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FOREWORD

This report is the final report from the GASNET “thematic network”, which was initiated
and financially supported by the European Commission.  The objectives of GASNET are to
evaluate the present treatment of gas issues in safety assessments of deep geological
repositories for radioactive waste, and to improve the translation of scientific information on
these issues into safety arguments for such repositories.

This report, which has been assembled by participants in GASNET, documents current
approaches to the treatment of gas issues in the context of a safety case for a deep repository
and discusses the strengths and limitations of these approaches, where appropriate.  It draws
upon experience from safety assessments that have already been carried out and on on-going
research and conceptual developments.  The emphasis is on the requirements of safety cases
rather than on reviewing understanding of gas generation and migration processes.  The latter
have already been addressed in recent reports.

The programme of activities within the GASNET thematic network that have delivered this
final report includes the following principal components:

• the elicitation of responses from participating organisations to a questionnaire about
their approaches to and future plans for the treatment of gas issues in safety
assessments;

• discussions amongst GASNET participants of the results of the questionnaires with
the aim of drawing conclusions on the key issues and how these can be most
effectively treated;

• the preparation of an interim report based on these discussions to provide a summary
of published and current treatments in safety assessments of issues arising from gas
generation;

• the holding of an international workshop in Köln, Germany, from 12-14 November
2002, at which the contents of the interim report were presented for evaluation by the
experts assembled along with invited presentations from international experts.

This report is based on the outcome of the workshop.  The feedback on the interim report
and the new insights and information provided by the workshop discussion have been
integrated with the original content of the interim report and the result subjected to a further
review by GASNET participants in order to produce this final report.  It is hoped that the
report will help to strengthen the foundations for assessing gas issues in repository safety
assessments.
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EXECUTIVE SUMMARY

Gas is expected to be generated in underground repositories for radioactive wastes.  The
generation rates and quantities of gas that are expected to be produced will vary with waste
type and repository concept, but issues arising from gas generation need to be addressed in
safety cases for all repositories, since they cannot be ruled out a priori for any repository
type or concept.  This report documents current approaches to the treatment of gas issues in
the context of a safety case for a deep repository and discusses the strengths and limitations
of these approaches, where appropriate.  The emphasis is primarily on the requirements of
safety cases rather than on reviewing understanding of gas generation and migration
processes, as the latter has been dealt with recently elsewhere.

The focus of the report is on underground repository concepts being developed in Europe.
Only the effects of gas generation after repository closure from the wastes and repository
construction materials that are present are specifically addressed, although the influence of
processes occurring prior to closure on the inventory of gas generating materials remaining at
closure, does fall within the scope of the study.

The report has been assembled by participants in the GASNET “Thematic Network” on Gas
Issues in Safety Assessment of Deep Repositories for Radioactive Waste”, which was
initiated and financially supported by the European Commission.

The main body of the report consists of sections addressing the following issues:

• The nature of the repository concept.  This section provides a brief overview of the
various repository concepts that are being considered in Europe for deep geological
radioactive waste disposal.  The differences between typical repositories for high-level
waste or spent fuel and those for intermediate- or low-level waste are noted and
summaries provided of typical characteristics of the different repository concepts.

• Gas generation.  The assessment of gas generation from corrosion of steels and other
metals, the microbial degradation of organic materials, and radiolysis is discussed.

• Gas migration.  Assessments need to show how gas may be expected to migrate from
the vaults in which it is generated.  One aspect of this assessment would be the way gas
migration contributes to the dissipation of pressure rises from gas production in the
repository.  This and other aspects of the assessment of gas migration are discussed.

• Consequences of gas generation.  The consequences of gas generation that are
addressed in the report include:
− overpressurisation as a result of gas generation;
− the effect of gas generated in a repository on water-borne transport;
− the release of toxic or radioactive gases, of which the most significant appears to

be 14C-containing methane;
− the release of gas following human intrusion into a pocket of pressurised gas in a

repository;
− the release of flammable gases to the biosphere.
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• Measures to mitigate the effects of gas generation.  Measures that have been
considered to mitigate the effects of gas generation are described.  The measures
include ones to limit gas generation and ones to facilitate gas release from the
repository system.

• Scenario analysis in relation to gas issues.  The extent to which formal scenario
analysis has been used in the treatment of gas issues in safety cases or alternative forms
of scenario selection used is discussed

• Communication of the treatment of gas issues within the context of a safety case.
To date, little attention has been given specifically to communicating to the public and
other stakeholders how gas-related issues in a waste repository are being addressed.
Consideration is given to the need for such communication and about how the case for
repository safety with respect to issues arising from the generation of gases might be
best demonstrated.

The concluding section of the report contains a summary of the principal general
uncertainties identified in the GASNET project in assessing the effects of gas generation in
repositories, and of those gas-related issues for which it currently remains difficult to provide
a satisfactorily robust treatment.  These uncertainties and issues are:

• Long-term corrosion rates.  Well established values of the long-term corrosion rates
of ferrous materials (and Zircaloy) appropriate to the range of conditions expected for
different repository concepts are required.  Although much relevant data on the
corrosion of these metals has been collected in recent years, it is important that
sufficient measurements are available to confirm corrosion mechanisms for this range
of conditions.

• Microbial gas generation rates.  Improved bounds on the potential amounts and rates
of gas generation from microbial degradation processes would help in the assessment
of the effects of gas from this source.

• Release of gaseous 14C.  Radioactive waste inventories can contain large quantities of
14C in a variety of materials.  Better understanding is required of the potential of these
materials, particularly irradiated steels and other metals, to release 14C in gaseous form.

• Gas migration in clays.  There remains uncertainty about the mechanism of gas
migration in bentonite buffers and in clay and mudrock host formations.  Further
experimental data (including that from large-scale experiments) needs to be acquired
and understanding developed.

• Evolution of the near field.  The evolution of the near field involves complex coupled
processes.  A better understanding of this evolution is required in order to justify
assumptions that are made about near-field conditions existing over the extended
timescales during which gas generation is expected to occur in some concepts.

• Influence of the excavation disturbed zone (EDZ).  The EDZ has been recognised in
a number of studies as a potential route for gas migration, but a better understanding of
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the possible role of the EDZ in gas migration needs to be developed, in conjunction
with that of access shafts and tunnels.

• Human intrusion.  The hazards associated with the potential for rapid release of
flammable and possibly radioactive gases if there is human intrusion into the vaults of
a repository need to be evaluated in repository safety assessments.

• Effects of gas transport on water movement.  Assessments to date have often
examined the effects of gas pressure build up in forcing contaminated water from a
repository.  There are more subtle effects by which migrating gas might induce water
movement and contaminant transport in the geosphere.  They include groundwater
flows induced by the collapsing and reforming of gas pathways or by entrainment in
streams of bubbles.  The potential impact of such effects requires better evaluation.

• Erosion of bentonite and colloid transport by gases.  Scoping calculations that show
that transport by gas of clay colloids onto which radionuclides could sorb is an
insignificant mechanism for radionuclide transport need to be confirmed.
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1 INTRODUCTION

Gas is expected to be generated in underground repositories for radioactive wastes.  The
generation rates and quantities of gas that are expected to be produced will vary with waste
type and repository concept, but issues arising from gas generation need to be addressed in
safety cases for all repositories, since they cannot be ruled out a priori for any repository
type or concept.  This report is the final deliverable from the GASNET “Thematic Network”
on Gas Issues in Safety Assessment of Deep Repositories for Radioactive Waste”, which is
supported by the European Commission.  The objectives of GASNET were to evaluate the
present treatments of gas issues in safety assessments of deep geological repositories for
radioactive waste, and to improve the translation of scientific information on these issues
into safety arguments for such repositories.

This report has been assembled by participants in GASNET.  It documents current
approaches to the treatment of gas issues in the context of a safety case for a deep repository
and discusses the strengths and limitations of these approaches, where appropriate.  It draws
upon experience from safety assessments that have already been carried out and on on-going
research and conceptual developments.  The emphasis is on the requirements of safety cases
rather than on reviewing understanding of gas generation and migration processes.  The latter
were addressed in a recent “Current Status Report” [Rodwell et al., 1999] and an NEA/EC
sponsored workshop [NEA, 2001], both of which provide a background to the current report.
Nonetheless, in a few areas, some results from more recent studies that are particularly
relevant are discussed.

The programme of activities within the GASNET thematic network that have delivered this
final report included the following principal components:

a) The elicitation of responses from participating organisations to a questionnaire about
their approaches to and future plans for the treatment of gas issues in safety
assessments.  Where relevant, the questionnaire sought to elicit information about the
models used to address particular processes, the reasons for the intentional omission
of processes from safety assessments as well as for their inclusion, the relative
importance of different barriers and the way different elements are combined into an
overall safety case, the availability of suitable data to underpin treatments of gas in
safety assessments, and areas of uncertainty in currently envisaged treatments.

b) Discussions amongst GASNET participants of the results of the questionnaires with
the aim of drawing conclusions on the key issues and how these can be most
effectively treated.

c) The preparation of an interim report based on these discussions to provide a summary
of published and current treatments in safety assessments of issues arising from gas
generation.

d) The holding of an international workshop in Köln, Germany, from 12-14 November
2002, at which the contents of the interim report were presented for evaluation by the
experts assembled along with invited presentations from international experts.  The
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workshop was organised in such a way as to encourage discussion and feedback that
would help to improve treatments of the effects of gas in safety assessments.  To this
end, the following questions were identified for discussion at the workshop:

− How should gas issues be treated in safety assessments for radioactive waste
repositories?

− What needs to be included in relation to gas issues in a safety assessment?
− What information is needed to underpin such a safety assessment and where is

further information needed?
− How is scientific information on gas generation and migration translated into

safety assessments?
− How are safety arguments best presented for effective communication?

A list of the workshop participants is presented in the Appendix.

This report is based on the outcome of the workshop.  Feedback on the interim report and the
new insights and information provided by the workshop discussion were integrated with the
original content of the interim report.  The responses to the above questions are incorporated
into the discussion of the topics addressed in the report.  It is hoped that the report will help
to strengthen the foundations for assessing gas issues in repository safety assessments.

The report is structured under the following principal headings

• Nature of the repository concept;
• Gas generation;
• Gas migration;
• Consequences of gas generation;
• Mitigation measures (e.g. designs to facilitate release or concepts that minimise gas

production);
• Scenario analysis in relation to gas issues;
• Communication of the treatment of gas issues within the context of the overall safety

case;
• Main outstanding issues.

These issues are addressed in the sections following this introduction.  As already indicated,
the focus is on the envisaged or required approaches to these issues in safety assessments.  It
is not intended to repeat the detailed discussion of technical issues that was provided in the
references mentioned above [Rodwell et al., 1999; NEA, 2001].  Nor is it the purpose of this
report to evaluate the particular approaches to gas issues favoured by individual
organisations; rather, by sharing experiences and promoting discussion of difficult issues it is
hoped to develop a consensus about what constitutes good practice in treating these issues.
This should help individual organisations to refine their own approaches and will ensure that
best use is made of shared information and data.  A consensus should also contribute to the
robustness of treatments of gas in safety cases, because of the testing of arguments during the
discussions involved in the development of the consensus and the weight associated with a
view shared amongst experts.
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The report considers issues arising from gas generation in relation to underground repository
concepts being developed in Europe, as appropriate for an EC funded project with European
participants.  Note is however taken of useful data and experience from concepts developed
elsewhere, for example the operating WIPP repository in bedded salt in the USA.  All
current repository concepts for disposal of high-level and long-lived intermediate-level waste
in Europe involve disposal in saturated host rocks well below the water table.  For this
reason, the concept for disposal in unsaturated rock at Yucca Mountain in the USA, which is
currently being developed, is not considered relevant to current European concepts.

Only the effects of gas after repository closure are specifically addressed.  Gas release during
the repository operations phase is also addressed in safety assessments because of the risks it
can pose of fire or explosion and of exposure to radioactivity.  These aspects of operational
safety are not considered in this summary, as they are rather repository specific, with the
limited details available restricted to a few concepts.  The influence of processes occurring
prior to closure on the inventory of gas generating materials remaining at closure, does
however fall within the scope of the summary.

