D velocity structure obtained by Zhao et al. (1992b). Grid spacing is 0.10° in the
horizontal and 6 km in the vertical directions. We also conducted a checkerboard test (CRT) at
different grid spacings to examine the resolution scale of the present data set (Zhao et al., 1992a). To
make a checkerboard, we assigned positive and negative velocity perturbations of 3 % to all the 3-D
nodes and calculated the travel times for this model to generate synthetic data. The CRT results for the
P-waves are also fairly good except for the results at depths from 9 to 15 km. The resolution for the
S-wave has very good quality at all depths.
Figure 3. Vertical cross-sections of (a) P-wave, (b) S-wave and (c) Vp/Vs structure along the line A-A’
across the Iide Mountains

Seismic velocity structure
Figure 3 shows vertical cross-sections of Vp, Vs and Vp/Vs along the line running across the Iide
Mountains in an east-west direction (A-A’). The velocity patterns of P- and S-waves are generally
similar to each other except for the portion at depths of about 12 km. Low velocity anomalies for the
P-wave are distributed in the central to eastern portion of the study area, but cannot be imaged for the
S-wave. This is due to the limitation of spatial resolution for the P-wave, because the checkerboard
patterns are not well reconstructed in the CRT. It appears that low velocity anomalies are located at
depths of more than 15 km beneath the Iide Mountains for both the P- and S-waves. However, the
amplitudes of the S-wave anomalies are greater than those of the P-wave anomalies at these depths.
High Vp/Vs anomalies are also distributed at depths of more than 15 km, indicating that the seismic
velocity anomaly may be related to melt inclusions. Figure 4 shows horizontal cross-sections of Vp, Vs
and Vp/Vs at a depth of 18 km in the study area. Low velocity anomalies for the P- and S-waves are
visible to the west of the Iide Mountains. The inversion model reveals that there is a seismic velocity
anomaly larger than the resolution scale of 10 km in the horizontal direction beneath the Iide
Mountains. Seismic wave velocity varies depending on several physical conditions. Variations in fluid
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contents and temperature are likely to be the main causes of the velocity anomalies observed in
volcanic or geothermal regions (Nakajima and Hasegawa, 2003). On the grounds that hydrothermal
activity occurs in the Iide Mountains, the detected seismic velocity anomaly is likely to the higher
temperature and the existence of magma- or a fluid-filled lower crust.
Figure 4. Horizontal cross-sections of (a) P-wave, (b) S-wave and (c) Vp/Vs structure at a depth of 18 km.
The summit location of Iide-san and Kitamata-dake are also shown as white and black triangles,
respectively

