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Chapter 1
Introduction

There are 443 nuclear power plants (NPP) currently (2018) in operation in 30 coun-
tries for the purpose of generating electrical power [1]. In the future old systems
will be decommissioned and new ones will be planned and built. How the share
of energy produced by NPPs will develop is not exactly predictable at the time of
writing due to economic and political uncertainties. The production however may
be slowly decreasing or constant; but it is quite possible that a gentle increase of the
share of energy from NPP’s could occur in the future. At present, 55 NPPs are under
construction against 166 that are now decommissioned and shut down, see [1–3].

What is clear is that the radioactivewaste resulting from currently operating plants
and residues from the supply and disposal process of NPPs, will need to be disposed
of safely. see Fig. 2.6.

Germany is one of the first countries with a plan to discontinue its civil nuclear
program by 2022. This followed the events at Fukushima and was further influenced
by the planned transition to renewable energy.

This changed the energy policy of the Federal Republic Germany decisively.
Germany, as a leading industrialized nation, operated 17 nuclear power plants in
2011, with a grid capacity of 20,490 GWe, which generated approx. 23% of the
electricity produced. In 2018, there were still 7 nuclear power plants connect to the
grid.

Other industrialized countries, such as Austria and Australia, never used nuclear
energy. In 2017 Switzerland decided by referendum for the long-term withdrawal
from the nuclear fuel cycle and as a result of the Fukushima accident Italy has already
completed such an exit. Other countries such as France, China, USA, Russia, South
Korea, Finland, Sweden and Great Britain continue to focus on nuclear energy.

In Germany the policy rejecting the use of nuclear energy remains in place, on
the grounds that this is an uncontrollable high-risk technology. However, concerns
remain over the risks associated with long term disposal of spent fuel and high level
waste from reprocessing. Although developments, especially in Finland, Sweden and
France, show encouraging technological disposal solutions, in Germany it remains
urgent to close this technical gap in the nuclear fuel cycle with the construction
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2 1 Introduction

of different geotechnical environmental structures for the disposal of all types of
radioactive waste.

Although a less ideologically motivated discussion about the final disposal of
radioactive waste and residues was conducted in the USA, the progress in the con-
struction of a repository for Heat-Generating (HG), High Active Waste (HAW) can
be compared with that in Germany.

However, a repository for defense-related Transuranic waste has been designed,
constructed and put into operation in the USA. The Waste Isolation Pilot Plant
(WIPP), see Chap. 7, is an underground facility in bedded salt approximately 658 m
(2160 ft.) below the surface in a semi-arid region near Carlsbad, New Mexico, see
[4].

The US currently has 99 NPPs in operation with a grid-connected energy of
30,000 GWe. 34 NPPs were permanently shut down, 2 are under construction and
14 NPPs are planned, see [1]. In addition there are the large quantities of radioactive
waste and residues from the US military-industrial complex.

With Germany’s withdrawal from nuclear power generation, the radioactive and
nuclear waste and waste that has accumulated and still accumulates can now be
clearly accounted for. This is an essential boundary condition for the construction of
repository structures.

For other countries such as the USA, France and Japan, this is not so obviously
possible. For these countries, who wish to continue to produce electric energy from
nuclear fuel in the future, there is a need to plan and construct the repository for
high-level waste (HAW—High Active Waste), and the dimensions of the forecasted
volumes and associated inventory must be taken into account.

The annual storage volumeand the expected size of thefinal volumewill determine
the operational phase of the repository. There may be differences between planning
and reality that have to be compensated for during the operating phase. Later the
decommissioning phase will take place. For the approved Finnish repository for
Heat-generating HAW at Okiluoto, the operating phase is planned to last until about
2112. The Okiluoto repository is to be closed from 2120, see Chap. 7. It is clear with
further use of nuclear energy that Finland will need another repository for HAWs,
from 2112 approximately, see [2]. The planning, construction, decommissioning
and closure of repository structures is a multi-generational task, so that it is expected
that the current “generation” of repositories will be further optimized by subsequent
generations, incorporating scientific and technological progress.

This book deals with the question of what types of radioactive and nuclear waste
and residues have arisen and continue to develop. How can they be disposed of in
the long term? Which geotechnical environmental structures already exist or need
to be developed and built? The term “long-term security” requires definition not
only technically and scientifically, but also legally and ultimately politically. In this
context, the remaining residual risk must be clearly stated.

The answer to these questions from an initially complex scientific task does not
clearly lead to a general, location-independent solution. Ultimately society is forced
to an evaluation of proposed solutions. These must all be subordinated to the goal of
designing a final disposal site for radioactivewaste and residues in such away that the
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harmful effects of the waste on humans and the environment are prevented in the long
term. Changes and dispersal of radionuclides from the inventory of the repository
in the biosphere can only be tolerated within socially and legally acceptable limits.
However, the solution of this task may also be subject to political influence.

The process can be divided into three levels of participation:

– The designer, who develops the task and implements it scientifically and techni-
cally,

– The operator who submits the geotechnical environmental structure for approval,
according to specification operates and later decommissioned,

– The approver, the appropriate regulating and licensing authority, and possibly also
the courts,whichultimately have tomakedecisions in the case of legal proceedings.

The involvement of the public is an absolute must.
The proper operation of a repository in all the necessary operating phases is an

indispensable prerequisite for trouble-free operation and thus also for social accep-
tance, which is based on trust, transparency and reliability.

What is meant by “proper operation” is generally defined in Germany in the
First General Administrative Regulation on the Major Accidents Ordinance—Stör-
fallVwV, of September 20, 1993, [14], under 2.2:

Operation according to specification is the permissible operation for which a system accord-
ing its technical purpose is determined, designed and suitable. Operating conditions that do
not comply with the granted approval, enforceable subsequent orders or legal provisions do
not belong to the operation according to specification.

This is similarly prescribed in other countries. This book is based on the respective
German regulations for the long-term safe and stable disposal of radioactive waste.
The variations in the individual countries are usually insignificant, because among
others the IAEAprovides the international oversight.Butwhere significant deviations
exist, e.g. in the US, these have been highlighted.

A glossary is attached for clarification of terms. It is based on the terms proposed
by the IAEA or the NEA/OECD. But these are not used uniformly in the individual
countries. However, the attached sources give the reader the opportunity to identify
and follow them up at any time. This also applies to mining terms. In this area the
terms follow long mining traditions. The glossary largely balances these out.

In this book, in addition to the general hazard potential of the substances that are
put into a repository, the focus is placed on the safe storage of radioactive substances.

Radioactivity is the property of certain nuclides (radionuclides) to transform into
a new nuclide (or several new nuclides) without external action. In the conversion of
radionuclides, the energy is released in the form of radiation. Radioactivity is thus a
value-free physical phenomenon.

Since the discovery of radioactivity by Antoine Henri Becquerel in 1896, the
dangers posed by radioactivity and how it directly affects human health and society
have been recognised. It is interesting to note that even one of the greatest of the
early nuclear physicists, Marie Curie was unaware of the life-threatening properties
of ionizing radiation. The acceptable use of artificially generated radioactivity in
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Fig. 1.1 Origination of radioactive waste and residues [2]

particular is politically highly dependent on solving the questions “What types of
radioactivematerials are generated, where and how,which uses and recycling options
for these are possible, which residues, by-products and radioactive waste accumulate
and how can they ultimately be safely disposed of”.

This book will describe geotechnical environmental structures designed to reduce
the risks of ionizing radiation on humanpopulations. Permanent disposal sites depend
on the nature and properties of the radioactive material which is placed inside for
long term safe and stable disposal. The radioactive waste results primarily from tech-
nical processes in which ionizing radiation or nuclear properties of the material used
are used, but also includes the residues of processing and milling processes. Refer-
ence is made to ICRP1 Publication 103 [5] and the subsequent European Directive
2013/59/Euratom,2 [6].

The use of radioactivity first requires the extraction and processing of the appropri-
ate geological raw material. Enrichment of the natural radionuclides and subsequent
nuclear reactions produces radioactive material suitable for use in various technical
andmedical processes, e.g. the manufacture of nuclear medical preparations and fuel
assemblies for use in nuclear reactors for power generation. However, radioactive
residues and waste are always generated in this process chain, see Fig. 1.1.

By reference to physico-chemical properties, the type of radioactive material will
be described by its category of radioactivity. The radioactivity is characterized by
the type of radiation, the half-life and the energy of the radiation. The knowledge of
these physical quantities is an important prerequisite for disposal.

The radiotoxicity of a radionuclide is a parameter that describes the potential haz-
ard of a radionuclide.Where radiotoxicity is greater, the lower its exemption limit, see
German Radiation Protection Ordinance (StrlSchV), Appendix 4, Table 1 columns
2, 3. The exemption limit not only determines the radiotoxicity of a radionuclide,
but its biological effect must also be included, see Table 1.1.

According to EURATOM and ICRP [5, 6], radioactive material is any material
containing radioactive matter within the meaning of this Directive; that is to say
radioactive to the extent that this radioactivity cannot be disregarded. In Germany it
is then determinedwhether thematerial to be stored in accordancewith the Recycling
Management Act (KrWG) and Landfill Ordinance (DepV) and can be deposited in

1ICRP—International Commission on Radiation Protection.
2European Atomic Energy Community (EAEC or Euratom).
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Table 1.1 According to the ordinance on the protection against damage of ionizing radiation

Radiotoxicity Radionuclides Exemptions limit [Bq]; German
Radiation Protection Ordinance
(StrlSchV), Appendix 4, Table 1

Very high Sr-90, Y-90, Po-210, Ra-226, Pu-239 1.0E+04; 1.0E+E04; 1.0E+04;
1.0E+04; 1.0E+04

High Cs-134 Cs-137, U-233 1.0E+04; 1.0E+04; 1.0E+04

Medium P-32, J-131, Ba-140, 1.0E+05; 1.0E+06; 1.0E+05

Low H-3, Unat 1.0E+09

German Radiation Protection Ordinance—StrlSchV—Annex 4, Table 1, column 2

a landfill as a material with no regard to the radioactivity; or if it must be stored in a
facility according to the Atomic Energy Act (AtG).

In Germany the atomic law forms the legal basis for the establishment of safe
systems ofmanaging radioactivematerials that pose a significant risk to human health
and the environment. According to § 9b of the Atomic Energy Act, for example, the
establishment, operation and decommissioning of the federal installations referred to
in § 9a (3), as well as the substantial modification of such facilities or their approved
operation plan,must include an integrated environmental impact assessment. In cases
where the location has been determined by federal law, the planning approval is
replaced by a permit. The approval is issued by the Federal Agency for Nuclear
Waste Management at the request of the operator.

Planning approval procedures with an integrated environmental impact assess-
ment are also used in the construction of landfills in accordance with the KrWG.

The United States is also now making preparations for the handling and disposal
of to the anticipated large volumes of VLLW3 associated with the decommissioning
of nuclear power plants and material sites; this also includes, waste that might be
generated by alternative waste streams that may be created by operating reprocessing
facilities or a radiological event. The Nuclear Regulatory Commission (NRC) coor-
dinates these tasks. For example, in 20184 the NRC commissioned a large scoping
study to develop possible options to improve and strengthen the regulatory frame-
work for the disposal of the large volumes of VLLW expected.

However, the process continues to be based on 10 CFR, Part 61—“Licencing
of requirements for land disposal of radioactive waste”.5 It contains approval proce-
dures, performance targets and technical requirements for the licensing of radioactive
waste (VLLW).

3VLLW—Very Low Level Waste.
4A Notice by the Nuclear Regulatory Commission on 02/14/2018; https://www.federalregister.gov/
documents/2018/02/14/2018-03083/very-low-level-radioactive-waste-scoping-study.
5https://www.nrc.gov/reading-rm/doc-collections/cfr/part061/.

https://www.federalregister.gov/documents/2018/02/14/2018-03083/very-low-level-radioactive-waste-scoping-study
https://www.nrc.gov/reading-rm/doc-collections/cfr/part061/


6 1 Introduction

Deviating from this is the treatment of residues from uranium ore processing6 is
an issue here. To manage this situation and put it in context of the objective of a
long-term safe and stable disposal is here considered a necessity.

Geotechnical environmental structures are therefore presented for their charac-
teristics according to specification as landfill sites, as encapsulated uranium tailings
ponds and as repository structures for radioactive waste. In the United States, ura-
nium mill tailings ponds are licensed, operated and finally safely deposited on the
basis of The Uranium Mill Tailings Radiation Control Act of 1978, see [7].

Although there are differences in the classification of different radioactive mate-
rials (VLLW and uranium mill tailings), there are few differences between Germany
and the USA in the structure of geotechnical environmental structures for the long-
term safe storage of these radio-toxic materials.

An attempt is made to determine which relevant environmental requirements
should be used to determine the necessary site-specific environmental structures to
be developed. The book will discuss the current state of science and technology as
well as which solutions are to be expected on the basis of current research programs.
The text will also discuss the legal situation and where knowledge gaps are to be
closed. The current state of knowledge and consequent scientific-technical consensus
is intended to equip the environmental structures with a multi-barrier system during
operation according to the selected specification.