In addition, only the effects of gas generated from the wastes and repository construction
materials are considered, not, generally, effects of naturally occurring gases.  For most
repository concepts, it is not envisaged that there will be significant quantities of natural
gases present in the host rock.  Where natural gases do appear to be present in the host rock
at a potential repository site, the consequences of this would need to be assessed, although it
is not clear whether there might be any of significance for post-closure repository safety.
Clearly there could be operational issues that would need to be managed.
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2 OVERVIEW OF REPOSITORY CONCEPTS

This section provides a brief overview of the various repository concepts that are being
considered in Europe for deep radioactive waste disposal.  These can be divided into two
broad categories: those for high-level waste or spent fuel (or both) and those for
intermediate-level waste, perhaps with accompanying low-level waste.  Brief summaries of
the concepts falling into these categories are shown overleaf in Tables 2.1 and 2.21

respectively.  These summaries are restricted mostly to concepts to which development
priority is currently being given.  A more complete list and fuller discussion of concepts that
have been formulated for European repositories can be found in Rodwell et al. [1999].  It
should be noted that design details for some concepts may be of a preliminary nature.

In some cases, plans are being developed for the disposal of vitrified HLW and spent fuel in
the same repository as for ILW and possibly LLW.  This is the case for repositories in the
Boom Clay, the Opalinus Clay, the Callovo-Oxfordian Clay formation and in domed salt.
These host rocks therefore appear in both tables.  In all these cases, it is planned to place the
HLW and spent fuel in locations in the repository well-separated from the locations of ILW
and LLW.  The galleries for HLW and spent fuel are typically of a different design to those
for ILW and LLW.  This co-disposal raises the possibility that interactions between the two
parts of the repository may affect repository safety.  However, it is felt to be straightforward
to design the repositories (for example, by separating the locations for the different waste
types, as indicated above) so that such interactions would not compromise safety, at least, as
here, for repositories in clay and salt host rocks (the potential for an alkaline plume from
cementitious ILW vaults to reach HLW and SF vaults in another part of a repository may be
greater in a fractured crystalline rock than in a low-permeability clay).

There are distinct differences between the concepts for HLW or spent fuel and those for ILW
or LLW.

The concepts for HLW and SF usually involve sealed canisters intended to provide long to
very long term isolation of the waste.  Typically the canister is surrounded with a low
permeability bentonite buffer to provide further isolation.  Until the canister is breached by
corrosion, or unless it contains a manufacturing defect, the only gas liberated is that from
corrosion of the canister itself (zero in the case of a copper canister), or possibly from
radiolysis of water external to the canister.  Copper canisters for spent fuel, as in the case of
the current KBS-3 design [SKB, 1999a], may have a ferrous metal inner component designed
to accommodate the spent fuel rods and act as a stiffener for the copper outer shell.  Anoxic
corrosion of the ferrous metal component following water-penetration will then lead to
hydrogen production, but such water penetration is only expected if there are manufacturing
defects rather than as a result of corrosion of the copper canister.

                                                
1 In Table 2.2, the concept for a repository 50 m below the sea bed has been included despite its relatively
shallow depth compared with the other concepts listed, as it is more akin to a deep repository than a near-
surface facility.  It is in a fully saturated environment and gas generation and its consequences have been
important considerations in its safety assessment.
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Table 2.1 Overview of Repository Concepts Reviewed in GASNET: Spent Fuel and HLW

Waste Type Packaging Host Rock Layout Buffer / Backfill
Material

Vitrified HLW
SF

Stainless steel for HLW
Stainless steel and Zircaloy for
SF (voids filled with sand)

About 240 m below ground
surface in ~100 m thick
Boom Clay layer

Canisters horizontally disposed
in centre of 2 m diameter
circular tunnels

Bentonite / sand

HLW
SF

Carbon steel 650 m deep in Opalinus Clay 2.5 m diameter tunnels -
horizontal emplacement

Bentonite

SF Copper canister with cast iron
insert

~500 m deep in crystalline
bedrock

In vertical emplacement holes
accessed from gallery
(horizontal emplacement holes
also considered)

Compacted bentonite

SF Carbon steel with voids filled
with glass beads

Granite Horizontal in 2.4 m diameter
tunnels.  Perforated carbon steel
liner to guide emplacement.

Compacted bentonite

Vitrified HLW
SF

HLW: carbon steel or Ni alloy
overpack
SF: Carbon steel or Ni
canister

~500 m deep in 135 m thick
Callovo-Oxfordian Clay
Layer

2.5 m diameter tunnel or
borehole (steel/concrete liners).

Swelling clay for
tunnels/boreholes

HLW
SF

Carbon steel with stainless
steel overpack;
thin-walled stainless-steel
containers.

800 m deep in salt dome Horizontal in galleries;
vertical in boreholes.

Crushed salt
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Table 2.2 Overview of Repository Concepts Reviewed in GASNET: ILW and LLW

Waste Type Packaging Host Rock Layout Backfill Material

ILW
LLW under
consideration

ILW canisters - mostly carbon
but some stainless steel; grouted,
bituminised, or polymer matrix.
LLW - carbon steel drums
placed in concrete boxes

About 240 m below ground
surface in ~100 m thick Boom
Clay layer

5.5 m diameter horizontal
galleries for ILW; canisters
horizontally disposed.
Similar galleries for LLW

Cement

ILW/
LLW

Concrete / cast iron / steel -
some cemented

~800-1300 m below ground in
Oxfordian corallian oolite (Malm)

Horizontal drifts with a cross-
section of 40 m2

cement/ crushed
rock

LLW/
ILW

Steel and concrete
Liquids solidified in situ

Zechstein salt Emplacement rooms Lignite fly ash;
crushed salt; cement

ILW Stainless steel canisters 650 m deep in Opalinus Clay Large tunnels Cement

ILW Primary ILW packages in
concrete boxes

~500 m deep in 135 m thick
Callovo-Oxfordian Clay Layer

Options: 5-7 m diameter tunnel
or 25 m high × 17 m wide vault

Cement

LLW/
ILW

ILW/LLW in drums or boxes
with cement grout or bitumen
solidification.
LLW in concrete containers

Granite 50 m below sea bed Excavated rock vaults (15–20 m
wide × 10–20 m high) & silo
(25 m diameter, 50 m high) for
most active ILW

Permeable cement

LLW/
ILW

Grouted in stainless steel
containers

Generic hard rock, 300–1000 m
below ground.

Large vaults Cement

ILW/
LLW

ILW: steel containers
LLW: cylindrical or cuboid steel
or concrete containers

800 m deep in salt dome ILW: boreholes or drifts
LLW: caverns

Crushed salt
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Thin-walled stainless steel containers for vitrified HLW in boreholes in salt domes are an
exception.  In this case, the host rock (undisturbed domed salt) is considered to provide the
essential barrier for isolation from the biosphere.  Leak tightness of the containers is assumed
only until they are emplaced and backfilled in the borehole.  Crushed salt is intended to be
used as the backfill material.

For ILW or LLW, containers with shorter anticipated lifetimes, compared to those for
HLW/SF, are typical, and may be vented to permit gas release.   As a result of the vents,
rapid water ingress into the container can follow resaturation of the repository and initiate
gas production within the container as well as from the containers themselves.  The backfill
is usually cementitious.  This provides chemical containment of many of the radionuclides
present in the wastes.  Alternative backfills of crushed salt may be used in repositories in salt
formations, eventually with additives providing stable, favourable, chemical conditions.

Bentonite (or other) swelling clay tends to be used to seal access roads and tunnels in most
repository concepts, except possibly in a salt host rock, where cementitious materials or
crushed salt may be preferred.

In most concepts, the issue of retrievability, and in some case long-term monitoring before
closure, has had to be addressed in developing the concept.  Retrievability has not been
identified as a factor that would affect gas issues in a safety case, but a deferred closure after
emplacement could do so.  For example, an extended aerobic phase during monitoring may
allow aerobic corrosion and microbial degradation processes to occur before closure,
modifying the inventory and chemical conditions existing at closure from those that would
be present if the repository were closed immediately after waste emplacement was
completed.
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3 GAS GENERATION

There is general consensus about the mechanisms that may give rise to the generation of
significant quantities of gases in repositories and that need to be considered in safety cases,
namely:

a) corrosion of steels and other metals, including the reactive metals aluminium and
Magnox;

b) microbial degradation of organic materials; and

c) radiolysis.

Some gas generation from radioactive decay will occur but has always been assessed to be
insignificant as far as the volumes of gas are concerned.

There is also the possibility that radioactive gases may be produced and escape to the
biosphere.

The gas generating materials will be principally the wastes and their containers, but in some
repository concepts there may also be significant quantities of “construction” steel in the
repository, including, for example, rock bolts, gallery linings, abandoned machinery, and
concrete reinforcement.

The following subsections review approaches to evaluating gas generation by the above
mechanisms in contemporary safety assessments.  Some indicative values of key parameters
actually used in these assessments are given where appropriate, but these are not meant to
provide an exhaustive review of such values.

The recent status report [Rodwell et al., 1999] provided a brief review of software that had
been developed to assess gas migration in repositories.  While there have been some further
developments in this area, the general range of approaches exemplified in that review
remains the same.

An issue arises in the application of computer models over whether the models should be
applied on a repository scale, as is often done, or on a more local scale, for example for
particular waste package types, as is also done in some assessments.  The latter approach can
allow for the fact that conditions are unlikely to be uniform within a repository during the
period over which gas generation occurs; gas generation will generally be at its most rapid
early in the life of a repository.  In many circumstances, some consideration of the effect of
heterogeneity on gas generation would be desirable to ensure robustness in the assessment of
the extent of gas generation in the repository, and the treatment of heterogeneity in gas
generation assessments is a subject that could merit further development.  In repositories
intended for a broad range of waste streams, assessment of gas generation for the different
types of waste stream present may be helpful.

In applying a model, it is at present not usual to try and represent in detail the chemical
evolution in the repository or waste containers in calculating the gas generation rates.
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Rather, it is usual to make assumptions (on the basis of other evaluations) about the
conditions that will pertain during the complete period of gas generation or during parts of it,
and to assume that these conditions remain unchanged during the relevant period.  Gas
generation rates are sometimes estimated quite simply from “hand calculations” rather than
by the application of a computer model.

An issue that can potentially apply to all three of the principal gas generating processes is the
availability of water.  This is essential for gas generation by corrosion and microbial
degradation of organic materials, and radiolysis of water is usually the main source of
radiolytic gas production.  It is in principle possible for gas generation to be limited by
availability of water.  This is discussed below in the context of each gas generating process.

Gas generation arises from processes that can have an important bearing on the conditions in
a repository.  For example, the corrosion reactions of the large quantity of ferrous materials
present in many repositories can be the major factor controlling the Eh in the repository.
Although this is not necessarily a gas generation issue, it is desirable that the influence on
repository conditions of all of the different processes occurring is considered so that a
holistic and consistent picture of the conditions is developed.  Similarly, microbial processes
may not only be responsible for gas generation, but may also influence redox conditions by
potentially utilising hydrogen from corrosion as a metabolic substrate coupled to the
reduction of species such as sulphate and ferric iron in groundwater, the geosphere or
elsewhere in the near field.  Another possible effect is that of radiolysis on the Eh in the
repository.  Radiolysis of water releases oxidising species as well as hydrogen.  These
oxidants could raise the Eh in the repository.  In the presence of large quantities of steel it
would be expected that the oxidising products of radiolysis would be rapidly consumed by
steel corrosion reactions so that they would have negligible effect.  However, there may be
circumstances when this cannot be assumed without appropriate analysis.