Magnetotelluric soundings
Observation
The 50 km long MT profile with 13 recording stations runs across the Iide Mountains (Umeda et
al., 2006). The stations were arranged in a N60°W direction, based on the strike of the northeast Japan
arc and the distribution of hypocenters of crustal seismicity looking in a NNE-SSW direction (Figure
2). The data were collected using five component (three magnetic and two telluric) wide-band MT
instruments (Phoenix MTU-5 system). The data were acquired in the period range from 3x10-3 to
2000s. The recording duration for the sites ranged from 3 to 18 days. Because DC electric railways in
the area can severely affect the measurements, the time series analysis focused on nocturnal data
obtained when there were fewer trains. Two simultaneous remote reference measurements were
carried out at the Naruko site (150 km north of the stations) and the Sawauchi site (250 km north of
the stations). Using the remote reference technique (Gamble et al., 1979), we were able to reduce
unfavorable cultural noise, mainly due to the leakage currents of DC railways around the observation
area.
Data analysis
Prior to the 2-D modeling, we checked the dimensionality of the data obtained by Umeda et al.
(2006), from impedance strike distributions. The strike directions from individual impedance data
were estimated by tensor decompositions (Groom and Bailey, 1989), where distortion parameters were
set as site-dependent and period-dependent. The result shows that the two-dimensionality is well
supported for both N60°W and N30°E directions in the periods from 0.1 to 1 000s. For the modeling,
we took the N30°E direction as the regional strike direction, because it follows the strike of the general
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northeast Japan arc and the distribution of hypocenters of crustal seismicity looking in a NNE-SSW
direction.
The impedance strikes can be described in terms of distinct modes corresponding to the electric
field parallel (TE mode) and perpendicular (TM mode) to the strike direction (N30°E). After fixing the
strike direction as N30°E, we decomposed the data from all the sites with period-independent twist
and shear. The apparent resistivity and phase data from both the TE and TM modes were inverted
simultaneously using the inversion code of Ogawa and Uchida (1996). The model structure and static
shifts were used as model parameters. Data misfit, model roughness and static shift norm were
simultaneously minimized using Akaike’s Bayesian Information Criterion (ABIC). Surface elevation
was included in the resistivity model so that a two-dimensional approximation of the effect of
topography was reflected in the computations. The first step for the inversion is the design of a
suitable finite-difference mesh, which depends largely on the site distribution and the frequency range
of the observations. It must have at least one column for each station of the profile but grids preferably
consist of a finer mesh where row thickness increases with depth based on the initial resistivity set for
the model and the frequencies involved. After trials with different model sizes, we settled upon a mesh
of 107 horizontal by 63 vertical cells. All inversions started from 100 ȍm with no static shift. An
assumed error floor in the apparent resistivity from 10% to 200% was used together with the
equivalent error floor for the phase data. After 25 iterations, the root mean square of data misfit
converged to 26%. The calculations were consistent with the observations for the most part.
Resistivity structure
The best fit resistivity model is shown in Figure 5. Also shown are the hypocenters of
microearthquakes and deep long period tremors identified by the Japan Meteorological Agency
(JMA). The profile shows that there is a resistive part having a resistivity of more than 1 000 ȍm in
the upper crust beneath the Iide Mountains, which is concordant with the distribution of the Mesozoic
sedimentary rocks and Late Cretaceous to Paleogene granitic rocks. The compact and dry crustal rocks
are characterized by elevated electrical resistivity up to 10 000 ȍm (e.g. Schwarz, 1990). Thus, the
resistive part may reflect the upper and middle crust probably composed of less permeable metasedimentary and granitic rocks. In contrast to the resistive crust, an anomalous conductive body
(< 10 ȍm) is clearly visible in the lower crust of the Iide Mountains (below sites 112 to 107). The
conductor widens with increasing depth, and extends from the near-surface down to the base of the
crust and perhaps into the upper mantle. The resistivity structure is controlled by the presence and
connectivity of any fluid and/or melt in the pore spaces and on the conductive minerals, rather than by
the resistivity of the host rocks (e.g. Jones, 1992). Although metallic ore bodies can have very high
conductivities, they do not generally have spatial dimensions as large as that observed in the Iide
Mountains.
The occurrence of crustal seismicity could reflect the thermal structure of the crust. The
hypocenters of crustal earthquakes in Northeast Japan are limited to depths of ~ 15 km and the cut-off
depth of seismicity probably coincides with the 400 °C isotherm (Ito, 1993). The cut-off depth
decreases locally beneath active volcanoes, indicating the presence of magma and related
hydrothermal activity. Figure 5 shows that most of the crustal earthquakes occur in the resistive part at
depths of less than or equal to ~ 15 km and very few hypocenters are located within the conductor.
Note that the cut-off depth decreases toward the Kitamata-dake (below sites 109 to 110), and is in
good agreement with the upper boundary of the conductor, implying that the temperature of the
conductor is higher than 400°C. The region of thinning of the brittle seismogenic layer is concordant
with the distribution of the high-temperature hot springs. Thus, the preferred interpretation for the
conductive anomaly beneath the Iide Mountains is the existence of interconnected high-temperature
fluid and/or melt.
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Figure 5. Two-dimensional resistivity model using both the TM and TE modes. Also shown are
hypocenters of microearthquakes (white dots) and deep low-frequency earthquakes (stars)