Worldwide, deep geological formations are favored as repository sites for highly
radioactive waste. It is the task of the site assessment to develop and fine tune the
multi-barrier system best suited to the geological formation chosen to host the final
repository.

In Germany, it has not yet been possible to summarize the specifications, regu-
lations and standards for the construction of facilities for long-term safekeeping of
radioactive waste and residues in a binding set of rules. However, this is urgently
required for such plants, where there is such a high and long-term potential risk for
the biosphere.

A set of technical and scientific rules should be based on general and consistent
criteria derived from the requirements for long-term safekeeping of the various types
of radioactive waste and residues and adapted to the current state of science and
technology. The rules should be characterized by high objectivity. The following
statements are also intended to contribute to this.

Concentrating on the residue storage facilities from uranium ore milling is sig-
nificant in that significant concentrations of radioactivity and toxicity remain in the
deposits. The text concentrates on the six large uranium tailing ponds of the SDAG,
whichwere designed to accommodate the residues from processing plants in Crossen
(Saxony) and Seelingstädt (Thuringia).

6Concentrating on the residue reservoirs fromuraniumore processing is significant in that significant
concentrations of radioactivity and toxicity been deposited in the basins. The concentration on the 6
large uranium tailing ponds of the SDAG, which were assigned to the processing plants in Crossen
(Saxony) and Seelingstädt (Thuringia), sufficiently concentrate the long-term safe, long-term stable
closure of the residues requiring monitoring.



1 Introduction 7

These sites are responsible for the long-term safe and stable custody of the residues
and require monitoring. Strictly speaking, the large stockpile systems, opencast
mines, underground mining, processing plants, etc., could of course, also be used to
accommodate the accumulated waste residues of the legacy of uranium mining and
processing.

The responsible authorities in Germany as well as in the USA, Canada, UK, etc.
also have an obligation to analyze and to make readily useable their international
experience and the resulting recommendations for a repository concept for highly
radioactive waste. Following the decision in several countries, such as Finland and
Sweden, to decide on the construction of repositories based on approved long-term
safety proofs and legally binding decisions, it is now possible to better target the
discussion regarding a repository concept. The explanations here do not only describe
concept basics, but also provide solution-oriented stimulations.

The radionuclide vectors of the inventories of repository sites of for High Active
Waste (fuel assemblies, vitrified high-level radioactive waste) are compared. These
have many similarities. The radiotoxicity, indicated by a dimensionless radiotoxicity
indexAi/Fi (Ai activity of the radionuclide amount, Fi exemption limit of the radionu-
clide), of all the repository sites listed here is approximately 1E+16, regardless of
host rock type. This suggests that a site-specific long-term safety case always requires
a multi-barrier system tailored to the host rock type. The barriers have to be well
coordinated, so that their mechanical, hydraulic, chemical effects complement each
other optimally and ultimately the hydrochemical mobility of the radionuclides in the
waste matrices is reduced very much, ideally to the point of immobilization. Some
international waste container developments should also be considered for example
for a German and also in a Canadian repository concept for Heat-generating HAW,
see Chap. 7.

The discussion here deals extensively with the storage of all types of radioactive
waste and residues in Germany. Based on the dimensionless radiotoxicity indices
of the respective inventories in the respective geotechnical environmental structures,
the reader is given a well-founded overview of the degree of unequal treatment in
the safety requirements and thus the necessary transparency is established, [13].

In order to make repository sites comparable with each other, this task requires
that one first refers to a legal and regulatory framework, as this is the only way to
make geotechnical environmental structures comparable. Even if the authors refer
in the following to the German regulations as a matter of priority, it is in any case
necessary tomake a comparisonwith the legal and regulatory framework of theUSA.
The authors are keen to emphasise this because, on the one hand, the USA has the
world’s greatest experience in dealing with radioactivity and, on the other hand, it is
there that by far the largest quantities of radioactive waste and residues are generated
annually, as a result of the peaceful and military uses of nuclear energy. Thirdly,
because the USA uses a different classification of radioactive waste to Germany, for
example. This is due to tradition and because in the USA the need for classification
arose earlier, before the IAEA developed and promulgated a classification.

According to the World Nuclear Association (WNA), 12,000 tons of high-level
radioactive waste are produced worldwide every year. As a result of Germany’s
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Fig. 1.2 Current storage sites for HLW and SNF and repository with license under review (Source
U.S. Government Accountability Office and in addition WIPP inserted by the authors)

announced withdrawal from the peaceful use of nuclear energy, the amount of high-
level radioactive waste is known quite precisely and after 2022 only extremely small
amounts will be added each year. According to the US Department of Energy (US
DOE), approximately 90,000 tons of highly radioactive, heat-generating waste are
currently stored at 80 sites in 35 states in the USA, 14,000 tons of which come from
the US government’s nuclear weapons program. Approximately 3000 tons are added
annually. However, this corresponds to less than 0.5% of total radioactive waste and
residues, see Fig. 1.2.

In order to achieve the goal of “best possible final disposal” inGermany, the law on
the search and selection of a site for a repository for heat-generating radioactivewaste
(Standortauswahlgesetz7—StandAG) of 23 July 2013 was adopted together with the
further development of 23 March 2017. This created an important prerequisite for
the “path to the repository”. In Germany, in 2016, the legislature also enacted a
reorganization of the organizational structure in the area of radioactivewaste disposal,
which should better integrate the described levels of participation but still allow them
to be able act independently of each other, see [8]. These are similar to structures
in comparable industrialized countries or have been adapted from such structures.
With the reorganization of the organizational structure in the field of final disposal
of radioactive waste, a pluralistic National Accompanying Board (NBG) was set
up by law, for the benefit of the public; the Board also has the task of overseeing
the implementation of public participation. However, it must be assumed that the

7Site Selection Act.
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organizational structure in the field of final disposal should be further optimized. On
the one hand the levels of participation need to be clearly differentiated from each
other and on the other hand to be able to develop the best possible repository system
for Germany from the various task-solving possibilities.

In order to facilitate a functional design and construction of the repositories a
considerable number of geological, hydrogeological, geochemical, geotechnical and
technical issues have to beworked out. The social, political and legal problems should
also not be forgotten. It is expected that legislationwill be required to create updates to
the StandAG to facilitate the disposal of highly reactive, radioactive, heat-Generating
waste, see also [12].

So part of the question to be answered is, which independent monitoring options
must be available, to demonstrate the safety of the storage of radioactive material in
the various stages of final disposal. This activity must take place from construction
to closure and beyond, and be able to identify early any security-relevant changes
and thus to be able to respond with countermeasures.

Earlier repository concepts for highly radioactive, Heat-generating waste were
planned on the basis that the decommissioning and sealing of the repository would
take place as soon as possible after operation, [9] BMU (2010). Today the necessity
of the timely the installation of a requirement-oriented monitoring concept will be
discussed intensively. This should be an integral part of the approval process.

A disadvantage of disposal in deep geological formations is that—measured by
the longevity of the waste—only a limited observation of the repository process
is possible, e.g. the geochemical interactions. The input values in the sensitivity
analysis of a long-term safety record, to which the result is most sensitive, and
the enclosed uncertainty analysis, are only tools to narrow the solution range. You
cannot completely rule out observational errors. Significant disturbances which may
present a risk can only be detected at a very large distance after the occurrence of any
malfunction or interference. Even a wrong location decision would then no longer be
correctable and repair measures in the repository itself would be virtually impossible.
The provisions for reversibility, accessibility, recoverability and retrievability are
immense and it is not certain that these will be viable in the very long time. The
reversibility of the highly radioactive waste stored in the repository building should
be ensured over 500 years according to [10] StandAG (2017).

When deciding on a disposal in deep geological strata, there are high demands on
the site selection procedure, namely the proof of suitability for the repository and, in
particular, the procedure for creating the long-term safety record. It should be noted
that the essential foundations for the long-term safety proof and the achievable fore-
cast reliability are already established within the location definition. The procedures
must therefore be methodologically correct and coherent, meet the legal and social
framework conditions in an appropriate and binding manner, and be comprehensible
to non-technical readers. This includes the teaching of the scientific and technical
fundamentals and the international state of scientific and technical knowledge, as
described here.

It is a requirement that the safety of the personnel must be considered during the
operation according to current health and safety regulation. The safety of personnel
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is not only important in the storage and closure phase of repository structures but
also in scenarios of retrieval, recovery, excavation etc. and therefore deserves very
high attention, see Chaps. 2 and 6.

Related to these matters are also questions of the integration of interim storage
facilities and the establishment of transitional camps on the basis of a participation
procedure andwhich tasks and functions they could take over in a repository concept,
see Chap. 7.

A set of rules must also take account of social conditions. There is a necessity that
the rules will be updated frequently to reflect increases in scientific and technical
knowledge. Due to the long-term risk potential for the biosphere, this task has not
only a technical-scientific dimension but will require transparent information to be
given to the public via appropriate authorities. Although the main focus here is on
the technical-scientific dimension of this task, one cannot completely hide the fact
that the implementation of a “best possible” disposal concept, especially for highly
radioactive waste, requires credible confidence-building and communication by the
responsible bodies and organizations. A few remarks on this are included in this
article, while ethical-moral aspects of this task have not been specifically included
in this text.

It also becomes clear that the proof of safety in the post-closure phase cannot be
carried out in a strictly scientific sense, since the potential consequences of imple-
menting the repository are beyond the scope of meteorological verification due to
the long observation period (detection period) of 1 million years. Until the long-term
safe and stable decommissioning, this not only requires a continuous optimization
process with periodic safety checks, but it is pointed out that there are possibilities to
reduce or split the observation period. One in which the long-term safety monitoring
and recording time windows, taking into consideration different uncertainties in the
probability of occurrence of events and risks is facilitated, without having to reduce
the security requirements.

The main objective of the book is to present the technical-scientific dimension
of the construction of environmental structures for the disposal of any radioactive
and nuclear waste and to inform a broad social public in this task. This is especially
important as the development, construction, operation and closure of the respective
repositories is a cross-generational task.
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Chapter 2
Radioactivity in Waste and Residues

Currently, public discussion on the disposal of radioactive substances in Germany
and in other parts of the world is focused on the search for a suitable location for
the repository for heat-generating radioactive (highly radioactive) waste. In order
to begin the discussion on technical and scientific aspects relating to the long-term
stable and safe disposal of radioactive waste, it is necessary to clearly define the
initial parameters which are scientifically credible and socially acceptable.

It is necessary to achieve consensus to achieve the following aim:

• identification of which radioactive substances (quantity, quality) must be disposed
of,

• where and how are these created and accumulated,
• what are the basic potential dangers to the biosphere arising from this waste,
• which technical storage solutions are possible, in principle,
• what are the selection criteria for location (host formation, etc.),
• definition of the safety case,
• establishing the criteria and use of data (databases), models and programs for the
long-term safety analysis,

• onwhich legal basis the safekeeping or storage (disposal) will be based: this ideally
will remain unchanged in the future,

• which parameters must be adhered to,
• which criteria will be selected to prove compliance with the parameters over long
periods of time.

2.1 Classification of Residues and Radioactive Waste

Afirst difficulty in this description results from the fact that, although radioactivity is
considered a value-free physical phenomenon, radionuclides of natural origin were
considered differently in the legal framework compared to radionuclides produced
using technology or used for the production of nuclear energy.
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Table 2.1 Occurrence of radionuclides

Naturally occurring radionuclides Artificial radionuclides

K-40 (contained in the natural isotope mixture
Knat with 0.0117%, T1/2 = 1.277E+09 a

Artificial radionuclides are those that result
from nuclear reactions induced by humans

Radionuclides of the natural decay chains
(e.g. radionuclides occurring in the natural
isotope mixture Unat—U-235 and U-238)

Activation products: from nuclides which
have become radioactive due to neutron
radiation in a nuclear reactor outside the fuel,
e.g. in the fuel rod cladding tubes, in the
coolant, etc.

C-14, cosmogenic radionuclide, T1/2 = 5.730
± 40 a

Fission products: nuclides formed by nuclear
fission

While Directive 96/29/Euratom [1], based on ICRP Publication No 60, has
planned a separate regulatory regime for naturally occurring radionuclides and
radioactive substances and their ionizing radiation or nuclear properties, the new
European Directive 2013/59/Euratom [2], based on the ICRP publication 103 [3],
intends to repeal as far as possible this conceptual separation (Table 2.1).

The central definition in radiation protection, which remains unchanged in its
core, is that of “radioactive substance”. This term describes a substance whose activ-
ity cannot be ignored under radiation protection requirements due to the activity
concentration. To clarify this, the definitions given in Directive 96/29/Euratom and
Directive 2013/59/Euratom are compared:

96/29/Euratom: ““Radioactive substance”: any substance that contains one or more
radionuclides the activity or concentration of which cannot be disregarded as far as
radiation protection is concerned.”