3.1 CORROSION OF METALS

Generally a rather simple approach is followed in safety assessments for the estimation of the
rate of hydrogen production from the corrosion of metals.  The rate of gas production is
proportional to the rate at which the metal corrodes.  This is considered to occur uniformly
and is calculated as the product of the corrosion rate constant [m a-1] and the metal surface
area (which may change with time, depending on the shape of the metal items in the waste).
This is generally considered an appropriate model for long-term metal corrosion under
repository conditions, although it may not adequately predict early gas production rates (i.e.
the corrosion rates may not be constant, with the initial rates being higher than the long term
rates).  This is discussed in relation to the particular metals concerned in the subsections
below.  Clearly in such a model of metal corrosion, a critical parameter is the rate constant
for metal corrosion.  This will depend to varying extents on the conditions prevailing.  Given
that this rather simple approach to modelling gas generation from metals is regarded as
adequate, there are no significant issues about the computational tools that should be used to
carry out the calculations.  Some computer models could allow automatically for the effects
of conditions on corrosion rates, but this is more a matter of convenience than an issue
fundamental to the assessment of these gas generation rates.
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A detailed discussion of gas production from metal corrosion is provided in Rodwell et al.
[1999], and this is not repeated here.  Instead the way in which gas generation from corrosion
has been treated in safety assessments is summarised and what are thought to be the key
issues in this context are highlighted.

An issue that was raised in GASNET meetings, but was not discussed in Rodwell et al.
[1999], is that of the possible influence of galvanic effects on gas production from metal
corrosion, given that different metals (and graphite) in the waste and its containers could be
present together.  Galvanic corrosion is accelerated corrosion of metal because of an
electrical contact with a more noble metal or non-metallic conductor in a corrosive
electrolyte.  The three essential components of galvanic corrosion are [Baboian and
Pohlman, 1987]:

a) materials possessing different surface potentials;

b) a common electrolyte;

c) a common electrical path.

A mixed metal system in which the metals are not in electrical contact (electrical contact
does not necessarily require physical contact) will not exhibit galvanic corrosion.  In general
the less noble (anodic) metal will be subject to accelerated corrosion, while the more noble
(cathodic) metal will corrode more slowly than when the two metals are in isolation.  The
corrosion of Magnox and aluminium, in particular, may be accelerated by contact with other,
more noble, metals (e.g. steel) in wastes.  Graphite is cathodic to most metals expected in a
waste repository and could, for example, encourage steels to corrode.  Galvanic corrosion
will tend to occur most rapidly close to the point of contact between the materials involved,
as this minimises resistance to the galvanic current.  This may tend to limit the effect of
galvanic corrosion for wastes immobilised in an encapsulation matrix as the electrical
contact between the metals (or other conductors) may be broken as the metal close to the
point of contact corrodes away.

It has been observed, but not yet properly explained, that galvanic corrosion may be
substantially enhanced by the presence of organic solvents acting as catalysts [Lammertz and
Kroth, 1988].

The possibility of accelerated gas production due to galvanic corrosion will depend on the
specific details of particular waste streams in a repository and thus will need to be evaluated
on a case-by-case basis.

Another potential effect on corrosion not considered in Rodwell et al. [1999] is that of
microbes.  These may form films on metal surfaces below which a microenvironment can be
created.  The chemistry of these microniches is controlled by the microbial processes and
may be more conducive to corrosion than the general environment in the vaults.  It appears,
however, that this microbially induced corrosion is more significant for localised corrosion
than for generalised corrosion and so may be more important for container integrity than for
gas generation.
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3.1.1 Iron and Steel Corrosion

In the case of iron and steel corrosion, the simple model of uniform corrosion is considered
appropriate under the anaerobic conditions that will prevail in a repository in the long term.
The bulk of the hydrogen is expected to be produced under such conditions.

There is likely to be an earlier phase of aerobic corrosion, during which an oxide layer will
be formed.  When anaerobic conditions are established, this rust layer may be reduced to
magnetite before anaerobic corrosion begins to produce hydrogen.  The processes occurring
before anaerobic conditions are established are modelled in some safety assessments.
However, they only affect gas generation rates at early times, and their overall impact on
predictions of gas generation rates is small.

Corrosion may occur as both localised and general corrosion.  Localised corrosion is
generally expected to be relatively more important during aerobic corrosion, although, for the
design of a stainless steel overpack for disposal of heat-emitting waste in Boom Clay, pitting
corrosion in anaerobic circumstances is one of the main issues because of its importance for
the integrity of the overpack.  In any case, localised corrosion, because of its small scale, is
expected to be more important for container integrity, because of its potential to cause
pitting, than for its contribution to the overall extent of corrosion.

Experimental data on corrosion rates from fresh iron and steel surfaces under anaerobic
conditions, either measured directly or in terms of the hydrogen produced, typically show
rates that are initially relatively high but that subsequently fall to very much lower values.
This behaviour is associated with the formation of stable passivating oxide layers on the
metal surface1.  The long-term stability of these layers is an issue for the estimation of
hydrogen production from corrosion, since should they detach and expose fresh metal
surfaces, higher gas generation rates could occur until the passivating layer has reformed.
However, there is not thought to be any evidence that this would happen under repository
conditions.  It is considered important by GASNET participants that corrosion rates extracted
from experimental data for use in gas generation rate calculations should relate to times after
the passivating layers have been properly established (see, for example, Smart et al. [2001]
and references therein, Kreis [1991], and Wada et al. [1999]).  To use rates based on short
term measurements for the whole of an assessment of gas production in a repository could
substantially overestimate long-term gas production rates, but consideration does still need to
be given to the possible implications for repository safety of the initial higher gas generation
rates.

Reliable prediction of the long-term rate of production of hydrogen from iron or steel
corrosion requires good knowledge of the long-term corrosion rates of these materials under
the particular conditions of the repository.  These conditions will vary markedly amongst
repository concepts: highly alkaline in cementitious repositories; high salt concentration in

                                                
1 It has been reported [Kojima et al., 1995] that, when a magnetite layer has been artificially attached to a steel
surface by compressing magnetite powder on to the steel specimen, the corrosion rate has increased with the
thickness of the layer.  No such effect has been seen in experiments in which the passivating layer has formed
naturally on a steel surface.
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repositories in rock salt; various groundwater chemistries; different temperatures; etc.  Some
discussion of the dependence on conditions is provided in Rodwell et al. [1999] and Voinis et
al. [1997].

In practice, most safety assessments have prescribed a constant corrosion rate for the carbon
and stainless steel present in the repository, in conjunction with estimates of the metal
surface areas, in order to determine the gas generation rates.

In alkaline cementitious conditions, uniform corrosion rates are lower than in neutral
conditions, other things being equal.

For carbon steel and cast iron, rates between 0.1 and 10 µm a-1 have typically been used.  A
value of 0.1 µm a-1 has been used in assessments for cast iron in spent fuel canisters [SKB,
1999a], and is supported by experimental studies1 [Smart et al., 2001].  A value of 0.1 µm a-1

has also been used for ferrous packaging materials (cast iron and carbon steel) in an alkaline
environment [Müller et al., 1992] and as a “base-case” value for carbon steel in packaging
and wastes [Nirex, 2001], also in an alkaline environment.  A similar value has been used for
carbon steel in cement back-filled ILW vaults in the Opalinus Clay [Nagra, 2002].  A higher
value of 1.0 µm a-1 was used for carbon steel in a cementitious repository in a recent
assessment [Moreno et al., 2001].  Müller et al. [1992] used a value of ~10 µm a-1 for cast
iron and carbon steel when alkaline conditions could not be assured.  Similarly, some data
[Kursten and Iseghem, 1998] indicates values between 1.0 and ~10 µm a-1 for corrosion of
carbon steel in the presence of Boom Clay (pH=8.2; Eh=-250mV), and it has been suggested
that a higher value than 1.0 µm a-1 might need to be used to provide a conservative upper
bound to gas generation from corrosion to allow for the effect of possible long term
degradation of the concrete and backfill (leading to a decrease in pH).  A maximum
anaerobic corrosion rate of 1.0 µm a-1 was assumed in assessments of gas generation from
corrosion of mild steel canisters for SF and HLW that are surrounded by bentonite in the
Opalinus Clay [Nagra, 2002].  An issue that emerged from the GASNET discussion was
whether corrosion rates of ~10 µm a-1 for cast iron and carbon steel in environments that
were not highly alkaline were overly conservative.  Confirmation of reliable values of the
long-tem corrosion rates for carbon steel and cast iron in an alkaline environment was also
considered important; a value of 0.1 µm a-1 or even lower seems to be realistic
(measurements of long-term corrosion rates as low as 3-20 nm a-1 have been reported for
carbon steel and iron in a cementitious environment at or below 30ºC, as indicated in the
published data collated in Rodwell et al. [1999] and also by Fujisawa et al. [1999]).

For performance assessment of the Waste Isolation Pilot Plant (WIPP) in the USA, which is
in a layered salt formation, a distinction has been made between iron corrosion under
inundated conditions (i.e. the metal immersed in saline water) and under humid conditions
(i.e. the metal exposed to water vapour); a corrosion rate in the range 0 – 0.5 µm a-1 for the
former has been recommended, and a zero rate for the latter [Brush, 1995; Wang and Müller,
2002].

                                                
1 Smart et al. [2001] find that at pH ~8-10.5 and 50ºC the long-term corrosion rate for carbon steel is about 5
times greater than for cast iron, but this difference disappears at 85ºC.
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For stainless steels very low long-term corrosion rates are observed, generally less that
0.1 µm a-1, and values of this order would typically be considered an upper limit for
assessments.  For example, a value of 0.03 µm a-1 was used in a generic assessment [Nirex,
2001] and it was assumed that the value is less than 10 nm a-1 in a recent assessment for a
repository in the Opalinus Clay [Nagra, 2002], in both cases for a cementitious environment.

Of course for a particular safety assessment, detailed account needs to be taken of the nature
of the steels used and of the environmental conditions in the repository in order to estimate
the rate of hydrogen production from iron and steel corrosion.  Environmental conditions
will include the water chemistry, pH, Eh, the major ions present, and possibly the microbial
populations present, as already discussed.  It may also include water availability.  In some
repository environments, notably salt, the water content of the host rock may be so low that
water availability will limit corrosion after the repository has been sealed, once any water left
in the waste containers themselves has been consumed (the water content in waste containers
will vary considerably with the type of waste and form of any encapsulant, and attempts to
dry wastes may not remove all water).  The water content in salt host rocks is expected to be
less than about 0.05% for domed salt and less than about 0.5% in layered salt.  When the
water vapour pressure drops below a certain value, corrosion is expected to cease.  Whether
gas production processes may be inhibited because of a lack of available water in any other
repository environments than a sealed salt repository has not been established.

Once account has been taken of the effect of the environmental conditions on corrosion rates,
the remaining parameters required for the assessment of gas generations rates are the
corroding surface areas of the metals concerned (in relation to some given mass of metal or
quantity of waste).  The estimation of these areas may not be straightforward for wastes that
contain varying amounts of iron, steel or other non-ferrous metals in addition to the container
materials (whose surface areas can be readily calculated).  Values have to be derived from
experience to ensure that realistic generation rates are obtained.  Few investigations of this
parameter have been performed.  Some examples are provided by Grogan et al. [1992] for
cemented metal wastes and Kannen and Müller [1999] for compacted mixed waste.  These
results may be waste specific and therefore need to be verified for application to other wastes
in safety assessments.

3.1.2 Zircaloy

The corrosion rates for Zircaloy have been measured to be very low [Kurashige et al., 1999;
Wada et al., 1999], especially in strongly alkaline conditions.  For example, at pH 12.8 and
35ºC, the average corrosion rate over a 100 day test of Zircaloy was found to be ~1 nm a-1,
with the long term rate being significantly lower than this because of a higher rate during the
initial part of the test.  (Note that at 35ºC, Wada et al. [1999] show the Zircaloy corrosion
rate decreasing between pH 10.5 and 12.8, whereas at 50ºC, Kurashige et al. [1999] show
the opposite trend.)  The corrosion rate is sufficiently low that some groups choose to ignore
Zircaloy corrosion as a source of hydrogen gas relative to that from other sources
(presumably this decision also depends on the quantity and surface area of Zircaloy present
relative to those of other metals).
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Those that have included Zircaloy corrosion in assessments of hydrogen generation seem to
have assumed that its corrosion rate is similar to that of stainless steel.  For example, Baker
et al. [1997] assume a base-case value of 0.03 µm a-1, as for stainless steel.