Helium isotope measurements
Samples and analytical methods
Samples were collected in glass containers with vacuum cocks at both ends. The gas was
introduced into the container by water displacement using an inverted funnel and an injection syringe.
Details of sample collection methods can be found in Nagao et al. (1981). Major components of the
gas samples were determined with gas chromatography. Estimated uncertainty of measurement is
± 0.01 % for major components, and ± 0.001 % for He and Ar. The isotope ratios of He and Ne were
determined using the MS-III mass spectrometric system (modified VG5400). The 3He and 4He ion
beams were detected on a double collector system: 3He by axial counting and 4He by the high Faraday
collector, (feedback resistor = 10 Gȍ). A resolving power of 600 allowed the complete separation of
the 3He+ beam from the H3+ and HD+ beams. Neon was released from the cryogenic trap at 45 °K.
Measured 3He/4He ratios are normalized to a standard 3He/4He gas (3He/4He=1.71x10-4) prepared and
stored in a stainless steel container on the inlet line. Blank levels of He and Ne determined were lower
than 1x10-9 cm3 STP, respectively. They represent less than 0.1 % of the amount of sampled gases, so
blank correction was not required. Mass spectrometric details, including purification procedures, have
been published elsewhere (e.g. Aka et al., 2001).
Helium isotopes
In this section, the characteristics of helium isotopes surrounding the Iide Mountains using both
the data obtained in this study and the data reported by Umeda et al. (2007) are discussed. Major
component analyses of the gas samples show that N2 is the predominant phase and CO2 is the next
most abundant. They are different from well samples in the Niigata plains, which are dominantly CH4
rich natural gases. Most of the gas samples show N2/Ar ratios in the range between 37.7 (air-saturated
water) and 83.7 (air). This result indicates that the N2/Ar ratios are mostly controlled by the
atmospheric components. The relative N2-Ar-He compositions of these gases are shown in Figure 6. In
this ternary diagram, the hot spring gases fall on a trend between the He and Ar-rich components
(Giggenbach, 1996). Therefore, it can be deduced that the source of the gases has a relationship to
mantle and/or crust-derived components, in addition to atmospheric components.
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Figure 6. Relative N2-He-Ar composition of gases from hot springs

The 3He/4He ratios of hot spring gases sampled in and around the Iide Mountains ranged from
0.22 to 7.9 RA (RA denotes the atmospheric 3He/4He ratio of 1.4x10-6). Generally, the CO2 rich
samples have higher 3He/4He ratios than the N2 rich ones. Contribution of atmospheric helium to each
sample was estimated using the 4He/20Ne ratio, assuming all measured Ne is of atmospheric origin.
Figure 7 shows the relationship between the measured 3He/4He and 4He/20Ne ratios. Most gas samples
have relatively little contamination from air, resulting in small changes to the 3He/4He ratios. Most of
the hot spring gases have higher 3He/4He ratios than the atmospheric ratio, indicating remarkable
differences in 3He/4He ratio compared with other regions consisting of Mesozoic sediments and
Cretaceous granite, away from active volcanoes in Japan. The 3He/4He ratio of arc-related volcanism
in Northeast Japan ranged from 1.7 to 8.4 RA and the mean value is 5.1±1.7 RA, consistent with the
range of the observed values from hot springs in and around the Iide Mountains (Hilton et al., 2002).
Note that the highest 3He/4He ratio of 7.9 RA, which was measured at Iide (No. 7), is close to the value
for MORB-type helium with an average value of 8 RA (e.g. Graham, 2002). Although there is no
active volcanism around the Iide Mountains, the observed helium ratios of the sampled hot springs are
elevated with respect to those expected for a crustal source.

Figure 7.
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He/ He versus He/ Ne diagram for the hot spring gases
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Discussion and Conclusions
As mentioned above, there is a clear correlation with location between the low velocity anomalies
and the conductive body, suggesting the existence of high-temperature fluid and/or melt at depths of
more than 15 km, toward the Kitamata-dake, one of the peaks in the Iide Mountains. On the other
hand, the spatial distribution of the observed 3He/4He ratios for gas samples may reveal the lateral
extent of the mantle-derived materials beneath the Iide Mountains. Figure 8 shows the geographic
distribution of 3He/4He ratios of gases from hot springs and gas wells. The hot springs having
anomalously high 3He/4He ratios are located toward the central part of the Iide Mountains. In contrast,
the hot springs and the gas wells having rather low 3He/4He ratios are distributed in the foothills and
outside of the Mountains. The trend is similar to the one observed around active volcanoes and their
surrounding regions (Sakamoto et al., 1992). The hot spring with the highest 3He/4He ratio at the Iide
Hot Spring (7.9 RA) is located in proximity to the Kitamata-dake, suggesting the likelihood that
mantle-derived materials are supplying MORB-type helium beneath the Kitamata-dake, and that the
mantle helium has been diluted by atmospheric and/or crustal components with lower helium ratios
away from the peak. Consequently, the location of the geophysical anomaly correlates with the
geographic distribution of hot springs with high 3He/4He ratios similar to MORB-type helium,
indicating that the heat source is due to high-temperature fluid and/or melt derived from mantle
materials.
3