And

2013/59/Euratom: ““Radioactive substance”means any substance that contains one
or more radionuclides the activity or activity concentration of which cannot be dis-
regarded from a radiation protection point of view.”

The German Radiation Protection Act (StrlSchG) of 27 June 2017 transposes
Directive 2013/59/Euratom into national law. It contains an authorization to recast
the Radiation Protection Ordinance (StrlSchV).

However, the reorganisation of the legal framework for natural and closure situa-
tions has led to some issues, e.g. consideration of the uranium mill tailings ponds of
the SDAGWismut which were constructed according to the old regulations, includ-
ing the safety definitions. A subsequent change to the design is impossible.

Since in reality radioactive substances are normally mixed with other chemical
substances, Directive 2013/59/Euratom introduces the term of radioactive material.
Radioactive material is therefore any material which contains radioactive substances
within the meaning of the Directive. to the extent that this radioactivity cannot be dis-
regarded—“radioactivematerial” thereforemeansmaterial incorporating radioactive
substances.



2.1 Classification of Residues and Radioactive Waste 15

The property “radioactive” is thus bound by these definitions to a legal assessment
(“cannot be ignored”) and thus not attached to the scientific property of radioactivity.
Waste materials, i.e. substances that an owner wants to discard and for which no
further use is foreseen (see EUWaste Directive), which always contain radionuclides
in the physical sense, are not radioactive substances, unless they are based on a
legal assessment due to their particular radiological properties or are a quantity
sufficient to be declared as radioactive. These substances are dealt with in Chap. 3
with reference to the Closed Substance Cycle and Waste Management Act (KrWG)
and the Landfill Ordinance. Substantial amounts of suchmaterial will be encountered
when dismantling the NPPs.

The USA is now making preparations on how to deal with the disposal of antici-
pated large volumes of Very Low Level Waste (VLLW) associated with the decom-
missioning of nuclear power plants and material sites, as well as waste that might be
generated from alternative waste streams that may be created by operating reprocess-
ing facilities or a radiological event. The Nuclear Regulatory Commission (NRC)
coordinates these tasks. For example, in 2018 theNRC commissioned a large scoping
study to develop possible options to improve and strengthen the regulatory frame-
work for the disposal of the expected large volumes of VLLW. However, it continues
to be based on 10 CFR, Part 61—“Licensing of requirements for land disposal of
radioactive waste”.1 This document contains approval procedures, performance tar-
gets and technical requirements for the licensing of disposal of radioactive waste
(VLLW).

Against this background, the depiction of the disposal of all the wastes, which
are monitored by radiation protection law due to their radioactivity, is considered
here comprehensively. Two categories of waste are to be distinguished in the current
radiation protection system in Germany:

• Radioactive waste which is radioactive material within the meaning of § 2 Abs.1
of the Atomic Energy Act (AtG), and must be disposed of according to § 9a AtG.
Suchmaterials originate (as a rule) from a radiation-protection or nuclear-licensing
situations in which the radioactivity or the radiation emanating from it was used
purposefully and which are regulated under Part 2 of the Radiation Protection
Ordinance.

• Residues which are materials that are produced in the industrial and mining pro-
cesses listed in Annex 12 Part A of the German Radiation Protection Ordinance
and whose recovery or disposal is regulated in Part 3 of the Radiation Protec-
tion Ordinance. These materials are substances that contain naturally occurring
radionuclides or are contaminated with such substances.

In contrast to Closed Substance Cycle and Waste Management Act (KrWG), in
which the concept of residual material was consistently replaced by the concept
of waste, the Atomic Energy Act (AtG) continues to contain this term in § 9a.
Radioactive waste generated in a plant regulated under nuclear law or radiation-
protection law can then be disposed of freely or shall be disposed of in an orderly

1https://www.nrc.gov/reading-rm/doc-collections/cfr/part061/.

https://www.nrc.gov/reading-rm/doc-collections/cfr/part061/
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manner as radioactive waste (direct disposal). Thus, the term “radioactive waste”
in the narrower sense refers only to radioactive materials that have to be disposed
of in special environmental structures (e.g. repositories) under radiation protection
supervision during specified normal operational conditions. With regard to the long-
term safekeeping of waste that is state-monitored due to its radioactivity, four areas
of origin can be distinguished:

(1) The technical application of radioactive materials in medicine, industry and
research, which leads to radioactive contaminated residues for which no further
use is envisaged.

(2) The use of nuclear energy for power generation (abroad, in some cases, the
development and production of nuclear weapons),

(a) their operation (for example during plant maintenance) produces radioac-
tive contaminated residues that cannot be reused

(b) dismantling of nuclear power plants after the withdrawal of Germany from
the peaceful use of nuclear energy will result in an increased amount of
radioactively contaminated waste.

(3) Mining or industrial processes resulting in residues of naturally occurring
radionuclides (“NORM”), which are governed by Directive 2013/59/Euratom.

(4) Mining for the extraction of uranium (and/or thorium) and the processing of ores
obtained as a special part of the nuclear energy programme is given a special
role.

Legend to Fig. 2.1: Classification according to IAEA (2009):

Fig. 2.1 Classification of radioactive waste and residues proposed for use in Germany [4]



2.1 Classification of Residues and Radioactive Waste 17

EW Exempt waste, Waste exempted or excluded from the fuel cycle by regula-
tory control and not declared as waste, e.g. demolition materials from the
dismantling of NPPs for potential recycling as building material,

VLLW Very Low Level Waste,
LLW Low Level Waste (Low Active Waste—LAW),
ILW Intermediate Level Waste (Medium Active Waste—MAW). (1010−1015)

Bq/m3 Activity range, according to IAEA classification,
HLW High Level Waste (High Active Waste—HAW). A > 1014 Bq/m3 Activity

range according to IAEA classification,
HGW Heat Generating Waste,

Active Waste with Negligible Heat Generation (�T ≤ 3 K)—Temperature
range for repository “Shaft Konrad”—(NHGW)

These four areas are characterized by (very) different legal framework conditions.
Consequently, the current conditions of the various long-term safekeeping methods
(final disposal) for these wastes are very different. Looking at the already proven
concepts e.g. as the safekeeping of mine structures and dumps of tailings from ura-
nium mining or tailings ponds from uranium ore processing but also the existing
facilities for the disposal of low and medium radioactive waste (in Germany, the
final disposal for radioactive waste Morsleben, ERAM, and the planned, but not in
operation final disposal “Shaft Konrad”), see Chap. 6. It can be seen that in solving
the disposal problem of radioactive waste and residues, a wide range of technical
options can be used, but these must be tailored to the respective location and the
waste to be disposed. Figure 2.1 shows the classification of radioactive wastes and
residues currently being established in Germany and the classification of radioactive
waste according to the IAEA; see also Table 2.2.

2.2 Description of Residues and Radioactive Waste

In all four of the abovementioned areas of origin, there are subsets of waste which,
because of the low radioactive hazard potential, do not require radiation protection
monitoring and those which require special requirements on disposal. The German
Commission on Radiological Protection (SSK) has issued a number of recommenda-
tions on the release of slightly radioactive substances,which havebeen summarized in
a general recommendation [5]. These recommendations are based on the de minimis
concept2 of the IAEA [6], which provides for the population to receive a dose limit
of 10 μSv per calendar year for substances that are no longer subject to surveillance.
These are called substances with very low radioactivity (VLLW) and are subject to
Closed Substance Cycle and Waste Management Act (KrWG). This has resulted in

2The de minimis concept defines a dose at which potential risks are so low that these are outside of
the need for regulation.
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certain requirements for continued and future landfills (DepV) and disposal facili-
ties as well as the associated work processes that influence the dose calculation (in
particular soil sealing, cover, pre-treatment of waste).

The Commission for Radiological Protection was commissioned by the Federal
Ministry for the Environment, Nature Conservation and Nuclear Safety3 to draw
up a recommendation for the determination of the clearance levels for disposal. In
addition to the above-mentioned boundary conditions, the size (annual capacity) of
the disposal plants to be established was also re-assessed. In addition, in the case of
the annual approved mass of released waste, which may be fed to a single disposal
plant, it was considered that in the future increased demolition projects with huge
waste streams would become relevant and should be included in the modeling.

Examples of producers of largequantities of very low radioactivitywaste (VLLW):

– Aluminum industry: red mud
– Lignite and coal-fired power stations—power station ashes; flue gas cleaning
residues, fluidized bed ashes

– Waste incineration ash: residues
– Sewage treatment plants; sewage sludge
– Oil and gas industry: sludge, oil residues
– Decommissioning of nuclear power plants: especially demolition materials.

The annual amount of wastewith a low level of radioactivity throughout Germany,
is currently forecast to be approximately 10,000 m3, with an upward trend in the
coming years.

For comparison the comparable volume produced in the USA in 20174 was
5,053,885 cubic feet ≈ 143,000 m3 with an activity of 57,179 Ci ≈ 2.116 PBq.
Most of this was disposed at the Clive/Utah repository, see Chap. 6.

The low-level radioactive waste (LAW) and medium-level radioactive waste
(MAW) come from nuclear facilities as well as research facilities and industrial or
medical applications of radioactive materials. Typical radionuclides in the invento-
ries5 areH-3, C-14, Co-60, Ni-63, Sr-90, Cs-137, Ra-226 but also actinides (uranium,
plutonium, americium). In the course of the approval process for the retrofitting of
the “Shaft Konrad” to the repository for LAW and MAW, it was crucial to consider
the decay heat of the radioactive materials to be deposited and its possible effect on
the host rock in the deposition areas. The establishment of a repository for radioac-
tive waste was approved with the criterion that the temperature increase of the host
rock caused by the heat of disintegration must not exceed on average �T ≤ 3 K.
Finally, a radionuclide vector [7] was approved, which guarantees compliance with
this criterion, see Chaps. 6 and 7 (Table 2.3).

The HAW primarily includes spent fuel elements from German nuclear power
plants as well as waste from the reprocessing of fuel elements from German nuclear

3The Federal Ministry was renamed several times after task relocation. The term BMU subsumes
this.
4According to U.S. NRC—Nuclear Regulatory Commission.
5A repository inventory is an exact inventory of all radionuclides with furthermore characterising,
repository-relevant information.
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Table 2.3 Radionuclides of
spent fuel elements, which
significantly determine the
thermal output (Q) during the
decay period up to
20,000 years

Isotope T1/2 in a Q in keV Decay

Short-lived

Sr-90 28.90 2826 β

Cs-137 30.23 1176 βγ

Minor actinides

Am-241 433 5486 α

Am-243 7.39E+03 5438 α

Cf-249 351 6295 α

Cf-250 13.08 6128 α

Cf-251 900 6176 α

Cf-252 2.645 6217 α

Cu-242 162.8 d 6216 α

Cu-243 29.1 a 6169 α

Cu-244 18.1 a 5902 α

Cu-245 8.50E+03 5623 α

Cu-246 4.76E+03 5475 α

Cu-247 1.56E+07 5353 α

Cu-248 3.48E+05 5162 α

Np-237 2.14E+06 4959 α

power plants. Typical radionuclides in the inventories are C-14, Cl-36, Sr-90, Cs-137,
I-129, Nb-94, Pu-238, Pu-239, Pu-240, Pu-241, Am-241, U-234, U-238. In the final
disposal of HAW, in addition to the activity, the decay heat of radionuclides plays
a significant role. The spectrum of decay heat is described as (2–20) kW/m3. One
speaks of heat-producing HAW, if its heat production causes it to have a significant
influence on the host rock or the design of the repository, see Chap. 7. The wastes
are referred to as HGW.6 The effects on the host rock are significant and may be
a determining factor in site selection, see also [8] TIMODAZ—Thermal Impact
on the Damaged Zone Around a Radioactive Waste Disposal in Clay Host Rocks
(2008). This can be mitigated if the disposal provides measures which counteract the
heat concentration. These include the positioning of the containers or the number of
containers per storage chamber, etc.

The thermal performance of spent fuel elements and vitrified waste during the
first 200 years is mainly determined by the short-lived fission products strontium-90
and cesium-137.

In the period up to 100,000 years, it is mainly the minor actinides that con-
tribute to thermal output. The radioactive nuclides converted from U-238 are called
“transurans” (minor actinides). Themajor isotopes ofminor actinides in spent nuclear
fuel are Neptunium-237, Americium-241, Americium-243, Curium-242 to -248, and
Californium-249 to -252.

6HGW—Heat Generating Waste.
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Residues to be considered according to Annex 12 Part A German Radiation Pro-
tection Ordinance arise from many industrial processes:

– In the case of oil and gas extraction as sludges, scales, and deposits,
– When processing raw phosphate (phosphorite) as dusts, scales and slags,
– In the extraction and treatment of bauxite, columbite, pyrochlore,micro-polythene,
euxenite, copper shale, tin, rare-metal and uranium ore as by-products, sludges,
sands, slags and dusts,

– For flue gas cleaning in the primary smelting of iron ores, non-ferrous ores as dusts
and sludges,

– As filter ashes in lignite and hard coal-fired power plants,
– etc.