3.1.3 Uranium

Uranium metal may be present in the waste streams destined for some repository concepts.
For example, it will arise in wastes derived from the fuel elements of the UK’s Magnox
reactors.  As in the case of ferrous materials, uranium corrodes aerobically without the
production of gas, but when the corrosion is anaerobic hydrogen is released.  The anaerobic
corrosion rate may be high relative to the corresponding rates for steels so that there is the
potential for a pulse of accelerated gas generation if there is metallic uranium present in a
repository when it becomes anaerobic.  As an example of published measurements of
anaerobic corrosion rates for uranium, Tyfield [1988] reports a rate equivalent to 69 µm a-1 at
30ºC in sodium hydroxide solution at pH 12.5.  However, the rates of corrosion measured for
samples immersed in aqueous solutions may not be appropriate for wastes encapsulated in
cementitious grouts when they are packaged.

3.1.4 Active Metals

A number of metals that may corrode much more rapidly than iron or steel may be present in
a repository.  In particular, aluminium is likely to be present in ILW and LLW.  This
corrodes relatively rapidly under both anaerobic and aerobic conditions in alkaline conditions
to produce hydrogen.  A brief discussion of gas production from aluminium corrosion can be
found, for example, in Rodwell et al. [1999], which also provides a compilation of some
values for hydrogen production rates from this source.

Example values of aluminium corrosion rates used in recent safety assessments for disposal
in a cementitious environment are 1 mm a-1 [Moreno et al., 2001] and 30 µm a-1 [Baker et
al., 1997].

The fast rate of aluminium corrosion can result in an overall repository gas production rate
that is much higher in early periods after closure than later when the aluminium has been
consumed.  The fast rate of aluminium corrosion and the relatively small mass of aluminium
typically present means that the aluminium is rapidly consumed and the gas produced is
likely to have been released before resaturation is complete.  The overall effect of this gas
source may therefore not be very significant for some repository concepts.  For aluminium
wastes in grouted canisters, it is possible that a significant part of the aluminium present may
have corroded before closure; the assumption has been made by some that all aluminium
would have corroded by closure.  Whether there would be sufficient available water in a
grouted container for this to happen is an issue to be considered.

Magnox has a similar effect to aluminium in producing some rapid early gas production,
corroding both aerobically and anaerobically under alkaline conditions.  However, this
material appears to be unique to wastes from British-designed gas-cooled reactors.  A
particular temperature dependence in the corrosion rate of Magnox has been noted [Nirex,
2001; Baker et al., 1997] (and may be significant for corrosion of grouted Magnox because
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of the effect of the heat of cement hydration).  The rate is ~0.3 µm a-1 at 25°C, and
~15 µm a-1 at 50°C.

Where significant quantities of aluminium or Magnox are present, careful attention to the
choice of corrosion rate would be warranted, taking account in particular of the possible
effect of encapsulation on the corrosion rates, as this may reduce them (e.g. Fujisawa et al.,
1997]).  The rates quoted above, as used in published assessments, appear to be those
appropriate for the metals immersed in alkaline solutions.

Zinc is another amphoteric metal like aluminium that will corrode under alkaline conditions
to produce hydrogen.  It is not typically expected to be present in wastes in safety relevant
quantities [Rodwell et al., 1999], but was considered in a safety assessment by Moreno et al.
[2001], who used a corrosion rate of 1 mm a-1.

3.2 MICROBIAL DEGRADATION OF ORGANIC MATERIALS

Gas generation from microbial degradation of organic wastes is only an issue for certain
types of ILW and LLW.  The organic wastes can comprise a variety of materials, for
example, cellulose, ion-exchange resins, bitumen, plastics, rubbers, and oils (see for
example, Moreno et al. [2001], Francis et al. [1997b], Rodwell [2000]).

It is generally recognised that it is difficult to predict rates and amounts of microbially
mediated gas generation from these materials.  Experimental data are limited in quantity, and
show great variability.  This makes it difficult to calibrate either simple empirical models to
assess gas generation from these materials, or more complex process-based models.  As
already noted, wastes containing biodegradable organic materials will typically be disposed
of in a highly alkaline or highly saline environment, or both.  These are conditions hostile to
the growth of most bacteria, although it is widely expected that some will adapt to thrive in
the conditions (and the possibility needs to be considered that niches may be formed, for
example associated with biofilm formation, in which the conditions are locally modified by
bacteria).  Where compacted bentonite buffers are present, it is arguable that transport of
microbes into the wastes with the groundwater will be highly restricted by the small pore
sizes in the bentonite, and there are also indications that the growth of microbial populations
is inhibited in compacted bentonite [Masurat and Pedersen, 2003].  The cause of the latter
effect is not yet established, but it is speculated that it might be the pressure to which the
bacteria are subjected by the swelling bentonite.  However, it is difficult to discount the
potential for microbes to develop in a repository and so it is usually assumed that gas
generating microbial communities will do so.  This is a cautious assumption.

There is no certainty about what the rate of microbial gas production will be in a repository
over the timescale while degradable organic materials remain present.  The rates are
expected to vary substantially between different substrates; for example, cellulose is
expected to degrade more rapidly than bitumen.  They will also be influenced by the
microbial fauna present and the availability of some key nutrients.  Some guidance on gas
generation rates has been obtained from large numbers of measurements on a variety of real
wastes in storage [Kannen and Müller, 1999; Rodwell, 2000].  These include wastes
containing organic materials and metals.  Extrapolation on the basis of laboratory data is
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necessary to apply these measurements to the conditions pertaining in a repository (e.g., to
allow for effects of a different temperature and water saturation).

A variety of gases can be produced by microbial degradation of organic materials under
anaerobic conditions, mainly CO2, CH4, H2, N2, and H2S.  The proportions of these will
depend on the conditions, in particular on the presence of oxidising agents such as oxygen,
nitrate and sulphate, which will inhibit the production of methane in favour of carbon
dioxide (the oxygen is expected to be rapidly consumed by metal corrosion and microbial
activity, producing anaerobic conditions).  Typically it is assumed that roughly equal
quantities of carbon dioxide and methane are produced under anaerobic methanogenic
conditions, and other gases are neglected (note, however, that it is not clear that the neglect
of the volume of nitrogen produced is necessarily justified).  It is also typically assumed that
the carbon dioxide will react with cementitious backfill and be precipitated as calcium
carbonate.  (This assumes that all the carbon dioxide “sees” the cement and that sufficient
cement is present to absorb all the carbon dioxide [Baker et al., 1997].  Work is required to
confirm these assumptions.)  Note that fly ash used as backfilling material will also absorb
carbon dioxide because it contains calcium oxide.

Some bacteria consume hydrogen, producing methane or hydrogen sulphide [Rodwell, 1999].
If the reaction to produce methane occurs, it will reduce the rate and volume of total gas
production.  It has been found that bacteria capable of this conversion are present naturally in
Boom Clay.

As already indicated, assessments of the rates and amounts of microbially mediated gas
generation from organic wastes is an area of difficulty in current repository safety studies.
Many safety assessments rely on simple bounding estimates of gas generation rates based on
available experimental data to attempt to ensure that these rates are upper limits.  Microbial
gas generation rates from assessments are difficult to quote in a useful way because they are
specified in a variety of forms, and usually in a form specific to the wastes under
consideration.  As an example in which a more generalisable measure is provided, Moreno et
al. [2001] assume that for cellulose about 2 L kg-1a-1 of gas at STP is produced, and for other
organics about 0.02 L kg-1a-1.  About one order of magnitude lower values have been derived
from measurements on real wastes under storage conditions [Kannen and Müller, 1999],
although it has to be remembered that water availability in sealed containers in storage is
different to that assumed for repository post-closure gas generation assessments.  A set of
initial gas generation rates for different wastes, pH ranges, and availability of water and
oxygen has been derived by Bracke and Müller [2003] based on a comprehensive evaluation
of existing measurements.  Maximum values for individual waste streams under water-
saturated conditions in a saline repository are between 1 and 5 L kg-1a-1 (these are
conservatively estimated initial rates, which decrease with time).

If sufficient data are available to build up a probability distribution of gas generation rates,
then these could be used as input to probabilistic calculations of the effects of gas release,
although, for this to be useful, suitably simple models are also required of the effects of gas
generation that are of concern.
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A pair of basic parameters that can be used to simply characterise microbially mediated gas
generation are the total gas yield of the organic material under repository conditions and the
gas production rate per unit mass of undegraded waste.  The first parameter determines the
maximum gas volume that can be generated from microbial degradation of the organic
material present.  The second is a characteristic value for the degradability of the waste.

Some assessments have used more complicated process-based computer models to predict
rates of microbial gas generation from organics (e.g. Nirex [2001]), recognising that it is
necessary to select parameters carefully to ensure that the results obtained can be justified
and provide suitable bounds on likely gas generation rates.  Probabilistic calculations in
which input parameters are sampled from elicited distributions may be helpful in assessing
likely ranges of gas production rates.  They would help to exhibit the sensitivity to parameter
values in more complex models, but the reliability of the ranges of gas production rates
calculated would depend on that of the input distributions.

3.3 RADIOLYSIS

Consideration has been given to radiolysis as a source of gas generation by numerous groups
over the last decade or so.  A review is provided in Rodwell et al. [1999], together with
discussion of the simple assessment of gas generation from radiolysis.  Some further
discussion of correlations that have been proposed for the calculation of radiolytic gas
production can be found in Voinis et al. [1997] and Minguez [1995].

It seems universally the case that for LLW radiolysis is not a significant source of gas
generation compared with metal corrosion and microbiological processes (see, for example,
[Rodwell et al., 1999]).  For some ILW this may also be true, but while the main source of
gas from ILW is likely to be corrosion, the contribution from radiolysis, at least as calculated
from simple bounding estimates using G-values and decay energies, may at times be a
significant fraction of that from corrosion.

For ILW, radiolysis of bituminised wastes (sludges from reprocessing and other sources) has
been identified as a significant source of hydrogen.  For example, for such wastes the total
gas production has been assessed [Vercoutère, 2001] to be about 25% of that from corrosion,
with the rate of production relative to that from corrosion being proportionately higher at
early times.  For ILW vaults in Boom Clay, this source has been assessed to contribute 25%
of the total gas production rate from anaerobic corrosion.

Vercoutère [2001] also notes a potential significant source of hydrogen from internal
radiolysis from waste packages containing cemented hulls and end caps (from reactor fuel
cans).  Here the radiolytic gas production is estimated to potentially exceed that from
corrosion.

For the concepts under consideration here (see Section 2), few other examples of a
significant bulk gas contribution from radiolysis were noted.  There is the potential for such a
contribution from external radiolysis from HLW in thin-walled containers [Rodwell et al.,
1999] in which there is no additional shielding provision.  In this case, gas production from
radiolysis may exceed that from corrosion for such thin-walled containers for HLW.  The
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potential for significant radiolytic gas production may also exist from alpha-radiolysis of
water in contact with spent fuel.

Although not a gas generation issue, the possible effect of radiolysis on the Eh of a
repository was noted in the introduction to Section 3.

3.4 INTERACTION BETWEEN BULK GAS GENERATION PROCESSES

Various processes that can lead to bulk gas generation in a repository have been discussed
separately above.  In a safety assessment it would also be appropriate to consider what
interactions there might be between these processes.  The ways in which the gas generation
processes can affect conditions within the repository, particularly the redox conditions, have
already been indicated.  This could, in principle, affect the gas generation rates themselves.
It has also been mentioned that hydrogen produced by corrosion can be involved in
microbially mediated reactions to convert carbon dioxide to methane or to produce hydrogen
sulphide if sulphate is present.  The presence of hydrogen is also believed to inhibit certain
microbiological processes and can thus affect the overall rates of microbially mediated gas
generation [Kidby and Rosevear, 1997].  It is not expected that the presence of hydrogen will
inhibit hydrogen-producing corrosion reactions; the partial pressure of hydrogen required to
have any significant such effect is much higher than would be produced in a repository.