4

Figure 8. Geographic distribution of He/ He ratios of gases from hot springs.
3
4
Numbers indicate He/ He ratios as RA unit

The emanation of hot springs with high 3He/4He ratios requires the effective movement of mantle
helium to the Earth’s surface. Mantle melting is the most likely mechanism responsible for the transfer
of mantle helium from the subcrustal lithosphere where the volatiles would be released directly from a
magma body to the crustal fluids (e.g. Torgersen, 1993). Considering the apparent lack of volcanism
since around 12 Ma, the potential 3He sources are limited to the following:
(1) fluid circulation through either the erupted Miocene basalts (~ 12 Ma) or an ancient and nonactive magma chamber originally charged with mantle helium; or
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(2) direct addition of mantle helium from newly ascending magma in the present-day subduction
system. The initial 3He/4He ratios in the magma emplaced into the crust would be high and
similar to those of MORB-type helium. Once the erupted basalt and/or the chamber is
isolated and its volatile inventory is no longer being replenished by a mantle source, the
helium isotope ratio will decrease with time due to the addition of radiogenic 4He from U
and Th decay, resulting in much lower ratios in the present-day (Craig and Lupton, 1976).
In order to determine whether or not an ancient magma is a possible source of the high 3He/4He
ratios in the hot spring gases, we calculated the evolution in 3He/4He ratios of a Miocene basalt with
time. The present 3He/4He ratio can be estimated using several assumptions:
(1) U and Th contents of basalt are 0.5 and 1.0 ppm, respectively (Ebihara et al., 1984);
(2) the initial 4He concentration (1x10-6 cm3 STP/g) in the basalt was chosen as a reasonable
upper limit for non-degassed basalt melt determined from mafic xenoliths (Mamyrin and
Tolstikhin, 1984),
(3) the 4He production rate P is a function of the U and Th concentrations and can be written in
terms of a U concentration parameter and the Th/U ratio as: P(4He) = 0.2355x10-12 U*
(cm3STP/g/year), U* = U {1 + 0.123 (Th/U - 4)} (Craig and Lupton, 1976);
(4) the system is closed. The calculation indicates that the 3He/4He ratio of the aged magma
would be 5.3x10-6 (3.8 RA) at the present time.
Also shown in Figure 7 is the mixing line between the atmospheric value and the calculated value
of 3.8 RA for the ancient magma. Note that most of the gas samples plot above the mixing line. The
anomalously high 3He/4He ratios from hot springs cannot be interpreted as a three-component mixture
of mantle-derived helium associated with magmatism of Middle Miocene age, radiogenic crustal
helium and atmospheric helium. Rather, it is concluded that mantle-derived helium related to newly
ascending magma is required to explain the observed 3He/4He ratios, and that recently active crustal
magma storage as the heat source for hydrothermal activity has been recognized beneath the Iide
Mountains.
In conclusion, local seismic travel tomography and wide-band magnetotelluric soundings are
considered as useful geophysical indicators for detecting the presence of high-temperature fluid and/or
melt deep underground. Additionally, helium isotope analyses can provide geochemical constraints on
the origin of geophysical anomalies, such as active magma storage, a solidified magma plug with
high-temperature in deep underground, etc. Therefore, an integrated approach combining evidence
obtained from a variety of disciplines, notably by geophysical and geochemical methods, could be
available to locate the likelihood of new volcanoes forming at a given site despite an absence in the
geologic record of Pliocene to Quaternary volcanic events.
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