In Germany, however, the largest amounts of residues, arose from the uranium
ore mining and processing operations of the SDAGWismut in Thuringia and Saxony
between 1946 and 1991; see Chap. 5 and [9].

2.3 Change in Radioactivity Over Time in Waste
and Residues

In most cases, radioactive nuclei (radionuclides) are transformed into other atomic
nuclei by emission of α-particles (He nuclei), electrons (β−-particles), positrons
(β+-particles) or electron capture. The number of nuclear transformations per unit
time is the activity, their unit of measure in the SI-system is the Becquerel (Bq). A
Becquerel corresponds to one nuclear transformation per second (1 Bq= 1 decay/s).
Radioactive decay decreases the activity of radionuclides. In addition to the level
of activity or activity concentration, the half-life of the radioactive decay is a major
criterion for assessing radioactivematerials. The half-life of a radionuclide is the time
after which the radioactivity in the substance has decayed to half the initial level. The
radionuclides found in residues or radioactive waste have extremely different half-
lives—from less than an hour to millions of years. A repository-relevant selection is
compiled in Table 2.4.

Formany residues arising fromnuclearmedicine or in laboratories, due to the short
half-life of their radionuclides, their radiological relevance decreases very quickly
and the radioactivity loses its ecological relevance after a certain time. Therefore,
considering the issue of long-term stable and safe storage of radioactive waste, the
only relevant radionuclides, are those which have such a long half-life for which a
long-term technical decay storage is necessary. Such wastes are considered below
and consideration is given as to whether the decay energy can lead to heat generation
that would be relevant to disposal, see Table 2.3.

Nuclides, which occur in the natural decay series, play an important role in the
extraction of energy from nuclear fission. A decay series is the transformation of
natural uranium and thorium radionuclides to individual radioactive decay products.
The four decay series are shown in Fig. 2.2. The Neptunium series is no longer
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Table 2.4 Classification of radionuclides according to their half-lives

Ranges of half-lives (T1/2) Radionuclide (kind of
transformation)

Remarks

less as 1 a I-125(β), I-131(β)
Rn-222(α), Po-210(α)

Nuclear medicine
nat. decay series

1 a up to 100 a H-3(β); Co-60(β);
Sr-90(β); Cs-137(β)
Ra-228(β); Pb-210(β)

100 a up to 10.000 a C-14(β); Ra-226(α)
Pu-240(α); Am-241(α)
Am-243 (α)

10.000 a up to 1 Mio. a Cl-36(β); Kr-81(β)
Tc-99(β); Th-230(α)
Pu-239(α); Pu-242(α)

More than 1 Mio. a K-40(β); Cs-135(β)
I-129(β); U-235(α)
U-238(α); Th-232(α)
Pu-244 (α)

observable today. It is therefore also called a “prehistoric” series, since the Np-237
present in the formation of the earth (see half-life) has already completely decayed.
Artificially, it is relevant again because radionuclides such as Pu-241, Np-237, and
U-237 are being bred in nuclear reactors.

The nuclides of the decay series must also be taken into account in the storage of
residues and radioactive waste.

The general decay law describes how the number of not yet decayed atomic
nuclei (activity A0) of a radioactive substance decreases over time [activity A(t)],
see Eq. 2.1.

A(t) = A0 · 2− t
T1/2 = A0 · e−λ·t (2.1)

t—is the time when the activity of a radioactive substance has decreased from A0 to
A (t)
λ—is the decay constant of the radioactive substance measured in 1/s.

Consider one 1 kg U-235 with a T1/2 = 703.8 million years and an activity A0

= 80.0 MBq, from spent fuel as an individual process; after 10,000 years the activ-
ity would be reduced to A(10,000 a) = 79.9992 MBq. U-235 is a very long-lived
radionuclide. It would take 703.8 million years, before the activity was reduced to
40 MBq.

The decay behavior of an isotopic mixture in radioactive waste does not behave in
this ideal way. This is because, although the chain reaction in the reactor ceases, no
energy is released by the controlled nuclear fission, but spontaneous decomposition
of the uranium and fission products in the fuel rods of the reactor core continues.
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This releases energy. This released energy is called decay heat, see also Table 2.3.
As each nuclear fission produces radioactive fission products, see also decay series,
the composition of the radioactive inventory in the fuel rods during the burn up, and
thus in the radioactive waste, gradually changes (Fig. 2.3).

As uranium-235 decreases as a result of nuclear fission, the amount of radioactive
fission products increases. The decay behavior and evolution of the radioactive waste
inventory of spent fuel assemblies are shown in Fig. 2.4.

For waste with low heat generation and residues (for example, residues from
uranium ore processing), the decay processes are subject to the same physical phe-
nomena, but the resulting potential dangers are different. The parent radionuclide,
U-238, of the decay series of the same name has a half-life of 4.468 billion years.
The decay results in Ra-226 and from it the radon isotope Rn-222, a noble gas with
a half-life of 3.825 days. Due to the long half-life of the parent radionuclide U-238,
Rn-222 is produced permanently. The low half-life of Ra-222 is therefore not the
determining factor in this decay process but that of U-238. Radon-222 breaks down in
turn into the nuclides shown in Fig. 2.3. This is the simplified last part of the uranium
238 series. When Rn-222 enters the lungs through the air in large concentrations,
the stable nuclides Pb-206, which are responsible for lung carcinomas, are deposited
there following radio decomposition. Within the thorium-232 decay series Rn-220.
arises.

The parent radionuclide Th-232 has a half-life 14,050 billion years. Rn-220 pro-
duces the stable nuclide Pb-208 (simplified last part of the Thorium-232 series),
which can also cause carcinomas in the lungs. It can be seen that in the former min-
ing areas of the SDAGWismut there is a focus on excluding radon exhalations as far
as possible or allowing them only within socially and legally acceptable limits.

Fig. 2.3 General decay law for a radioactive substance, Eq. 2.1
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Fig. 2.4 Radioactivity inventory [Bq] of spent fuel as a function of decay time (principle—double
logarithmic), see also [10] acatech 2014

2.4 Origin of Radioactive Waste and Residues

Considering the origin of radioactive waste and residues, the resulting amounts are
important to develop an overall understanding of the task. Although each type of
waste is referred to in the individual chapters, as shown in Fig. 1.1 or here in Fig. 2.1,
nevertheless a summarised presentation is included. With regard to the long-term
safekeeping of radioactive waste and residues, one can refer to three very different
areas of origin.

(a) Origin in the generation of energy from nuclear fuels

The following subprocesses are called supply, see Fig. 2.5.
First, the nuclear fuel must be produced. This happens mostly from uranium or

thorium7 ores. Usually, the focus is on the uranium ores. After mining uranium ores,
the uranium-containing material is separated from the rest of the rock, crushed and
ground. Thereafter, the uranium is extracted from a rock compound in a chemical
treatment and cleaned. The result is a yellow powder that consists of about 90%
of a uranium-oxygen compound such as Triuranium octoxide (U3O8), in addition
to ammonium or magnesium diuranate. Because of the yellow appearance this is
called “yellow cake”. The International Atomic Energy Agency (IAEA) monitors
the extraction of uranium and thorium and records in the “Red Book” the annual
production of U3O8. An interesting compilation of the issue can be found in [11].

7Thorium occurs in the earth’s crust at a frequency of 7–13 mg/kg; it is twice to three times as
abundant as uranium.
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Fig. 2.5 Radioactive waste and residues in the supply and disposal process of NPPs; without
dismantling

The volume of (U3O8) produced in 2016 was 73,148 t worldwide, compared to
71,343 t in 2015, see Lersow [12].

In this sub-process, tailings are generated during the mining and processing of
the ores. The residues from the wet chemical treatment are usually stored in tailings
ponds. The long-termmanagement of uranium tailings ponds is described in Chap. 5.

Thereafter, the production of the nuclear fuel by enrichment andmanufacturing of
fuel elements, which are then burned up in the reactor. This happens in the following
way. The natural uranium and “yellow cake” consist mainly of U-238 and only 0.7%
of U-235. This is not enough to maintain a chain reaction in light water reactors. The
natural uranium must therefore be enriched, i.e. the proportion of U-235 is increased
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until the product contains 4–5% U-235. This product will be used further. Before
enrichment, however, the “yellow cake” must be brought into a form suitable for
further processing. This step is called conversion. The uranium oxide is converted
into uranium hexafluoride (UF6), a white, salt-like compound.

After the enrichment process, depleted uranium remains in the enrichment facil-
ities (called Tails or Depleted Uranium). It contains only a little uranium-235 and
is stored. However, depleted uranium is not waste, but potential nuclear fuel for
enrichment and/or use in fast breeders and may have other potential uses.

The enriched uranium is transported to the fuel element factory and, after several
processing steps, used tomanufacture fuel rods. These rods, depending on the reactor
type, are bundled into fuel elements of different sizes. The facilities for enrichment
and for fuel element manufacture are under the control of the Nuclear Regulatory
Authority of the respective country and usually monitored by the IAEA.

The following sub-processes are included in the term disposal, see Fig. 2.5.
For disposal, all residues from the mining and processing of the uranium ore, as

described above, are involved. Disposal is described in Chap. 5.
Following nuclear fission reaction in the fuel elements of the reactor, uranium-235

levels are depleted to less than 0.5%. The spent fuel elements are highly radioactive
and emit a large amount of heat. They are stored in the cooling pond of the nuclear
power plant until they have cooled to the point where they may be transported safely.
Afterwards, they will be taken to an interim storage facility of the respective nuclear
power plant. There they remain, according to the current disposal philosophy in
Germany, until the repository for high-level radioactive, heat-generating waste is
ready to commence operations.

A spent fuel element consists of only about four percent radioactive waste. The
remaining 96% continues to be potentially usable as nuclear fuel. In reprocessing
plants, the reusable nuclear fuel is separated from the radioactive waste. The material
is thus available again for power generation. The recycled U-235 and the plutonium
dioxide produced in the spent fuel elements can be reused in existing nuclear power
plants together with fresh uranium dioxide as so-called mixed oxide (MOX) fuel.
The high-level radioactive waste left over during reprocessing is melted into a glass
(glass blocks), packed in steel containers and transported to an intermediate storage
facility in Castoren. In other countries, such as France and the UK, reprocessing is
an important part of the fuel cycle.

However, the total amount of radioactive wastes incurred and not reused will
increase during reprocessing. Such reprocessing technology has been prohibited by
law in Germany since 2005.

During the operation of a nuclear power plant, however, not only high-level
radioactive, heat-producing waste accumulates, but also a considerable amount of
low and medium-level waste, which does not come from the reactor; this includes
items such as pipeline material, water and consumables. These are also collected in
the federal state collection depots or in interim storage facilities at the site and will
be stored until the completion of the repository “Shaft Konrad”.

Due to Germany’s exit from nuclear energy production, the nuclear power plants,
which have been taken out of service, must be decommissioned and dismantled. In
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addition to the former reactor core a lot of other waste types will accumulate, which
are either low or medium radioactive or waste with radioactivity (quantities of non-
hazardous waste), which can be disposed of according to the Closed Substance Cycle
andWasteManagement Act (KrWG) and Landfill Ordinance (DepV). The recording
of the quantities is presented in Chap. 4, Fig. 4.1. Most of the waste generated can
be disposed of in class II and III landfills.

In the USA, there are similar issues, especially with regard to managing the large
volumes of VLLW related to the decommissioning of nuclear power plants as well
as additional waste streams arising from the reprocessing of fuels and new types of
nuclear installations or from a radiological event. To this end, provision will also be
made in the USA to develop possible options for improving and strengthening the
regulatory framework for the disposal of these expected large volumes of VLVW.

The radioactive waste to be expected from nuclear energy production is shown in
Figs. 2.5 and 2.6.

(b) Origin from isotope production and application of the products

In the meantime, there is a wide range of applications in which radioactive isotopes
are used. In nature, isotopes are generally found everywhere in equal mixing ratios
and it is now the to separate or enrich the isotopes by suitablemethods so that they can
be used. In terms of quantity, the most important isotope separation is the uranium
enrichment, increasing the U-235 content, for the production of nuclear fuel for
nuclear power plants as described under (a).

The basis of isotope production is research reactors and installed accelerators.
Especially in nuclear medicine, but also in technical procedures and in research,
radioactive isotopes are needed. This application also leads to production of radioac-
tive contaminated residues, which cannot be further used and must be disposed of.
However, the resulting amounts of radioactive contaminated residues are small in
relation to those from the supply and disposal processes of nuclear power plants.

Most of the radioactive contaminated waste is low and medium level radioactive
waste, which in Germany is first collected at the federal state collection facilities or in
suitable interim storage facilities. Research reactors also produce highly radioactive,
heat-generatingwastes that are subject to the same disposal criteria as those described
in Chap. 7.

The economy of a separation method depends on: the properties of the element,
the desired degree of enrichment, the amount needed and the specific energy con-
sumption. Small amounts of different isotopes can be separated very precisely with
the aid of mass spectrometers (mass spectrograph). Gas diffusion and gas centrifuge
methods are now used on a large scale for uranium enrichment.