3.5 THE GENERATION OF RADIOACTIVE GASES

Some radioactive gases are expected to be produced in repositories along with the bulk
gases.  The production of radioactive gases is insignificant relative to non-radioactive gases
in terms of volume, but it may be of radiological significance.  A number of radioactive
gases have been considered, including gases containing 14C, 3H, 222Rn, 129I, and 87Kr.  As
discussed in Section 5.3, only the production of gases containing 14C appears to be capable
of causing significant radiological hazard after closure of the repository as a result of the
release of these gases to the environment (but it would still be necessary to show that other
radioactive gases do not pose a problem for a particular repository concept).  14C in the gas
phase will occur principally in 14CO2 and 14CH4.  Both are produced from biodegradation of
organic wastes containing 14C.  To calculate the production rate of these radioactive gases, it
usually seems to be assumed that they are produced as proportions of the non-radioactive
forms of the gases that are equal to the ratio of 14C to 12C in the wastes.  This calculation may
be carried out at repository or waste stream level.

14C may be present in a variety of wastes in addition to organic ones, and it is considered that
some of these could release 14C in gaseous form.  These wastes include irradiated metals,
which may release 14CH4 (or other volatile small organic molecules, such as acetylene,
containing 14C) as they corrode.  The 14C may be concentrated near or on the metal surface,
so that the initial release of 14CH4 may be higher than later.  This has been represented (e.g.
Nagra, [2002]) in terms of an “instant release fraction” that is all released at a particular
moment, such as when the repository is closed or when it becomes resaturated.

It is expected that 14C in irradiated uranium and Magnox will be mainly in the form,
respectively, of UC and MgC2.  These carbides are known to hydrolyse to release carbon in
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gaseous form, predominantly methane in the case of uranium monocarbide [Katz, 1986] and
acetylene in the case of magnesium carbide [Cotton and Wilkinson, 1980].  It is therefore
expected that irradiated uranium and Magnox will release at least some of their 14C in
gaseous form as they corrode, although this does not appear to have been directly
corroborated by experiment for the irradiated metals.  The behaviour of 14C in Zircaloy and
steels is also subject to some uncertainty.  Measurements on Zircaloy for higher temperature
ranges are reported by Kopp [1988] and Smith and Baldwin [1993].  Evaluation by
extrapolation to repository temperature ranges indicates that 10-6 of the 14C inventory per
year is an upper bound for the release rate of 14C from Zircaloy.  For core internals from light
water reactors (LWR), Kroth [1989] provides some results suggesting a value of 10-5 of the
14C inventory per year is an upper bound for the release rate of 14C from steel.  The
corresponding gas volumes of the released 14C-containing gases are negligible for both
materials.  In a number of programmes, a conservative allowance for such possible release is
being made to ensure robustness to the safety analysis.

Other wastes that may contain significant quantities of 14C are irradiated graphite, barium
carbonate and ion exchange resins.  At present it is generally assumed that 14C in these
wastes will not be released in gaseous form, although this may need to be confirmed,
particularly where there is a large quantity of 14C in one of these forms.  (14C in ion exchange
resins is assumed to be adsorbed mainly as bicarbonate on the resin, including also some
“loosely bound” 14C in the water phase.  During drying or heating of the resins some 14C may
be released in gaseous form.  This is most likely to occur during waste conditioning, for
example prior to bituminisation, in which case such gaseous release would be more
important during waste management activities prior to repository closure than after
repository closure.)

In some repository concepts, the quantity of 14C present in the radioactive waste inventory as
carbides or in graphite makes it important to remove the current uncertainty about how much
of this 14C might be released in the gas phase and at what rate.
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4 GAS MIGRATION

A crucial aspect of the assessment of the effects of gas generated in a repository is an
analysis of how the gas will migrate away from the repository, thus dissipating pressure rises
and avoiding consequences that might arise from a pressure rise, such as damage to
engineered barriers or host rock.  An extended discussion of gas migration for different
repository concepts and host rock types can be found in Rodwell et al. [1999] and NEA
[2001].

If the gas can dissolve in the groundwater at, say, hydrostatic pressure and diffuse or advect
away from the repository in solution as fast as it is generated, then the effects of a pressure
build up are avoided.  It is possible that for corrosion resistant waste canisters this situation
can occur.  It has been calculated, in one particular case, that for vitrified HLW in a stainless
steel canister in a Boom Clay host rock, gas could be transported away by diffusion in
solution [Volckaert and Mallants, 2001].  This is estimated to happen if the apparent
diffusion coefficient for the dissolved hydrogen in the clay host rock is greater than
~5 10-10 m2s-1.  Experimental measurements indicate a range of values between 4 10-12 and
5 10-10 m2s-1 for hydrogen.  (The lower value of the apparent diffusion coefficient could be
due to a possible chemical reaction of hydrogen during diffusion experiments.  It is unlikely
that the diffusion coefficient of hydrogen is so low, as the value of 4 10-12 m2s-1 is much
lower than the diffusion coefficient for tritium in the Boom Clay.)  For a repository in clay,
mudrock, or salt, advection is not likely to contribute significantly to dissolved gas transport
in the host rock.  Reliable confirmation from experimental data of the (large-scale) aqueous-
phase intrinsic diffusion coefficient for the principal gases generated is required to sustain an
argument for any repository that aqueous-phase diffusion will disperse the gases generated.

In most other cases that have been examined, diffusion of dissolved gas is not sufficient to
allow the gas to escape from the repository.  Depending on the concept, the main barrier to
gas migration could be bentonite buffer material or the host rock itself (for example, for
HLW and spent fuel placed in canisters surrounded by compacted bentonite in a fractured
crystalline rock, the main barrier is the bentonite; for ILW in a cementitious backfill in a
mudrock, the main barrier is the host rock).  If the gas cannot escape in solution, a free gas
phase will form and gas will migrate from the repository in the gas phase.  The questions are
whether this will occur at repository gas pressures that are not so high as to be potentially
damaging and whether the migration will have any deleterious effects on groundwater
transport.  How these questions are approached depends rather on the repository concept.

For cementitious grouts and backfill, conventional two-phase flow models of gas migration
are generally regarded as applicable, and there is an expectation that the flow parameters
(capillary entry pressure / capillary pressure functions and relative permeability functions)
for these materials can be adequately determined.  Conventional two-phase flow models are
also generally considered applicable to gas migration in fractured crystalline rock, but there
are issues about how the flow parameters can be determined.  In practice it appears that gas
can usually escape through this type of rock without requiring a significant overpressure, so
the precise determination of the two-phase flow characteristics may not be required for this
aspect of an assessment (there are some very impermeable granitic rocks for which this
assertion would not hold true [AECL, 1994]).  If it were required to understand more
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precisely the distribution of gas release at the surface, or to understand the possible effect of
gas migration on water movement, then more detailed understanding of two-phase flow in
fractures would be required.

Assessment of gas migration in buffer bentonite, and clay and mudrock host formations is
more problematic, as it is not certain that conventional two-phase flow-models are properly
applicable to the gas transport mechanisms operating in these materials.  It is proposed that
microfissure formation and dilation, and possibly macroscopic fracture formation is involved
in gas migration through these materials.  An important gas migration parameter is the
threshold pressure (above hydrostatic) for gas entry into these materials.  This pressure may
be large for saturated compacted bentonite (depending on the compaction), but less for clays
and mudrocks.  For the clays and mudrocks currently being investigated as potential
repository sites, experimental data so far available suggests that gas should be able to enter
the rock at pressures below those required for macroscopic fracturing (usually equated with
the sum of the minimum principal stress and the tensile strength of the rock). This is
regarded as an important issue because of the potential for macroscopic fractures to provide a
route by which groundwater transport of radionuclides could bypass the isolation afforded by
the host formation.  The possible role of weaknesses parallel to bedding planes in facilitating
gas migration along these planes has been suggested.  All these factors have been considered
in a recent assessment of gas migration in the Opalinus Clay [Nagra, 2002].  Gas migration
is assumed to involve both two-phase flow, in which no significant deformation of the pore
structure takes place, and microscopic pathway dilation.  The pathway dilation is assumed to
propagate parallel to the bedding planes and has the important effect of increasing the
surface area over which gas can flow into the host rock by conventional two-phase flow and
diffusion dissolved in the aqueous phase.  There is a threshold pressure for initial gas entry
into the Opalinus Clay, but this is below the pressure required for macroscopic fracturing and
the gas is found to disperse into the Opalinus Clay sufficiently quickly to prevent the
pressure rising to the level required for macroscopic fracturing.

It is worth noting with respect to the potential for gas to displace water from argillaceous
materials that present data for bentonite and other clays indicate that very little water is
displaced from the clay by the creation of gas pathways (laboratory data for Boom Clay
suggests, for example, that the gas saturation does not exceed 5% [Volckaert et al., 1995]
and may be less than 2% [Ortiz et al., 1997]).

The potential for pathways created by migrating gas in clays and mudrocks to subsequently
provide a fast flowpath for groundwater has been investigated experimentally.  The data
available to date suggests that reinvasion by water after gas flow restores the initial barrier
properties of the materials to water flow; that is, the pathways reseal [Ortiz et al., 2002], in
which case no pathway would remain for the preferential transport of radionuclides in
groundwater.

The possible role that shafts and access tunnels and the excavation disturbed zones (EDZ)
around these features play in providing a transport route for groundwater and gas has been
considered, and the sealing of these features is an important issue for repository design.  The
role that these features might play in gas and water transport will depend on the specific
details of the repository design and location, so it is difficult to provide useful
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generalisations.  It can be commented from a safety assessment point of view that, if it is
argued that these features assist in gas migration, additional arguments are required relating
to the hydraulic properties of the features and the self-sealing capacity of gas-induced
pathways in them in addressing the overall safety of the repository.

For repositories in salt formations, the undisturbed host rock is regarded as impermeable to
gas.  Unless pressures rise so high as to cause fracturing of the rock (or fractures occur for
other reasons), brine inflow and gas outflow will occur only via shafts or tunnels.  The rock
salt will also converge.  This creep of the host rock will tend to compact the crushed vault
backfill, gradually sealing the system.  Thus safety assessments for gas generating wastes in
rock salt have taken account of the coupled processes of pressure build up, convergence of
the disposal caverns, brine inflow into emplacement areas, and expulsion of contaminated
brine from emplacement areas [Lorenz and Müller, 2000; Lorenz et al., 2002].

While not strictly associated with gas generation from wastes, unsaturated flow may need to
be considered in connection with the resaturation of the repository (sometimes estimates
based on single-phase groundwater flow calculations may be adequate).  The processes
associated with this, and in particular the resaturation of bentonite buffers so that they exert
their full swelling pressure and provide the planned sealing function, have attracted
considerable attention in recent years.  Since the wastes, especially HLW and spent fuel,
generate heat, and there will be chemical effects associated with the inflow of groundwater,
the resaturation of bentonite is a coupled thermo-hydro-mechanical-chemical process.  These
processes are being addressed in safety assessments (for example, SKB [1999a]).  In some
circumstances there may be an overlap between the resaturation process and gas generation,
with the latter starting before the former has been completed, although more usually in a
safety assessment it seems to be assumed that resaturation is complete before gas generation
starts (since gas can pass through a partially saturated buffer more readily than through one
that is saturated, this is not regarded as an important consideration).