In recent years, dynamic separation techniques have been developed, such as
laser isotope separation and the nuclear spin method. Using laser isotope separa-
tion, one expects separation factors of 15–20 at a low specific energy consumption;
Their development is therefore being driven forward, especially in the USA. Isotope
production is subject to the same monitoring as the above-described uranium enrich-
ment, the handling of the isotope preparations, probes, radiation sources, etc. and
their disposal is monitored by the state including storage in a suitable repository.
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Fig. 2.6 Scheme: Radioactive waste and residues in the supply and disposal process of NPP’s

(c) Miningor industrial processes leading to residues of naturally occurring radionu-
clides (“NORM”)

Also described under (a) was the extraction and treatment of uranium and thorium
ores, which lead to radioactive residues requiring monitoring. However, there are a
whole series of other industrial processes in which residues with naturally occurring
radionuclides also arise. In many cases, these residues are not subject to monitoring
requirements and can be disposed of in landfills in Germany, mostly landfill classes
II and III, in accordance with the law of Closed Substance Cycle andWaste Manage-
ment Act and Landfill Ordinance. These industrial processes include the production
of aluminum, during which so-called red mud is accumulated; and lignite and hard
coal power plants, where large amounts of filter ash can be accumulated.
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The release of radioactive substances (according to § 29 radiation protection
ordinance) can be carried out in Germany without restrictions or restrictions for a
certain disposal route (for example, the reuse of buildings or disposal at landfills).
After release, the materials are no longer subject to any further radiation protection
monitoring and are waste within the meaning of the Closed Substance Cycle and
Waste Management Act, see Chap. 3. An overview of this is also given in Fig. 2.1.

Rare earth extraction and treatment aswell as phosphate production are two further
industrial processes where considerable quantities of radioactive residues (tailings)
are produced which may require monitoring. The largest rare earth occurrences are
found in China (in Inner Mongolia), Australia (Western Australia), Greenland and
Canada. China is by far the largest producer of rare earths, currently about 100,000
t/year. Uranium may also be produced from phosphate deposits in a secondary pro-
cess. However, production costs and uranium prices usually make this secondary
process uneconomic at present Lersow [12]. More than 80% of the phosphate miner-
als currently considered to be economically recoverable are concentrated in China,
Morocco, the United States, Jordan and South Africa. The world reserves are esti-
mated at 71 billion tons. Another source of phosphorus is bird droppings, guano.
Guano arises from the pasty excrement of seabirds.

Another industry producing NORM waste is oil and gas production, where mil-
lions of tonnes of radioactive residues are produced each year as drilling and pro-
duction sludge and scales. Sludge and waste water pumped to the surface in the con-
text of hydrocarbon extraction contain Technologically Enhanced Natural Occurring
Radioactive Material (TENORM) substances; i.e. the highly toxic and long lived
Ra-226 and Po-210. The specific activity of the waste is between 0.1 and 15,000
becquerels (Bq) per gram. In Germany, where about 1000–2000 tons of dry mat-
ter are produced each year by this industry, the residues requiring monitoring are
recorded in accordance with radiation protection ordinance §§ 97-102 with Annex
12 Part A.

Therein are also included sludge and deposits from the extraction of oil and natural
gas. The prescribed rules for disposal must be observed.

The determination of the specific activity of the sludge is carried out in a laboratory
and serves for the classification of radioactive substances with regard to the supervi-
sion by the authorities, their disposal and transport. For this purpose, the long-lived
radionuclides present in the residues and their specific activity must be identified in
the declaration analyses so that the nuclide composition of the U-238 and the Th-232
decay series can be stated with suitable reliability. For this purpose, the radionuclides
Pb-210, Ra-226, Ra-228 and Th-228 are usually determined. Determination of U-
238 and Th-232 can be omitted for exploration and production (E & P Industry)
residues, as these nuclides are not enriched in the deposits and sludges. Disposal
has to be oriented to the criteria for release of residues requiring monitoring and
transporting sludges in mandatory steel IBCs (“Intermediate Bulk Containers”) with
“inner packaging” (e.g. plastic drums). A simplified proof of release of residues from
radiation protection monitoring is the compliance with the direct dose of 1 mSv/a.
The recovery or disposal route of radioactive residues is specified in an approved
waste management plan from the exploration and production company, see Chap. 4.
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The E & P industry uses a significant amount of radioactive sources (for exam-
ple from geophysical borehole logging measures). For the transport of radioactive
sources both radiation protection and dangerous goods standards apply. The provi-
sions of the Radiation Protection Ordinance, the Law on the Carriage of Dangerous
Goods and, e.g. the dangerous goods regulations for road and/or railway. The trans-
port of radioactive materials is subject to a license under the radiation protection
ordinance. Only radioactive sources of low activity are exempt. The license holder
is usually the operator of the radioactive sources, in most cases the geophysical
borehole logging company.

(d) Radioactive waste and residues resulting from the development, production and
selection of nuclear weapons, radioactive munitions

This type of waste does not accrue in Germany because Germany has no nuclear
weapons. A repository for radioactive waste from the military application of nuclear
energy is described in Chap. 7, WIPP. The Waste Isolation Pilot Plant, or WIPP, is a
repository for the permanent disposal of transuranic radioactive waste in deep geo-
logical salt horizons. It is located approximately 26 miles (42 km) east of Carlsbad,
New Mexico, see Chap. 7.

One fact should be mentioned here nevertheless. On the one hand, plutonium-239
is generated during the operation of nuclear power plants powered by uranium. The
Pu-239, which is suitable for the construction of a bomb, is obtained by chemical
means from the burnup of nuclear power plant’s fuel, see Fig. 2.7. The operation of
nuclear power plants thus increases the risk of nuclear proliferation. To minimize
this, various international treaties have been concluded. The most important of these
contracts is the Non-Proliferation Treaty. In nuclear weapons producing countries
such as Russia, USA, India nuclear reactors may be operated only for this purpose.

Residues from the nuclear chain also include depleted uranium which may be
used for ammunition production. The uranium ammunition or depleted uranium
(DU) projectiles contain depleted uranium. The depleted uranium contains a smaller
proportion of fissile uranium isotopesU-234 andU-235 than natural uraniumand thus
consists largely of material not capable of chain reaction, i.e. isotope U-238 Due to
the high density of the depleted uranium, the projectiles have a very great penetration
impact (armor-piercing Ammunition). This ammunition has been used quite often in
military conflicts. There is a considerable worldwide call for the prohibition of such
depleted uranium ammunition.
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Fig. 2.7 Material extracted from the nuclear chain for the production of nuclear weapons and
uranium ammunition
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Chapter 3
Fundamentals of Final Disposal
of Radioactive Waste and Residues
in Geotechnical Environmental
Structures

3.1 Task

The task and goal of final disposal is to simultaneously safeguard radioactivematerial
subject to supervision in a Geotechnical Environmental Structure and permanently
prevent the dispersal of any radionuclides released from the repository into the bio-
sphere. This means that the geotechnical environmental structure and the storage of
the radioactive material must be carried out so that this goal is achieved with great
certainty. Internationally, limits are set for the release of radio-toxic nuclides into the
biosphere, see Euratom [1] and ICRP [2], but these may need to be supplemented
with national standards. Geotechnical environmental structures that are used for the
final disposal of radioactive waste undergo various phases of development, which
work together to achieve the long-term safety of the geotechnical environmental
structure:

• The phase of planning and construction of a repository to the standards required
by the Atomic Energy Act for such wastes must be taken into account considering
state-of-the-art science and technology.

• The operating phase (with an approved operational safety and operating permit) in
which the radioactivewaste is accepted and placed in the storage areas permanently
(disposal).

• The post-operational phase (closure phase), in which the geotechnical environ-
mental structure is shut down, closed and monitored.

• The post-closure phase, during which the geotechnical environmental structure
will be monitored to ensure the structure performs as designed and remains safe
in the long-term.

This process must allow optimization of the final closure of the repository in such a
way that the target is reached with the highest possible level of safety, including any
necessary recovery of any of the inventory contents.

The geotechnical environmental structure is built as a multi-barrier system. It
consists of geological, technical and geotechnical barriers, which together form the
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effective containment zone andwhich, in their interaction, should ensure the isolation
of the waste for the required period. For high-level radioactive waste (HAW), the
multi-barrier system, according to current regulations in Germany, must be able to
guarantee an isolation period of the order of one million years. The fact that such a
period under review (detection period) does not lead to more security seems to be
undisputed. Thus, it seems more appropriate to divide the entire period under review
into periods with different probability of failure; this is because the probability of
failure does not remain constant over a period of 1 million years. This suggestion
should be put up for discussion.

Achieving the objective of ensuring compliance with the protection criteria
requires both a permanent monitoring of the environment of the repository site and
crisis management in the case of any exceedance of limit values (failure scenarios).

Chapter 8 is devoted almost exclusively to the long-term safety of radioactive
waste repositories, with a focus on heat-generating HAW. The long-term safety for
the final disposal of residues from uranium ore treatment is dealt with in Chap. 5. In
order not to confuse matters and repeat material, a summary of this is also included
in Chap. 8.

In Chap. 5 the example of the uranium-tailings-ponds of the SDAG Wismut is
used to demonstrate that long-term safety evidence for these residues cannot be
achieved because a base sealing is missing in the repositories. As a consequence
radionuclides are released continuously from the inventory into the biosphere; via the
aquatic pathway at a potentially damaging level such discharges have to be collected.
Both the collection of the contaminated waters and their treatment are described in
detail in Chap. 5. This ensures that the final disposal of the uranium tailings in the
closed tailings ponds could be assessed as safe for the long-term.

The objective is not to present an algorithm for the provision of a long-term
safety record for a license application for the safe disposal of radioactive waste and
residues. The purpose of this presentation is to show the essential requirements and
relationships for a long-term safety assessment; thus the dimension of the task to be
undertaken for the approval of a radiotoxicwaste and residue disposal system ismade
clear. A prerequisite for a permit is to demonstrate that the repository system can
operate with a probability bordering on certainty to prevent the spread of radionu-
clides into the biosphere permanently. Using different probable and less probable
scenarios, it should be shown that compliance with the protection criteria may be
ensured through permanent monitoring of the environment at the repository site.
Furthermore, a plan for crisis management is prepared so that when limit values are
exceeded (accident/incident) the system remains permanently functional. Only in
this way can a permit for the construction of a geotechnical environmental structure
as a repository structure be expected to be approved.

The statements may also give some suggestions on the design of a long-term
safety assessment for a future repository for HAW.
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3.2 Demands

The international and national legal and subordinate regulations define the essential
conditions for the final disposal of radioactive waste. In Germany these include
the Atomic Energy Act (AtG), the Radiation Protection Ordinance (StrlSchV) and
the Federal Mining Act (BBergG) with the associated Federal Mining Ordinance
(ABBergV). To this end, the relevant international recommendations of the ICRP,
the IAEA and the OECD NEAmust be taken into account, especially if they contain
additions or exceptions to the national regulations. The presentation here will be
based on the existing legal standards and other applicable documents in Germany or
internationally for the existing and/or planned or constructed final disposal facilities
and, for future repository concepts for high-level radioactive, heat-generating waste.
These should reflect not only the current legal requirements, but also the scientific
findings on the subject, which decisively determine the safety philosophy. These are:

[3] The safety requirements governing the final disposal of heat-generating radioac-
tive waste of 30.09.2010 by the Federal Ministry for the Environment, Nature Con-
servation and Nuclear Safety (BMU;
[4] Law on Search and Selection of a Site for a Repository for Heat-Generating
Radioactive Waste (Site Selection Act—StandAG); of 23 July 2013 and its develop-
ment of 23 March 2017;
[5] Abschlussbericht der Kommission Lagerung hochradioaktiver Abfallstoffe
„Verantwortung für die Zukunft“, Deutscher Bundestag (2016); English translation:
Report of the German Commission on the Storage of High Level Radioactive Waste;
July 2016; https://www.gruene-bundestag.de/fileadmin/media/gruenebundestag_
de/themen_az/Gorleben_PUA/Report-German-Commission-Storage-High-Level-
Radioactive-Waste.pdf;
[6] Plan approval decision and approval decision for the construction and operation
of the Konrad mine in Salzgitter as a facility for the disposal of solid or solidified
radioactive waste with negligible heat generation of 22 May 2002; Lower Saxony
Ministry of the Environment (2002);
[7] Decommissioning of the industrial tailing plants (IAA) of the SDAG Wismut -
Federal Mining Act (BBergG), Regulation for ensuring on nuclear safety and radi-
ation protection (VOAS), Order for ensuring of radiation protection in dumps and
industrial tailings ponds and in use of therein deposited materials (HaldAO), Radia-
tion Protection Ordinance (StrlSchV), Atomic Energy Act (AtG) etc. [8]
[9] The Safety Case and Safety Assessment for the Disposal of Radioactive Waste
for protecting people and the environment; No. SSG-23 Specific Safety Guide; Inter-
national Atomic Energy Agency (IAEA), Vienna, 2012;
[10] IAEA Safety Standards—Geological Disposal Facilities for Radioactive Waste
Specific Safety Guide No. SSG-14; published 2011;
[11]Horizon 2020: European Joint Programme inRadioactiveWasteManagement—
EC Policy change, and Joint Programming: the issue and aim; JOPRAD programme
document workshop, London, 04 April 2017;

https://www.gruene-bundestag.de/fileadmin/media/gruenebundestag_de/themen_az/Gorleben_PUA/Report-German-Commission-Storage-High-Level-Radioactive-Waste.pdf
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[12] U.S. NRC: PART 20—STANDARDS FOR PROTECTION AGAINST RADI-
ATION; https://www.nrc.gov/.