At present, limitations in the understanding, data and models available to simulate gas
migration from a repository have generally restricted the detail in which gas migration
calculations can be undertaken (compared, for example, with that possible for groundwater
transport).  Frequently a conventional porous medium type approach is used, even if there is
doubt about the accuracy with which this represents the processes occurring (see above), as
models of this type are the only ones currently available for application at the field scale.
Parameters are chosen on the basis of available information and varied to ensure that
predictions bound the range of possible behaviour.  Where such models are considered
inappropriate, other sorts of simple scoping or bounding calculations of the way gas would
migrate from a repository are undertaken. These would try to represent the controlling
physical processes in a simplified way.  A good example of this, which does in fact represent
quite a complex set of coupled processes (as already indicated briefly in this subsection) and
involves concept-specific model development, is a recent assessment of gas migration from a
repository in Opalinus Clay [Nagra, 2002].

It is important to have a good understanding of the factors that control gas migration and
determine where gas generated in a repository will be transported in order to demonstrate
robustness in the safety arguments.  However, it does not follow that it is necessary to model
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this process in detail; only to show that risks associated with gas migration behaviour fall
within a range consistent with safety requirements.  In some cases, it is considered that
current knowledge should already be sufficient for this.  In others, for example gas migration
through compacted bentonite and argillaceous host rocks, current knowledge indicates that
safe performance is expected, but further understanding is desirable to confirm this.

A variety of well-established computer models are available to carry out conventional two-
phase flow calculations.  For example, the TOUGH2 program [Pruess, 1991] is widely used
in the radioactive waste area.  Its capability to treat heat transport makes it useful for
considering non-isothermal conditions.  It is available from the NEA software database, but
other programs provide a similar capability, notably those developed for use in the oil and
gas industry.  Computational costs have typically limited the use of these programs to two-
dimensional studies of gas migration when applied at the field scale.  Where processes are
involved that are not considered to be adequately described by conventional two-phase flow
theory, the only computer models that have been developed are in the context of research on
the representation of the processes concerned.  Examples can be found in the work of the
MEGAS [Volckaert et al., 1995; Ortiz et al., 1997], PROGRESS [Rodwell, 2000] and
GAMBIT Club [Nash et al., 1998; Swift et al., 2001] projects.  Experimental and modelling
efforts to better understand and represent these processes are ongoing.

Gas migration calculations require specification of a gas generation source term.  No cases
are known in which gas generation and gas migration are simulated together in a fully
coupled way (i.e. the gas generation rates are not calculated as part of the same calculation as
the gas migration with feed back from the transport calculation into the gas generation
calculation, for example, through transport controls on water availability).  The gas
generation source terms are typically supplied as constant or time varying representations of
the results of separate gas generation calculations, perhaps with a measure of conservatism
built in (i.e. rates increased from the best estimate values).



24

5 IMPACTS OF GAS GENERATION

The possible impacts of gas generation in repositories that might cause concern have been
previously enumerated (see, for example, Rodwell et al. [1999]).  The principal impacts are
listed below and are discussed in more detail in the subsections that follow:

a) Overpressurisation because of gas generation and the associated potential damage to
the repository and host rock.

b) The development of a gas cushion in the top part of the repository and the forcing of
contaminated water from the repository by gas pressure.

c) A similar process may occur at the level of a copper-iron spent-fuel canister with a
defect, for which the sequence water ingress, gas generation, and water expulsion has
been considered as a possible mechanism for contaminant release.

d) Water-borne contaminant transport associated with gas migration from repositories,
including the possibility of bubble flow.

e) The release to the biosphere of radioactive and flammable (and possibly toxic) gases
by transport through the geosphere.

f) Intrusion into a sealed repository leading to sudden release of a substantial volume of
flammable and possibly radioactive gases.

g) Miscellaneous effects such as gas formation inside sealed canisters, and effects of the
presence of hydrogen on spent fuel alteration.

These impacts can be grouped into four categories according to the type of effect caused by
the generation of gas, as illustrated in Figure 5.1 below.  These categories are:

a) the mechanical effect on repository and rock structures caused by the pressure rise
that may follow from gas generation;

b) the direct effect of gas in modifying groundwater flow and transport around the
repository, for example through forcing contaminated water from vaults;

c) the release of various gases to the biosphere; and

d) the effect, which seems generally to be found to be less important than the first three
items of this list, of the gases generated on the chemical environment of the
repository.

While the figure exhibits the direct effects of gas, the possibility exists of coupling between
these effects.  In particular, changes to the near-field barrier or host rock properties, due to
gas-induced mechanical damage, could modify groundwater flow and transport through and
adjacent to the repository.
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GAS GENERATION

Mechanical damage due to 
pressure rise: 

Disruption to near field barriers; 
Fracture creation in host rock. 
 

Modification to groundwater flow 
and transport: 

Forcing of contaminated water 
from repository or canisters; 
Induced groundwater flows; 
Transport associated with bubbles;
Providing a barrier to water flow. 

Chemical effects of gas: 
Alteration of chemical 
environment in repository, 
potentially affecting some 
repository processes, e.g spent fuel 
modification. 

Gas release to biosphere: 
Transport of gaseous radionuclides 
to biosphere; 
Flammability hazards at surface; 
The release of toxic gases; 
Human intrusion leading to rapid 
gas releases. 

Figure 5.1 Schematic of the Range of Effects that may Follow from Gas Generation
in a Repository

It is only through these impacts of gas generation that gas becomes important to repository
safety, and it would be expected that those impacts indicated would be considered in most
performance assessments (although particular impacts may be easy to dismiss as unimportant
in some cases).  In all cases, the assessments of the impacts of gas generation starts with an
assessment of the amounts and rates of production of the range of gases that can be generated
in a repository.

As already mentioned in the Introduction, the focus here is on the effects of gas generated
from waste constituents or materials used in repository engineering, but it is worth
remembering that, in a performance assessment, it may also be necessary to consider the
effects on repository performance of gas from natural sources.  Gas may be present naturally
in the geological formation and may also be formed when the geological environment is
changed by mining operations.  Naturally occurring methane has been observed in rock
formations studied as potential repository sites, specifically the Valangian Marls of
Switzerland and some granitic rocks in Finland.
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5.1 OVERPRESSURISATION

The potential for overpressurisation is clearly largely determined by the gas generation rate
and the gas transport capacity of the host rock and engineered barriers.  For a low
permeability clay or mudrock as the host formation there is a major concern over whether
gas will be able to escape through the host rock without the gas pressure rising to a level at
which rock fractures will occur and create pathways for groundwater transport to bypass the
host rock barrier.  There is similar concern in connection with low-permeability buffers.
Current evidence suggest that gas will be able to create pathways through these media at
pressures below those at which macroscopic fracturing would occur, and that gas pathways
once formed would reseal when resaturated with water (e.g. Harrington and Horseman
[2003], Volkaert et al. [1995], Ortiz et al., 2002).  Active investigations continue to try to
confirm this behaviour.

Pressure build up is a potential issue in repositories for LLW and ILW in low-permeability
salt host rocks as well as in low-permeability clays and mudrocks.  The gas generation source
terms for these waste types cannot be controlled as effectively as for HLW and SF because of
the rather heterogeneous nature and the intrinsic humidity (relevant in those rocks in which
resaturation may be very slow) of many of the wastes.  As well as, in some cases, controlling
gas generation from these wastes, as far as practicable, by appropriate conditioning, a design
of buffers and seals has to be found to balance control of gas release with sealing against
nuclide transport by groundwater flow.

Calculations indicate that gas generated at rates expected in repositories is likely to be able to
escape through most fractured crystalline rocks without creating a gas pressure build up.
Where bentonite buffers are used as part of the containment system in a fractured rock, gas
generated from waste or waste containers surrounded by the saturated bentonite would be
expected to cause a pressure rise within the buffer, as indicated above, but once gas has
passed through the buffer it would then escape easily through the fractured rock.

5.2 THE EFFECT OF GAS ON WATER-BORNE TRANSPORT

As far as the effects of gas on water-borne radionuclide transport are concerned, the effect of
an elevated gas pressure in regions of a repository (depending on design) in driving
contaminated water from repository vaults or canisters in emplacement holes seems to be the
one that has received consideration in safety assessments.  This can include gas-pressure
driven advective transport (porewater displacement) along tunnels and up ramps, particularly
if the tunnel or ramp backfill is more hydraulically conductive than the host rock.  No cases
are thought to have been reported in which such effects have been predicted to lead to
radionuclide releases sufficient to compromise the safety case.  (Note that in relation to
compacted bentonite and argillaceous host rocks, very little water has been found in
laboratory experiments to be expelled from the buffer or rock itself by migrating gas, as
discussed in Section 4.)

The case of water ingress into a defective copper-iron canister and the possible effect of gas
generation following water ingress in causing expulsion of contaminated water involves
complex coupled processes: water flow (or vapour diffusion) through small defects, gas
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generation with water consumption by corrosion of iron inserts, mechanical stresses due to
corrosion products, chemical evolution and its effects on contaminant release from spent
fuel; water expulsion; gas and water transport through the bentonite buffer; etc.  Scoping
calculations with simplifying assumptions to assess the potential role of gas generation in
enhanced contaminant release from a defective canister have been reported [SKB, 1999a;
Vieno and Nordman, 1999; Nagra, 2002].

For repositories in salt, complex two-phase flow behaviour involving brine inflow and
subsequent transport of contaminated brine out of emplacement areas has been considered
[Rodwell, 2000; Müller-Lyda et al., 2001; Lorenz et al., 2002].

It is possible that gas generated in a repository may have some advantageous effect on water-
borne radionuclide transport.  The accumulation of gases in and around a repository might
reduce groundwater flows through the repository region.  Particularly in a tight host rock,
generated gas may limit the access of water to the radioactive waste, thereby reducing the
transport from the repository of radionuclide contamination in the groundwater.  This effect
has been taken into account in the safety assessments for a repository in salt, although it may
not always be easy to provide a robust demonstration that reliance can be placed on the
advantage envisaged.

Of the more subtle potential effects of migrating gas on groundwater contaminant transport,
there appears to be only one assessment in which any of these has been directly examined.
The issue that has been considered is whether colloidal clay particles can be transported by
gas bubbles and can lead to enhanced transport of radionuclides sorbed onto the clay [SKB,
1999a].  This was assessed not to be a significant mechanism in the case examined, but
confirmation of the results of these scoping calculations is required.

There has been speculation about some other possible mechanisms by which gas flows might
induce groundwater flow or contaminant transport (see, for example, [Rodwell, 1999]).
These include induced groundwater movement by the collapsing and reforming of gas
pathways and the entrainment of groundwater in streams of bubbles, effects which seem
more likely to be associated with flow in fractures than in the granular porosity of rock.
There is no evidence at present that these mechanisms, if they operate in a real system,
would have a significant effect on repository safety, but further investigation may be justified
to confirm this.

5.3 THE RELEASE OF RADIOACTIVE (AND TOXIC) GASES

The release of radioactive and toxic gases has been considered in a number of assessments.
These gases are only produced in small quantities, and can only escape from the repository in
gaseous form and be transported to the biosphere in this form if a sufficient volume of
inactive carrier gas is also generated to create a gas pathway to the biosphere.  Although a
variety of toxic gases could be produced, for example hydrogen sulphide, these are
considered too soluble or reactive to be transported from the repository as a free gas.  A
number of radioactive gases have also been considered, including gases containing 14C, 3H,
222Rn, 129I, and 87Kr.  The short half-lives of 3H and particularly 222Rn means that appearance
of these in repository-derived gases can generally be shown not to be a problem.  The
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quantities of 129I, and 87Kr that have been assessed to appear in the gas phase have also been
found to be insignificant when studied in post-closure safety assessments.

The production of 14C containing gases can, however, present more of a challenge to a safety
case.  14C will occur principally in 14CO2 and 14CH4.  As discussed in Section 3, both can be
produced from biodegradation of organic wastes containing 14C.  These wastes are usually
grouted and placed in repositories backfilled with cement, so, as already mentioned, the CO2

is expected to be removed from the gas phase by reaction with the cement.