In the following chapters it will be shown that the respective assessments for
the different radioactive waste or residues are individual solutions for the various
different geotechnical environmental structures, each of which has a high, site spe-
cific, dependency. Similarities in the basic requirements for the long-term safety of
the geotechnical environmental structures are emphasised and the differences in the
requirements for a structure are presented. The fact that these cannot be justified with
the respective radioactive-toxic inventory, however, shows that no uniform require-
ment concept for all types of radioactive waste and residues has been developed in
Germany and the different safety standards and designs of geotechnical environmen-
tal structures show a very varied picture; see also Chaps. 5, 6 and 7.

For example, in the USA all types of radioactive material are described in U.S.
NRC publications and other documentation is subordinate. This leads to nationally
uniform treatment and supervision. However, there are always difficulties and vari-
ations in the implementation of the concept.

3.3 Criteria and Conditions for the Repository Site

As the name implies, waste and residues are stored permanently at suitable, prepared
locations. It is not intended to return them to the economic cycle. Suitable locations
for the storage of radioactive waste are dry sites. Depending on the category of waste,
the waste needs to be sufficiently far away from aquifers and streams, and sites
with low fissure and crack systems, low porosity and permeability in the immediate
environment of the waste (dry storage concept). However, extensive investigations
must take place before the location is determined and before a site can be short-
listed, see [4] StandAG and [10]. The greater the amount of activity to be stored
or its radiotoxicity, the heat production and the volume of the inventory, the more
extensive the site investigations have to be.

The preparation of the site for deposition includes storage on surface: the creation
of hollow forms such as trenches, pits, valley impoundments, former open pits, etc.
and the introduction of a base sealing and preparation of the containment area.

Storage in an underground facility shafts, drifts, galleries, caverns, chambers,
tunnels and transport routes etc. and their construction in dry and highly stable and
dense strata.

There must also be consideration of the waste category: Very Low Activity
Radioactive Waste (VLLW), these are landfill sites, mostly located at the surface,
depositories (DK) II and III (DepV), see Chap. 4.

For uranium mining residues, these are mostly heaps, dumps and tailings ponds,
see Chap. 5.

For the waste categories: LAW and MAW with low heat generation, see Chap. 6,
very different solutions are known, such as:

https://www.nrc.gov/
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• Final disposal on the surface, examples:

– in the Slovak Republic (Mochovce) in two double-row concrete boxes [13]
– American surface disposal waste for civil use, in trenches, e.g. Savannah River
Site; Aiken, South Carolina [14].

• Final disposal close to the surface in caverns, examples:

– Hostím (Czech: Úložiště Hostím) Srbsko/Central Bohemia/Czech Republic;
Cavern (limestone), ground-level access, closed/sealed,

– Himdalen/25 km east of Oslo/Norway; Cavern (basalt), ground-level access,
currently a final disposal operation.

• Final disposal in deep geological formations, examples:

– Radioactive waste repository Morsleben (ERAM), Morsleben/Saxony-
Anhalt/Germany; geological formation: salt, facility currently in decommis-
sioning, see Chap. 6 and [15]

– Repository “Shaft Konrad”, Salzgitter/Lower Saxony/Germany, geological for-
mation: iron ore, under construction, see Chap. 6.

For disposal of the category: heat-generatingHAW, repositorymines predominate,
with very different location solutions, depending on the legal and social situation in
the respective countries. Various site and country specific solutions are described,
see Chap. 7.

Search for and selection of a site

(a) Geotechnical environmental structure (in accordance with the Landfill Ordi-
nance) for the long-term safe and stable storage of waste and residues not
requiring monitoring

The site requirements are described in the Landfill Ordinance (DepV) Annex 1. It
states in the introduction: “The suitability of the site for a landfill is a necessary pre-
requisite for ensuring that the public good is not impaired by the landfill in accordance
with § 15 paragraph 2 of the Closed Substance Cycle Waste Management Act”. The
general protection objective is the public good. However, this protection objective
can be determined by overriding interests and thus by overriding laws. For example,
a strategic environmental impact assessment may lead to a decision that the location
becomes excluded as a landfill site [(e.g. regional planning), in accordance with the
Environmental ImpactAssessmentAct (UVPG), see alsoECDirective (85/337/EEC)
and/or the post-use conditions of the FederalMiningAct,]. DepVAnnex 1 lists which
parameters of the site are to be considered in principle. These include the geological
and hydrogeological conditions of the area, underground requirements such as per-
meability and bearing capacity as well as the expected upper free groundwater level
up to the top of the base sealing system, etc.

(b) Geotechnical environmental structure (Tailings pond) for the long-term safe,
long-term stable storage of uranium processing residues (Uraniummill tailings)
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The site search is initially determined by the fact that the processing tailings are
to be stored in the vicinity of the processing site, since transport elsewhere cannot
be designed effectively and safely. Suitable landforms are abandoned open pits and
terrain gaps. e.g. river valleys etc., which can be closed with a dam structure. Ideal
are sites with a geological barrier, especially under the contact area of the tailings
deposit. If these are not present, a geotechnical barrier [geosynthetic seals, clay seals
(bentonites) etc.] should be introduced to achieve the isolation of the radioactive
residues, and in particular to offer groundwater protection to prevent highly contam-
inated pore water from the tailings body leaving the site.

(c) Geotechnical environmental structure for the long-term safe, long-term stable
storage of radioactive waste

The construction of a geotechnical environmental structure (repository building)
begins with the search for a suitable location. The location determines the existing
geological (natural) barrier. There are several possibilities, all of which guarantee
the principle of concentrating and isolating the disposal of radioactive waste without
the intention of retrieval: construction of a repository in a repository mine/EBW/in
deep geological strata, see BMU [3]; Deposition of radioactive waste in deep bore-
holes/TBL/, see Natilus [16]; Final disposal in caverns or bunkers/KuB/(close to the
surface), see EPA [17] etc. The different types of final repository must comply with
the scheme in Fig. 3.2.

In Germany, three suitable formations of host rocks are found: clay, salt rock
and crystalline rocks (magmatic formations, e.g., granites). In other countries, such
host rock diversity may not be available, see IAEA [10]. The different host rocks
have different isolation potentials in the period under review. Any geotechnical envi-
ronmental structure used as a repository, especially for heat-generating, high-level
radioactive waste, must be permanently characterized by integrity, reliability and
robustness. These requirements are inextricably linked. Robustness is defined as the
insensitivity of the safety functions of a repository system and its barriers to internal
and external influences and disturbances as well as the insensitivity of the results of
the safety analysis to deviations from the underlying assumptions, see BMUB [3].

The preservation of the properties of the containment capacity of the effective
containment zone of a repository is called integrity. The choice of site (including the
host rock) thus determines how a repository system consisting of the site conditions
and the technical and geotechnical components of the repository is developed, how
the required level of safety can be guaranteed and what specific security features
its components and subsystems must fulfil. The different host rocks have different
isolation (retention) and integrity properties both with respect to the detection period
and in particular for heat generating waste, with respect to temperature, see BfS [18].
However, disadvantages may be offset or overcome by technical and/or geotechnical
barriers.

Where there is a choice to be made between alternative repository locations, a
comparative evaluation is applied. First of all, it is necessary to develop a target
system that includes all the targets for a repository system before selecting a site.
When considering a site as a component of the repository selection, only some of
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the formulated objectives are queried. Consequently, the goal of the “best possible”
safety of a repository system cannot be achieved through the site selection process
alone. The target system is therefore the yardstick for the transparent selection of a
preferred repository system with regard to radionuclide confinement when compar-
ing two repository systems for approval. The level of safety is determined (in the
technical sense) when the specified protection goals can be met with a high degree
of certainty with the geotechnical environmental structure (repository system) to be
used in accordance with a long-term assessment of safety. “Best-safe” is initially
not a category in this assessment. The attributes “best-safe” and “best-possible” are
not suitable for describing the security of a complex repository system. In addition,
long-term safety achievement does not necessarily entail authorisation of the repos-
itory, if, for example, acceptance in the region is not achievable. In [4] StandAG
Part B is to § 1 (Purpose of the law) noted: “The site selection process should be
self-interrogative and learning designed. Central to a successful overall learning pro-
cess that ultimately leads to a disposal with the best possible safety is the claim
of all persons and institutions involved in the site selection process to constantly
question themselves and each other throughout the entire process of final disposal
and to engage and to practice continuously in systematic self-critical analysis of the
achieved status.” That provides a definition with which the site selection procedures
can be started. Since the site selection process in Germany is going to take a very
long time and its real-time untimed duration cannot be estimated, the passage should
consider: “… constantly questioning ourselves and each other and practicing sys-
tematically and continuously the self-critical analysis of the achieved status.”, whilst
also referring to this law and thus to the definition of “best-safe” and “best-possible”.

A geotechnical environmental structure is built with the aim of both preserving the
environment and protecting it sustainably from existing harmful influences. Since
a geotechnical environmental structure cannot be built without intervening in the
environment, it must be proven that the goal to serve and protect, justifies an inter-
vention. A repositorymust meet this requirement. The radioactive waste and residues
as such are not part of the geotechnical environmental structure, but initially part of
the environment itself.

The location and geotechnical environmental structure for radioactive waste and
residues should only be designed and constructed in a receiving community (munic-
ipality) if the regional authority (municipal executive, district) agrees to this project.
In order to be able to make the decision in a qualified manner, it must be scientifically
accurate and otherwise credible so the operator is able to prove that the goal will
achieved, i.e. that the radio-toxic inventory is isolated over the period under consid-
eration (detection period), will remain stable in the long-term and isolate material
from the biosphere.Radioactivity is only allowed to escapewithin socially and legally
accepted limits. The evidence should also be supported by long-term environmental
monitoring.

The isolation of radioactive waste and residues pre-supposes that they are encap-
sulated in such a way that, on the one hand, the personnel and the environment (e.g.
transport) suffer no damage and, on the other hand, radioactive substances will not
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escape into the biosphere, or only within socially and legally accepted limits. For
this purpose, the repository will be equipped with an optimally matched, multiple
barrier system (multi-barrier system).

3.4 Multi-barrier Concept

Regardless of the quantity and quality of the radioactive waste to be stored, it is
advantageous to prevent the escape of radioactivity by means of a multi-barrier
system. A multi-barrier system will usually consist of several optimally coordinated
technical, geotechnical and geological barriers.

(a) Multi-barrier concept for a geotechnical environmental structure for the long-
term safe and stable storage of waste with very low radioactivity and with no
need for monitoring the waste

The deposition ofwastewith very low levels of radioactivity not requiringmonitoring
of the residues is carried out according to the waste code and the European Waste
Catalog (Waste Catalog Ordinance—AVV) on surface disposal sites of DK II or
III. According to the Landfill Ordinance (DepV), 4 landfill classes (DK) are to be
distinguished, see Table 3.1.

Annex 1 of the Landfill Ordinance describes site requirements, the geological
barrier, basic and surface sealing systems: classes 0, I, II and III landfills. In addition to
the 3 barriers described in the DepV, 3 additional barriers can optionally supplement
a general multi-barrier concept of a site-specific landfill project:

– Apossiblewaste treatment, thismust be submittedwith an application for approval;
– Measures on the nature of the landfill body, these are also subject to approval, and
– The follow-up and repair measures, these are prescribed by the approval authority,
where appropriate.

Further details see Chap. 4.

Table 3.1 Landfill classes according to landfill ordinance

Classes DK 0 DK I DK II DK III DK IV

Arrangement Surface
deposited

Surface
deposited

Surface
deposited

Surface
deposited

Underground
deposited

Typical
waste

Unpolluted
soil—inert
waste

Building rubble,
soil, slag
(mineral
waste)—munici-
pal
waste/commercial
waste

Commercial
waste

Hazardous
waste

Hazardous
waste



3.4 Multi-barrier Concept 43

• Barrier location: When choosing a location, particular consideration must be
given to:

– geological and hydrogeological conditions of the region;
– specially protected or reserved areas;
– adequate safety distance to sensitive areas;
– risk of earthquakes, floods and other natural phenomena;
– drainage of collected leachate.