Other sources of 14C-containing gases are discussed in Section 3.  A source that has been
considered in some assessments is that of irradiated metals, which may release 14CH4 (or
other volatile small organic molecules, such as acetylene, containing 14C) as they corrode.
As discussed in Section 3, these metals include irradiated uranium, Magnox, Zircaloy and
steels.  While the first two seem likely to release at least some of their 14C in gaseous form as
they corrode, the behaviour of Zircaloy and steels is subject to more uncertainty.
Nevertheless, in a number of programmes, a conservative allowance for such possible release
is being made to ensure robustness to the safety analysis.

The radiological hazard from 14CH4 is dependent on the manner of its release to the
biosphere, including for example the area over which it is released and the biological uptake
path that is followed.  The manner of release is likely to be highly concept- and site-specific.
If the transport occurs readily to the biosphere in the gas phase there is unlikely to be much
loss of 14C through decay because of its long half-life.  It is therefore not unreasonable to
assume, conservatively, immediate release to the near-surface environment of gaseous 14C
produced in a repository.  An exception would be if the transport through the geosphere led
to a smoothing over time of an uneven production so that the peak release rate to the
biosphere were reduced compared with that from the repository.

Various pathways to people have been assumed in assessments of the impact of 14C:

a) Release of 14CH4 directly to the atmosphere, followed by inhalation;

b) Conversion in the near-surface soils to 14CO2, which is taken up by foodstuff plants
and then ingested;

c) Dissolution in near surface aquifers from which drinking water is drawn.

The impacts from these different routes might vary considerably, so the appropriate route has
to be developed for each particular site.  Models are required to assess the uptake by man
from the routes identified.  For example, models for the uptake of 14C via routes (a) and (b)
are discussed in Nirex [1997] and by route (c) in Nagra [2002].

It is possible that 226Ra (initially present or as a result of ingrowth) migrating from a
repository and accumulating near the surface may produce hazardous releases of 222Rn.
Since the release from the repository and subsequent geosphere transport occurs via
groundwater, it is perhaps best to assess this effect as part of the groundwater release
pathway.
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5.4 HUMAN INTRUSION

The possibility that human intrusion into a pocket of pressurised gas could lead to the sudden
release of a large volume of flammable and potentially radioactive gas has been recognised,
but not addressed in a safety assessment.  Note that in this event, short lived radioisotopes, in
particular radon, could be released to the surface.  (222Rn would be generated in a repository
over very long periods of time, both from the initial 226Ra inventory and from 226Ra ingrown
from the 238U inventory.  Short-lived volatile radionuclides present in the initial inventory,
such as 3H, are likely to have decayed while the repository site is still subject to controls and
therefore not vulnerable to human intrusion.)

Although the effects of gas build up in a repository has not generally been addressed in
human intrusion scenarios, it is not expected that this will be difficult to do (the analogous
case of human intrusion into natural pressurised brine pockets below the repository has been
considered for the WIPP site [Channel and Silva, 2001]).  Any significant immediate hazards
are likely to be localised to the region in which drilling takes place, but consideration may
also need to be given to the possible effect of drilling into a repository on the subsequent
performance of the breached repository system.

5.5 FLAMMABILITY HAZARD

After repository closure, the only direct flammability hazard to man that could arise is from
the release of hydrogen and methane at the surface.  This has been assessed and found to be
extremely unlikely to present any hazard (the calculation was for release into a building
[Baker et al., 1997]).  Since this assessment was for an ILW/LLW repository, for which
relatively high gas generation rates were expected, it is likely that similar conclusions would
apply to other concepts.

The question might also be raised about whether fire or explosion could occur in a sealed
repository.  It could be perceived that such an explosion might damage near-field barriers
and thereby compromise aspects of the safety case, so that the issue may need to be
addressed in a repository safety case.  A gas fire or explosion can only occur if a flammable
gas mixture forms and there is a source of ignition.  The only source of ignition that seems a
credible possibility in a sealed deep underground vault is as a result of a rock fall1.  In the
absence of seismic disturbance, such an event is not likely in the early life of the repository
while the structures are still sound.  However, later in repository life, the possibility of a
flammable mixture being present will have receded in many repository designs because of
consumption of oxygen by the degradation reactions that will occur, in particular metal
corrosion.  Minimising open spaces in vaults through backfilling can help prevent ignitions
with any safety relevance.

The possibility of a flammable gas mixture building up in vaults during repository operations
needs to be addressed in the operational safety case.  This is beyond the scope of this report,

                                                
1  It is assumed that waste acceptance and site selection criteria would exclude the possibility that pyrophoric
materials would be present in either the wastes or the host rock.
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but it is considered that any such operational risks should be readily controllable by
appropriate vault ventilation and other measures.

5.6 OTHER EFFECTS

If there are air and water present inside a canister, radiolysis will produce nitric acid, which
can contribute to stress corrosion cracking.

α-decay will also generate gas in spent fuel wastes, causing a pressure increase in the spent-
fuel tubes.  This process has been assessed not to have any significance for safety as the
volume of helium produced is small relative to the void volume of the waste canister [SKB,
1999b].

The presence of hydrogen gas may be beneficial in inhibiting spent fuel alteration reactions
[Röllin et al. 2001].
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6 MEASURES TO MITIGATE THE EFFECTS OF GAS
GENERATION

Consideration has been given in some repository concepts to design measures that might
mitigate the effects of gas generation.  These measures might typically consist of measures to
limit gas generation or measures to facilitate gas release from the repository system.
Examples include:

a) Consideration of alternative packaging materials to reduce gas generation.  The use of
copper, stainless steel or concrete instead of carbon steel for containers would reduce
gas generation rates (e.g., Vercoutère [2001]).  For example, the use of copper as an
outer canister, probably with a steel liner to provide mechanical support, would
effectively eliminate gas production until the canister was breached to allow water
ingress.  Use of the option of alternative packaging materials may be restricted in
cases in which much of the waste planned for a repository has already been packaged.

b) Vacuum drying of LLW is applied routinely in some countries.  Its effect is limited to
the period of leak tightness of the waste container because otherwise water may re-
enter the waste package by diffusion of air humidity or by water inflow due to
resaturation of the repository.

c) Imposition of acceptance criteria for wastes on the basis of allowed anticipated gas
production rates or total generated volumes.

d) The use of materials in a repository to absorb gas.  As already mentioned, carbon
dioxide is expected to be absorbed by cement in a cementitious repository.  While
this may not be the main motivation for the choice of backfill, steps can certainly be
taken to try to ensure that it is effective in this role (e.g. by providing sufficient
backfill to react with all the carbon dioxide expected).  Magnesium oxide is
deliberately added to the WIPP repository contents to fulfil this role [Vann Bynum,
1997; Brush et al., 2002]. Manganese oxide (MnO2) has also been successfully tested
as an absorbing reagent for H2 [Heimbach et al., 1995].

e) Creation of chemical conditions, particularly high pH, that will limit gas generation
rates (in practice these conditions are likely to be chosen for other reasons, but still
have a beneficial effect on gas production).

f) Designs to facilitate gas escape, thus preventing or limiting overpressurisation within
the repository.  Examples that are being considered or are being utilised include:

i) Design of cavern layouts to facilitate gas escape without forcing water from the
caverns (e.g. Marschall and Zuidema [2001]);

ii) The introduction of specific gas escape routes, for example the use of
evacuation pipes to allow gas passage through concrete barriers, and the use of
a “capillary barrier” system to facilitate gas escape from a low-permeability
host-rock without at the same time providing a route for groundwater flow.
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iii) Selecting a backfill to have a high permeability to facilitate gas escape (e.g.
Carlsson et al. [1992]; Francis et al. [1997a])

iv) The use of tailored sand-bentonite mixes intended to exhibit a particular
threshold pressure at which gas can pass through the barrier (e.g.  Pusch and
Hökmark [1987]).

v) Possible enhancement of gas release along predictable pathways by design, to
avoid formation of less predictable pathways and thus improve the robustness
and reduce the associated uncertainties in the safety case.

g) Creation of a high volume of pore space in the repository to maximise the volume in
which the gas can collect and thus reduce potential overpressurisation.  For this
strategy to be effective, either water must not have entered the pore space prior to gas
generation, or the gas must be able to displace water from the pore space without
causing overpressurisation.  (A strategy involving significant water expulsion from
the pore space in this way may only be acceptable if the expelled water has not
become contaminated with dissolved radionuclides.)

Some of the ideas indicated above, in particular items (ii)-(iv) under point (f), require
experimental validation for the circumstances for which they are proposed.

While not strictly mitigation measures, there may be arguments that can be deployed to
demonstrate that there may be natural controls on the rate of gas production or on the effects
of gas.  For example, in low permeability host rocks (salt or clay), a pressure build up may
prevent water or brine inflow to the repository, and this may reduce the gas generation rate
so that an equilibrium is established without a large pressure increase.  Of course relevant
data and robust models are required to demonstrate that credit can properly be taken for such
effects.  In practice, this may be difficult to demonstrate with sufficient certainty for a safety
case so that a more conservative stance has to be assumed.
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7 SCENARIO ANALYSES

Scenario analysis provides a formal route for ensuring that an assessment approach is
comprehensive and logically structured, both in terms of the approach and the suite of
calculations that are performed.

The way that gas issues figure in scenario analysis varies between approaches and concepts.
In early assessments, gas might have been addressed as an addition to studies of the primary
pathways for radionuclide return to the biosphere, and its consideration may not have figured
in the repository design.  More recently, it has become apparent that gas issues need to be
considered from the outset in developing a repository concept and in formulating an
approach to a safety assessment, so that a consistent approach is adopted across all issues.

There is widespread use of lists of features, events and processes (FEPs) to ensure, by
auditing an approach against the lists, that an assessment approach is comprehensive as far as
gas issues are concerned.  The NEA FEP list [NEA, 2000] has been used both for audit
purposes and as a starting point for developing a concept-specific list.  The way in which the
construction of gas-related scenarios is then carried out, and the extent to which this is
formalised, varies quite widely, primarily because of differences in repository concept.  Two
examples are:

a) In the case of copper canisters for spent fuel, the presence of canister defects could
allow water ingress and the generation of gas.  The scenario analysis leads to variant
“canister defect” scenarios in which the effect of gas production is one issue that is
addressed [SKB, 1999a].  Gas production does not appear in the base or reference
scenario, although the resaturation of the bentonite buffers, which is of course in the
base scenario, does involve consideration of gas transport because of the initial
presence of gas in the partially saturated system.

b) One way of grouping FEPs is in terms of their effect on the various barriers of a
repository system.  These barriers may be different in alternative concepts, but in a
clay host rock could be considered as the engineered barrier, the low-permeability
host clay formation, the hydrogeological system of overlying aquifers and the
biosphere.  In the normal evolution scenario, all barriers function as expected.  FEPs
can be grouped according to their capacity to cause a “short-circuit” to one or more of
these barriers.  Gas effects are amongst those that might do this, in particular through
gas-driven transport.  Such gas effects may be used to define altered evolution
scenarios, or may be subsumed into scenarios that represent the same result, but
through a different process.

Whether in case (b) it is appropriate to consider the effects of gas in variant scenarios rather
than the base scenario depends on the quantities of gas expected to be produced and the
confidence that exists that this is not likely to affect barrier performance.  If there is
significant doubt about this, it may be more appropriate to consider gas generation and its
effects in the base scenario.
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A variant on the standard FEP/scenario analysis emphasises a site- and repository specific
scientific description of all the phenomena (thermal, hydrogeological, mechanical and
chemical) that occur in time and space in a planned repository from operation to ~1 Ma in
the future.  The initial description is not confined to issues considered relevant to repository
safety.  This description is subsequently used as the basis for safety analyses, considering
both the normal evolution of the repository and variants based on uncertainties or various
initiating events to determine the scenarios to be addressed in the performance assessment.
Standard FEP lists serve to audit the approach for possible omissions.  Examples of this type
of approach are the methodology that has been developed for the study of the safety of a
repository in the Opalinus Clay [Nagra, 2002] and one that has been termed the
Phenomenological Analysis of Repository Situations (PARS) [Andra, 2001].

It is recognised that the requirements for representing gas issues, should arise from a scenario
analysis, whether formal or not, applied to the repository concept as a whole.

In practice, calculations of the effects of gas are generally treated separately from the main
assessment involving dissolved radionuclide transport, regardless of whether they are
included in the base scenario.  This is because (a) the potential effects of gas on repository
safety are complex and usually occur through the influence of gas on other processes, and (b)
with the data, knowledge, and tools currently available it is usually inappropriate and
impracticable to do otherwise.  For similar reasons, the calculations are usually deterministic
rather than probabilistic, with ranges of input parameter values used to scope the potential
magnitudes of effects (gas generation itself might be treated probabilistically, since here it is
feasible to sample input parameters values from elicited distributions to help to assess the
spread of possible gas generation rates).  The calculations may take the form of “what-if”
studies rather than treatments in detail of possible evolutions of the system.

Although gas issues are not always examined through a formal scenario approach in safety
assessments, GASNET participants are of the view that this is not a significant issue and that
approaches adopted are generally identifying the issues that require evaluation.
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8 COMMUNICATION

To date, little attention has been given specifically to communicating to the public and other
stakeholders how gas-related issues in a waste repository are being addressed and to
presenting the results of safety assessments in a way that will convince these groups that they
will not compromise the safety of the proposed repository concept (assuming that this is the
case, perhaps after appropriate measures have been taken to address any difficult issues).

When considering the communication of a safety case, one consideration might be who the
target audience should be and whether the presentation of the case needs to be tailored to that
audience.  Potential audiences would include regulators, the general public and scientific or
industry peer groups.  As far as the general public are concerned, gas issues are not perceived
at present as being a major concern and therefore do not require special efforts for their
communication, but this situation could change.  This is not to say that gas issues do not
need to be addressed as an integral part of the overall safety case; as already discussed in
Section 7, present expectations are that gas issues would indeed be addressed as part of an
overall assessment.  It was, however, considered in the discussion within GASNET and at
the GASNET workshop that, at the present time at least, it was not necessary to take special
measures in communicating the results of work on gas issues in a repository.  It was better to
maintain focus on the scientific approach, identifying key issues and focusing on analysing
and dealing with them.  There was a belief that public confidence in a disposal concept
would be influenced by that expressed by the collective scientific and regulatory
communities, so that gaining the confidence of these groups is key.  This, however, has its
difficulties because of the fact that so many gas issues require a multidisciplinary approach,
with the result that even communicating with scientific “experts” requires the conveyance of
material that will fall outside the normal range of activity of any particular expert in order to
provide that expert with a full appreciation of the case being presented.  Documents such as
this should help to provide background information that will help scientists and regulators
understand the issues involved in treating the effects of gas in safety assessments and the
progress that has been made in carrying out these assessments.

GASNET participants did suggest a few factors from their own activities that could help to
build confidence:

a) An attitude of openness, creating public awareness of activities with a strategy of
publishing work that is commissioned;

b) Parallel calculations carried out by the agency proposing the waste disposal
repository and by (or on behalf of) the relevant regulator;

c) Development of confidence by comparisons of predictions with “real-world” data, for
example, data on gas generation from real wastes.

There is of course a basic requirement that safety assessment calculations can be seen,
transparently, to meet safety regulations.  Robustness in these arguments will inevitably
require that an adequate understanding (but not necessarily complete in all details) of how a
system behaves can be demonstrated.  The robustness will in part follow from the structure
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of the safety assessment.  For example, the following hierarchy would be typically used to
develop confidence:

a) The use of simple “high-level” models to obtain results for the performance
assessment itself;

b) The development of detailed understanding of key processes, together, where
appropriate, with models of those processes, to underpin the simpler assessment
models;

c) The demonstration that the scenarios involving gas that have been considered are
adequately comprehensive;

d) The demonstration of concept robustness to parameter changes and that a satisfactory
treatment of the inevitable uncertainty has been achieved;

e) The translation of the “scientific” safety case into material that could be more readily
accessed by the general public.  This may identify concerns that would then need to
be dealt with, but this should be possible if the original safety case has been
comprehensive.



37

9 CONCLUSIONS AND SUMMARY OF MAIN GAS
RELATED ISSUES IN SAFETY ASSESSMENTS

On the basis of the inputs from GASNET participants, who represent most of the European
radioactive waste disposal agencies, and from the GASNET workshop, this report has
provided a review of contemporary approaches to the treatment in post-closure safety
assessments of issues arising from the generation of gas in underground radioactive waste
repositories.  It has considered the strength of the scientific knowledge underpinning the
treatments of various issues and the degree of consensus that exists on what could constitute
appropriate treatments.

The report does not attempt to specify how an assessment of the effect of gas generation on
repository performance should be carried out.  This would be inappropriate as such
assessments are very specific to the repository concept under consideration.  However, it is
intended that the report should provide assistance in the construction of the components of a
safety case relating to the impacts of gas generation.  In Section 5, the issues that should
typically be considered for inclusion in safety cases are identified.  The importance of
particular issues will vary with repository design, geological setting, and inventory, but this
list provides a starting point for the safety analysis.  The issues that need to be assessed in
detail for a particular concept can then be determined by a combination of the scenario
analysis discussed in Section 7 and preliminary calculations to assess the potential
magnitudes of the various possible impacts.  In all cases, the starting point has to be an
adequate assessment of the rates and amount of gas generation expected.  The final selection
of those impacts of gas generation and the concept-specific scenarios that lead to them that
are to be included in the safety assessment is likely to be an iterative process.  Iterative
refinement of the calculations undertaken and of the parameters used in the calculations
allows the importance of the various impacts for repository safety to be determined.  Account
can be taken of possible interactions between different effects arising from gas generation as
part of this iterative process.  Those effects that turn out to be inconsequential for the concept
concerned can be omitted from the detailed analysis.

In parallel to the use of calculations of different levels of accuracy according to the
importance of different effects of gas generation (from simple scoping calculations to
exclude insignificant effects to more quantitative calculations to assess effects that could
have potential impacts on repository safety), there may also be a hierarchy of models
fulfilling different roles within the safety assessment.  These could range from relatively
simple models of the processes being assessed that are used directly in the performance
assessment itself, to more detailed research models of processes used to provide
understanding and underpin the assessment models (see Section 8).

The report provides some discussion about the extent to which special consideration needs to
be given to the communication of the safety case with respect to the potential impact of gas
generation on repository performance.  It is hoped that the material presented will be useful
in strengthening the foundation of safety assessments to be developed in the future.

To conclude the report, a list is presented below of the principal general uncertainties
identified by GASNET participants and Workshop contributors in assessing the effects of
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gas generation in repositories, and of those gas-related issues for which it remains difficult to
provide a satisfactorily robust treatment in performance assessments (presumably in most
cases because of insufficient knowledge).  The list does not include data uncertainties for
specific concepts and sites where it is considered that the data can in principle be acquired.
The list does not present issues in any order of priority, as the importance of each issue will
vary with repository concept; for some concepts some issues may already have been shown
to be insignificant.  Where uncertainties remain, bounding or conservative analysis
approaches may be used to ensure that risks are not underestimated, and this is the approach
that has often been adopted in the case of some of the items listed below.

a) Long-term corrosion rates.  It is considered important to have available reliable
values of long-term corrosion rates of ferrous materials (and Zircaloy) appropriate for
the particular conditions expected in the various repository concepts under
consideration.  Although much data relevant to radioactive waste repositories has
been collected on the corrosion of ferrous metals in recent years, it is important that
there are sufficient measurements covering the range of conditions expected to
satisfactorily confirm the corrosion mechanisms and rates operating under these
conditions.

b) Microbial gas generation rates.  There is considerable uncertainty in the potential
amounts and rates of gas generation from microbial degradation processes.  Improved
bounds on both would be helpful.

c) Release of gaseous 14C.  Radioactive waste inventories can contain large quantities
of 14C in a variety of materials.  Better understanding is required of the potential of
these materials, particularly irradiated steels and other metals and graphite, to release
14C in gaseous from.  It is possible that methane containing 14C may be converted to
14CO2 by bacteria in the near-surface environment.  The likelihood of this happening
needs to be established, as 14CO2 presents a greater radiological hazard than 14CH4.

d) Gas migration in clays.  There remains uncertainty about the mechanism of gas
migration in bentonite buffers and in clay and mudrock host formations.  Further
experimental data needs to be acquired and understanding developed, including
confirmation that gas migration has no untoward effects on the properties of the clay
material.  There is an additional need to demonstrate that knowledge acquired at the
laboratory scale can be upscaled to the field situation.  Large-scale gas migration
experiments would help to address this requirement; in particular large-scale
experiments on gas migration through bentonite buffer material are considered
desirable.

e) Evolution of the near field.  The evolution of the near field involves complex
coupled processes.  A better understanding of this evolution is required in order to
justify assumptions that are made about near-field conditions existing over the
extended timescales during which gas generation is expected to occur in some
concepts.  For example, in some cases it is desirable to be able to predict better the
way cementitious backfill and concrete degrade over long periods.  The presence of
these materials maintains high pH conditions, and if this changed as a result of
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cement degradation, gas generation rates might also change (if gas generating
materials are still present in the repository at the time the pH changes).

f) Influence of the EDZ.  The EDZ has been recognised in a number of studies as a
potential route for gas migration, but a better understanding of the possible role of the
EDZ needs to be developed.  This role may depend on the way an EDZ reseals and on
the way in which vaults and shafts are sealed.  Consideration of the role of access
shafts and tunnels, of the way they are sealed, and of the presence of an EDZ on the
transport of water and gas from the repository would be expected to be an integral
part of the repository concept development.

g) Human intrusion.  It has been recognised that there is the potential for rapid release
of flammable and possibly radioactive gases if there is human intrusion into the
vaults of a repository in which a pressurised (relative to atmospheric pressure)
volume of gas has formed.  The hazards associated with such scenarios need to be
evaluated in repository safety assessments.  These assessments can draw upon routine
drilling experience.

h) Effects of gas transport on water movement.  Assessments to date have often
examined the effects of gas pressure build up in forcing contaminated water from a
repository.  There are more subtle effects by which migrating gas might induce water
movement and transport in the geosphere, as discussed in particular for fractured
rocks [Rodwell et al., 1999; Rodwell, 2000].  They include groundwater flows
induced by the collapsing and reforming of gas pathways or by entrainment in
streams of bubbles.  The potential impact of such effects requires better evaluation.

i) Erosion of bentonite and colloid transport by gases.  Transport by gas of clay
colloids onto which radionuclides could sorb has been proposed as a mechanism of
radionuclide transport.  Scoping calculations indicate that this effect will be
insignificant, but this needs to be confirmed.
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Wang Yifang Sandia National Laboratories USA

Wolf Beate Öko-Institut Germany

Wollrath Jürgen BfS Germany

Yamamoto Mikihiko Toyo Engineering Corp. Japan



49


	INTRODUCTION
	OVERVIEW OF REPOSITORY CONCEPTS
	GAS GENERATION
	CORROSION OF METALS
	MICROBIAL DEGRADATION OF ORGANIC MATERIALS
	RADIOLYSIS
	INTERACTION BETWEEN BULK GAS GENERATION PROCESSES
	THE GENERATION OF RADIOACTIVE GASES

	GAS MIGRATION
	IMPACTS OF GAS GENERATION
	OVERPRESSURISATION
	THE EFFECT OF GAS ON WATER-BORNE TRANSPORT
	THE RELEASE OF RADIOACTIVE (AND TOXIC) GASES
	HUMAN INTRUSION
	FLAMMABILITY HAZARD
	OTHER EFFECTS

	MEASURES TO MITIGATE THE EFFECTS OF GAS GENERATION
	SCENARIO ANALYSES
	COMMUNICATION
	CONCLUSIONS AND SUMMARY OF MAIN GAS RELATED ISSUES IN SAFETY ASSESSMENTS
	REFERENCES
	APPENDIX: LIST OF WORKSHOP PARTICIPANTS