• Barrier Basic sealing: if a basic sealing in the subsoil is available, it must be
ensured that:

– in the presence of a geological barrier, that it is guaranteed that the distance of
the top edge of the geological barrier to the highest expected free groundwater
level is at least 1 m at all times.

– For the improvement of the geological barrier and technical measures as a sub-
stitute for the geological barrier—as well as of the sealing system: materials,
components or systems may only be used if they comply with the state of the
art and that this has been demonstrated by the competent authority. Materials
used are: geosynthetics, polymers, etc.

– Structure of the geological barrier and the base waterproofing system according
to landfill classes, see Chap. 4.

• Barrier Surface sealing: In the decommissioning phase (also stepwise in the
operating phase), the operator of a class 0, I, II or III landfill must immediately
take all necessarymeasures to set up the surface sealing system.The surface sealing
system consists of: mineral sealing component; protection mat/protective layer;
drainage layer; recultivation layer; technical functional layer. For details of the
structure of the surface sealing system according to landfill classes, see Chap. 4.

(b) Multi-barrier concept for a geotechnical environmental structure for the long-
term safe and stable storage of uranium processing residues (residues requiring
special supervision)

The uranium tailings are first flushed from themilling plant into the available disposal
site, usually the sedimentation pond, via a pipeline system. The tailings storage
management (TSM), is the chain of: generation of uranium tailings → Transport
through piping system (pipe transportation) → storage in the prepared land form
→ Operating phase of the uranium tailing pond. The most important functional
elements, themulti-barrier systemof a geotechnical environmental structure for long-
term stable safe and stable in situ storage of tailings from uranium ore processing
(see Fig. 3.1) consists of:

• Structural barrier (tailings dam)
• Surface coverage of the tailings (geotechnical)
• Basic sealing (geological and/or geotechnical)1

1Geotechnically can also be mineral, i.e. a clay seal.



44 3 Fundamentals of Final Disposal of Radioactive Waste …

Fig. 3.1 Schematic figure of a uranium tailing pond with potential discharge hazards. Source
Lersow [19]

• Water management system (Collection of surface and seepage water, wells for
groundwater lowering, water treatment plant, groundwater wells and groundwater
measuring points, data collection, logging, analysis and intervention plan)

• Long-term environmental monitoring system.
Developed from basic monitoring and accompanying monitoring during time of
long-term safe closure works of the tailings pond. This chain, which describes the
operating phase of the uranium tailings pond, is not included in the descriptions
below, as there is no longer any impact on the uranium tailings ponds in Germany
(SDAG Wismut).

The site-specific geotechnical environmental structure has to meet the requirements
for safe, long-term stable in situ storage of residues from uranium ore processing.

The requirements are:

• Increase in and guarantee of stability
• Protection against infiltration of the surface cover
• Radiation protection
• Emission protection
• Groundwater protection
• Erosion protection, revegetation and
• Long-term environmental monitoring.

(c) Multi-barrier concept for a geotechnical environmental structure for the long-
term safe and stable storage of radioactive waste

The repository system, see Fig. 3.2, results from the detailed requirements for safe,
long-term stable storage and its protective function. This is to guarantee that the
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Fig. 3.2 Schematic of a repository system in deep geological formations, see also [20]

discharge of radio-toxic waste from an effective containment zone (ECZ) will be
limited and then only within the socially and legally accepted exemption limits.

Humans and the environment thus remain permanently protected from the effects
of ionizing radiation and its toxic effects. “In deep geological formations an effec-
tive containment zone in the host rock is defined according to the definition of the
BMU safety requirements, see Baltes et al. [21], as the part of the repository system
which ensures the containment of waste, in interaction with the technical closures
(repository containers, shaft closures, chamber closure structures, dam structures,
backfilling, etc.),”. Host rock refers to the geological formation in which the effec-
tive containment zone is placed. The host rock is thus part of the multi-barrier system
of the repository.

3.5 Basic Terms of Long-Term Safety

(a) The task or goal of the final storage of radioactive material requiring special
monitoring in a Geotechnical Environmental Structure is to separate the stored
material from material cycles of the biosphere for the required period of time.
This means that the geotechnical environmental structure and the storage of
the radioactive material must be equipped and arranged in such a way that
this goal is very likely to be achieved. Geotechnical environmental structures
that receive radioactive waste for final disposal have an operating phase (with
a specified operational safety and operating license), in which the radioactive
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waste is accepted and stored permanently in the storage areas, a closure phase
in which the operating is finished and the Geotechnical environmental structure
is finally closed, and a post-closure phase (post-operational phase), for which
the geotechnical environmental structure will be designed for long-term safety.
Chapter 8 is devoted to long-term safety.

Radioactivemill tailings, e.g. fromuraniumore processing (Uraniummill tailings)
are deposited mainly in tailings ponds. The operational phase extends over the time
of the settling of the uranium tailings in the pond. Thereafter, the post-operational
phase (closure phase) takes place during which the uranium tailings are encapsu-
lated. Significant hazards related to uranium tailings ponds, in particular during the
operational phase, are shown in Fig. 3.1. The radiation exposures in the vicinity of
uranium tailings ponds, for example those at SDAG Wismut, require considerable
safety measures. The deployed personnel are the persons most exposed to radiation
and they are to be equipped with personal dosimeters and subject to continuous
occupational health monitoring, see Sect. 3.7.2.

The decommissioning phase ends with the final closure of the tailings ponds
and the decommissioning of redundant infrastructure. This is followed by the post-
operational phase, in which the stored uranium tailings must not pose any, or only
socially accepted hazards, to the biosphere’s material cycles. The required period
for the post-operational phase is set by the responsible mining authority; namely
when the mining authority releases the geotechnical environmental structure from
the mining operator’s supervision. For further information see Sect. 3.7.1.

The post-closure phase is accompanied by a comprehensive, demand-oriented
long-term monitoring programme, which can be adapted to the respective situation
and which is associated with an approved emergency plan.

(b) Both radioactive waste with negligible heat generation and heat-generating
waste are stored in Germany in a repository mine for the long term, see Fig. 3.2.
The operating phase must be accompanied by an operating license, which also
includes the acceptance and protection criteria for the personnel. In the oper-
ating phase, therefore, the radioactive waste is accepted and deposited in the
prepared storage areas or storage field in a prescribed manner. The delivery
takes place in final disposal containers, with prescribed shielding and, in the
case of HGW containers, have a high insulation capacity and are designed for
a long service life. The waste containers for HGW are designed as a technical
barrier and thus form part of the multi-barrier system. Here, too, the personnel
employed are persons exposed to radiation who are required to be equipped
with personal dosimeters and who are subject to continuous occupational med-
ical surveillance, see Sect. 3.7.2. When operated as intended, however, the risks
posed by radioactive waste are many times lower than with uranium tailings.
This is followed by the decommissioning phase inwhich the emplacement fields
and areas are filled with suitable backfill or insulation material or the repository
mine is filled as required and containments are closed out using geotechnical
structures, so that the radioactive material is permanently isolated for disposal.
The decommissioning phase ends with the final closure of the shafts and the
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dismantling of the surface facilities. The required period for the post-operational
and monitoring phase is determined in the approval of the final disposal.

The geotechnical environmental structures consist of geological (natural), technical
and geotechnical barriers, which differ according to the type of radioactive material
but perform similar functions. In their interaction they should ensure the isolation
of the radioactive material for the required isolation period. Such a multi-barrier
system consists of various system components, each of which has its specific role
in the isolation of the waste. No element of the multi-barrier system is absolute and
forever impermeable. It is important that the barriers are coordinated so that their
mechanical, hydraulic and chemical effects complement each other optimally and
reduce the hydrochemical mobility of the radionuclides in the waste matrices until
immobilization, thus creating an overall insulation capacity. With heat-generating
HAW this function takes over the effective containment area (ECZ) for as long
as possible before radionuclides are released and could reach the biosphere on a
propagation path. Whether it happens at all, and in what quantity and concentration,
and which radiological effects may be expected in the biosphere, is determined by
the safety analysis and the long-term safety proof.

For high-level radioactive waste (HLW) in Germany, the barriers, waste matrices,
waste containers, chamber and shaft closure structures, the effective containment
zone (ECZ) and the surrounding or overlying (geological) strata (see Fig. 3.3) are
currently required to guarantee an isolation period of the order of a million years. It is
also important to understand that the barriers listed above are passive safety barriers.

Within the history of humanity, 1 million years is a very long period. Internation-
ally there are diverging views on the duration of the monitoring or observation period
for the final disposal of HGW-HLW. This is explained by the fact that the risks asso-
ciated with disposal, even with very long observation times, cannot be completely

Fig. 3.3 Scheme of the temporal effect of various barriers in the repository system, in the detection
period of one million years (not to scale)
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eliminated (the remaining residual risk). The remaining residual risk and the par-
tial risks are rated differently internationally, so that different periods under review
(monitoring periods) are based on such data as is available. This in turn influences the
long-term safety assessment. Ultimately, the national approval authority will decide
on the application for the construction and operation of a repository structure.

Of course, the consideration of the long-term safety assessments of geotechnical
environmental structures and repository structures for the several types of radioactive
material should not obscure the fact that there are not only considerable differences
in the potential hazards, but also in the safety precautions. A long-term safety assess-
ment means the proof of the permanent safe, stable isolation of radioactive waste
and residues in a geotechnical environmental structure. The robustness, integrity and
reliability of the repository system must be proven over the detection period, see
Chap. 8.

• For landfill structures according to the landfill and long-term storage ordinance
(DepV), long-term safety assessments are generally not done. The wastes are
trapped between the surface- and base sealing. When deposited in hollow forms,
the embankment dams (slopes) are part of the sealing system. At the request of
the operator, the waste authority decides whether the landfill site will be exempt
from (groundwater) monitoring. However, the landfill site remains registered in
the regional land register for an indefinite period as an old deposit. As a rule, the
construction of the landfill requires a plan approval procedure according to the Fed-
eral Immission Control Act—BimSchG, with Environmental Impact Assessment
(UVP) for DK (landfill class) II and III, see Chap. 4.

• Uranium tailings ponds are subject to the Federal Mining Act-BBergG. The long-
term safe and stable custody of a tailing pond is carried out worldwide on the basis
of a site redevelopment concept [Conceptual Site Model (CSM)], WIS [22] and
NAC [23], see Fig. 3.4.

Fig. 3.4 Schematic of the
conceptual site model (CSM)
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The long-term safe and stable closure of uranium tailing ponds is carried out in
Germany according to a closure plan approved by the competent mining office.
The closure plan is based on a Conceptual Site Model (CSM). Site-specific, the
encapsulation of the radioactive residues is guaranteed by the following functional
elements: Uranium tailings cover (Multifunctional Cover System), the shaped and
stabilised dam structures and a geological and/or geotechnical sealing of the base.
The closure technology used is usually unique as it has to be site specific. Therefore,
the optimization criteria and the long-term safety investigations and proofs of each
existing storage method must always be geared to the achievement of site-specific
objectives. However, there are also objective criteria to follow, IAEA [24].

It is acknowledgedworldwide that the long-term safety assessment ofmechanical,
hydromechanical, chemical and radiological safety for site-specific environmental
structures is to be done for a period of 1000 years (in exceptional cases for only
200 years). This period is also referred to here as the period under review (detection
or monitoring period). However, a detection period of 1000 years is not scientifically
proven. For radiation protection, limit values of the radiation protection ordinance
must be observed [25, 26], for example:

In the U.S. a radon exhalation rate2 of RER ≤ 20 pCi m−2s−1

In Germany a radiation exposure of ODL ≤ 0.3 μSv/h

The geotechnical environmental structures to be operatedmust ensure that no (or only
within the socially accepted limits) radioactive and toxic substances enter the bio-
sphere, in particular the prevention of contamination of groundwater. Limit values are
specified for the individual substances: in USA by US Code of Federal Regulations
(CFR), EPA [27], in Germany by the recommendations of the radiation protection
commission SSK (98) [28].

Construction, operation and safekeeping must be authorized by the competent
mining authority in separate procedures. Post closure phase: If proof is provided
that all relevant environmental data since closure are within the specified limits,
the site of the uranium tailings (tailing pond) may be released from the supervision
of the mining authority at the request of the operator. However, the file with the
final documentation of the location with all relevant data remains permanently in
the files of the responsible mining authority. This also provides some protection
against human intervention (consciously or unconsciously) into the closure structure
(Human Intrusion Scenario).

• For the final disposal of highly radioactive, heat-generating radioactive waste, a
site selection proceduremust be carried out first. Site selection compares long-term
safety analyses for different locations with possibly different host rocks and thus
also with different technical and geotechnical barriers tailored to the respective
host rock. This first condition requires the development of benchmarks, methods
and tools as well as the objectives, possibly with weighting of results of individual
considerations, in order to be able to compare the long-term safety analyses of

2Output radon flux by earthen uranium mill tailings cover.
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different repository systems in different host rock types. The aim of this procedure
is to develop the scientific and technical basis for a safety-oriented, methodically
systematic and transparent comparison between sites that have already been identi-
fied as safe; and thus to eventually propose the best repository site for HGW-HAW.
Naturally, acceptance for that site should also be sought from relevant stakehold-
ers. The repository model that can be approved is therefore also a Conceptual Site
Model (CSM).

In order to assess the possible types of final disposal in different types of host rock
(repository mine/deep boreholes/caverns, etc.), the safety-relevant functional ele-
ments must be put together for consideration in the safety assessment. According to
BMU [3] these are the following: (see also Glossary).

– Barrier (natural, technical or geotechnical)—A barrier is a natural or technical
component of the final disposal (repository) system, which completely or par-
tially prevents or delays the transport of radionuclides or other substances into the
biosphere. A distinction is made between technical, geological and geotechnical
barriers. Such barriers are, for example, the waste matrices, the waste containers
(canisters), the chamber and shaft gate structures, the effective containment zone
(ECZ) and surrounding or overlying geological strata;

– Possibilities of planned and unplanned retrieval (emergency planning) of
radioactive waste—The unplanned retrieval is called recovery (salvage). Dur-
ing the operation of the repository, the retrievability of the radioactive waste must
be possible at any time. In an emergency, the repository containers must be able
to be salvaged 500 years after closure of the repository;

– Overburden—This refers to the geological strata above the effective containment
zone (ECZ);

– Containment—Radioactive waste is trapped in a defined containment zone in
such a way that it essentially remains at the location of storage and at most low
amounts of material leave this zone.

– Effective Containment Zone (ECZ): Part of the repository system which, in
cooperation with the technical closure elements (shaft closures, chamber closure
structures, dam structures, backfill, …), ensures the containment of waste—the
integrity of this containment zone must be across the period of review ensured of
one million year;

– Repository mine—A repository mine consists of various components such as
shafts, drifts and chambers with the waste packages stored therein, filling and seal
elements, impermeable walls;

– Repository system (Geotechnical environmental structure)—A repository sys-
tem consists of the repository mine, the effective containment zone (ECZ) and the
surrounding or overlying geological strata up to the earth’s surface, insofar as they
are important in terms of safety.

In the case of deep geological disposal, a sufficient volume of the host rock (Thick-
ness, extent) increases the likelihood that sufficiently large, undisturbed areas will be
found that fulfill the requirements of the effective containment zone and in which the
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waste can be stored. Naturally, uniform rock formations and comparatively simple
geological conditions can be characterised more reliably and their properties better
predicted. According to current philosophy, a sufficient depth is required, since the
geological stability, especially with respect to possible time depends on changes in
the environment at the earth’s surface. However, such disturbances generally increase
with depth also. These are examples of parameters which differ greatly in the various
host rock types (clay rock, salt rock and crystalline rocks). Various waste containers
and waste matrices have been developed and matched to the particular host rock, in
order to compensate for the individual shortcomings of particular host rocks. The
contention that geological formations have proven their stability over very long peri-
ods of time and that technical or technogenic material have not, does not take into
account that the technical and technological materials did not yet have the chance to
be fully proven, and the aging of geological material has not been studied over such
long periods of time either. The earth was not created for the purpose of a repository
and thus is not in an ideal condition for that purpose. The authors are of the opinion
that it is also not proven that only deep geological repositories are all suitable. Per-
haps future generations will have very different options for action and come to other
decisions. We have to permit future generations to have such opportunities.

From the current point of view, it can be considered as a proposal that
an engineering-technical, geotechnical structure repository close to the surface
with only relatively thin capping could also be suitable. It is possible that such
a geotechnical environmental structure would pass a safety assessment success-
fully. Furthermore, if the period of recoverability of 500 years is legally agreed in
Germany, a repository must fulfil this requirement completely. If international
cooperation in the research and design of repositories is further strengthened,
future generations so will be able to benefit greatly from the repository devel-
opments of the present generation.

With a long-term safety proof for the final disposal of heat generating HAW it
can be scientifically demonstrated which radiological effects on the biosphere can
emanate from the repository during the next one million years and to what extent
that may happen. For this purpose, the possible future states, events and processes
such as the thermal influence of the host rock, erosion, gas formation, human intru-
sion (human intrusion scenarios), the development of an ice age are combined into
scenarios. Using numerical simulations, the consequences of these scenarios are
determined in order to prove whether, or how, the entry of fluids from the overburden
into the ECZ is possible; and when and how the escape of fluids and gases from the
ECZ could be expected and how likely these conditions are to occur. The numerical
solutions are complemented by observations of nature or natural analogues and by
safety indicators as instruments for building confidence in, and credibility of, the
results. This is because over such a long period the behavior of the repository and its
elements cannot be predicted with certainty.

Therefore an important element of a long-term safety assessment for a repository
for radioactive waste is the long-term safety analysis. It examines the future behavior
of the repository and determines the possible future radiation exposure at the reposi-
tory site. Final disposal must ensure that releases of radioactive substances from the
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repositorywill in the long term onlymarginally increase the risks arising fromnatural
radiation exposure. For less likely developments in the post-closure phase, it must be
demonstrated that the additional effective dose caused by the release of radionuclides
originating from the stored radioactivewaste does not exceed 0.1millisievert per year
for the people affected.

The author is aware that the proof of safety in the post-closure phase of the
repository cannot be conducted in a strictly scientific sense, since the potential con-
sequences from the operation of the repository excludes a metrological testing or
verification due to the long period of review. In this respect, the proof of safety
represents a probable prognosis, whereby its probability of occurrence cannot be
determined exactly.

Achieving the goal of ensuring compliance with the protection goals requires
both permanent monitoring of the repository site and its environment, as well as
appropriate emergency management in the event of intervention thresholds being
exceeded, see Chaps. 8 and 3.8.4.

3.6 Crisis Management/Emergency Plan

In the case of final disposal, particularly for radioactive material subject to monitor-
ing, extraordinary conditions may occur which were not predicted during assessment
and which may lead to considerable, irreparable damage in the biosphere, e.g. leak-
age of considerable amounts of radioactivity from the repository in the event of
loss of integrity. To resolve such a crisis situation requires appropriate management
usually involving an emergency plan. For crisis management in the final disposal
of HGW-HAW3 the terms to be considered as part of the safety assessment include
reversibility/retrievability/recoverability.

The term reversibility is defined as follows IAEA [9]:
“The more general concept of reversibility denotes the possibility of reversing

one or a series of steps in the planning or development of the disposal facility. This
implies the review and, if necessary, re-evaluation of earlier decisions, as well as
availability of the means (technical, financial, etc.) to reverse a step.”

Thus, the general concept of reversibility means the ability to reverse one or more
of a series of steps in the design or development of the disposal facility. This implies
the review and, where appropriate, the reassessment of previous decisions and the
availability of resources (technical, financial, etc.) to reverse a step.

Usually previous repository concepts have been designed to shut down and to seal
the repository as soon as possible after operation; this was justified by the fact that the
problem of final disposal of radioactive waste needed to be imposed promptly. The
discussion that has now got under way about the task to be solved here has meant that
the so-called “generational justice” which is linked to this task, is not endangered,
because:

3That applies similar to radioactive waste with negligible heat generation.
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(a) Due to the longevity of radionuclides subsequent generations are faced with
providing repositories for radioactive waste, whether they like it or not. In the
process, subsequent generations must also be given the opportunity, at least
in principle, to intervene and to contribute their ideas, to revise decisions and
possibly to reverse them (dissolution of the repository, salvage of the inventory).

(b) The principle of rapid decommissioning does not give future generations the
opportunity to alter decisions of previous generations or to install new technolo-
gies and procedures.

(c) It is often overlooked that future generations will have to build repositories. In
many countries the peaceful use of nuclear energy is likely to be maintained
in the long term and repositories will be needed for increasing amounts of
radioactive waste. It may be useful to be able to draw on results and knowledge
in the disposal of radioactive waste and to combine these with our own findings
in such a way that the safety level can be further increased. It can thus be
demonstrated that the robustness and integrity of repositories with a probability
bordering on safety may persist for very long periods of time.

(d) No reason exists for great haste in developing final storages for HG-HLW, since
sufficient interim storage capacities are currently available, at least in Germany.
However, currently many operating licenses have only been granted for a period
of 40 years. It could become part of a German repository concept to design and
build pilot facilities, into which the heat-generating HAW can be taken over and
from there transferred to a final disposal, see Chap. 7—Modular Repository
Concept.

(e) The most important question for future generations is whether they have to pay
for the radioactivewaste of today’s generation. Chapter 7 addresses this question
amongst other issues, including whether the Nuclear Waste Disposal Fund of
about EUR 24 billion will be sufficient to cover the tasks to be financed, KFK
[29]. It also depends on how it is planned to develop, and effectively implement,
a repository concept for HG-HLW in Germany.

In the case of radioactive residues, especially uranium processing residues, clo-
sure models for the tailings storage facilities are developed on the basis of Concep-
tional Site Models (CSM), see also Fig. 3.1, into which so-called decision points
are inserted, at which time the model is checked again and a decision is made as to
which path is to be taken from there or whether another jump back in the procedure
with one or more steps is necessary, see also Benchmarks. CSM‘s are used inter-
nationally to plan the long-term safe closure of uranium mill tailings ponds. In the
USA CSM is also used for low- and intermediate-level radioactive waste disposal
planning, see Conceptual Site Model for Disposal of Depleted Uranium at the Clive4

Facility [23]. In Germany, the closure of uranium mill tailings ponds is undertaken
using closure plans in accordance with the Federal Mining Act—These are another
form of conceptional site model.

4Clive is one of the three licensed, commercial repositories for lowand intermediate level radioactive
waste in theUS. These repositories are located inBarnwell (SouthCarolina), Richland (Washington)
and Clive (Utah).
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Especially when optimizing a concept from planning to the closure of a repository,
CSM are important. This applies both to the formulation of the optimization goals
and to their achievement. Optimization goals are:

– Radiation protection in the operating phase
– Long-term safety
– Operational safety of the repository
– Reliability and quality of long-term containment (isolation) of waste
– Safety management
– Technical and financial feasibility.

Closely related to reversibility are the terms retrievability/recoverability. These are
planned possibilities during the operational phase (retrieval) of a repository and in
the subsequent post-operational phase/recovery (salvage)—currently estimated in
Germany at 500 years—to bring the repository containers back to the surface, see
BMU [3]: “Measures taken to ensure the possibility of retrieval or recovery must not
affect the passive safety barriers and thus the long-term safety”.

Retrieval and recovery may be accompanied by increased risks of radiation expo-
sure for the staff. This should be noted in the consideration of scenarios of retriev-
ability/recoverability, as well as the selection of technical equipment including the
use of robots and the storage possibilities of the tailings material in such processes.

The above considerations exclude the operating phase of the repository and waste
management from the point of origin to storage in a repository. The chain—place
of origin → temporary storage → conditioning plant → transport → acceptance
conditions of radioactive waste in temporary storage—is in the view of the authors
merely part of a repository concept. The requirements for conditioning, transport,
acceptance conditions, etc. are largely excluded here, see Sect. 3.7.

3.7 Sources of Hazards and Protective Measures
at Geotechnical Environmental Structures
for Radioactive Waste and Residues Disposal

In what follows, the risks to the biosphere shall be compiled so that measures could
be taken to avoid or limit these to a non-damaging level. This includes dangers to
individuals and groups emanating from radioactive waste and residues and which
remain in existence during the entire service life of the geotechnical environmental
structures receiving them. It is important to determine during the operational phase
and decommissioning phase of the uranium tailings storage what risks are posed and
the dangers that are different from those that can be expected in the post closure
phase of the encapsulated radioactive waste or a final closed repository, see Fig. 3.1.
The basic safety standards for the protection of the health of workers and the general
public against the dangers of ionizing radiation are defined and compiled in [30]
Directive 96/29/Euratom and transposed into national law. In the U.S., this is defined
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in [31]: “Criteria Relating to the Operation of Uranium Mills and the Disposition of
Tailings or Wastes Produced by the Extraction or Concentration of Source Material
from Ores Processed Primarily for Their Source Material Content.”

3.7.1 Uranium Mill Tailings Storages (Tailings Ponds)

Uranium mill tailings storages, inventories, long-term safety etc. are described in
detail in Chap. 5. In order to describe the dangers emanating from uranium tailings
storages, it is first of all important to know the sources of danger. Thus, in the
processing of ores large volumes of rock are crushed, ground and then subjected
to a chemical and/or mechanical separation process. The resulting process residues
are, for example, flushed into surface residue storages as a suspension or slurry and
stored, see Fig. 5.6. As a result, the solid components of the slurry settle down into
the pond and thus form awater-saturated solid layer, the thickness of which increases
over time.

Depending on the climatic zone, a liquid layer of process water and accumulated
surface water forms above the water-saturated solid layer. The tailings storage is gen-
erally perceived as a “pond storage”, from which the term “tailings pond”—residue
storage—is derived. Water or liquid is initially a good protection against radioac-
tive emanations. Reference is made here to Canadian uranium tailings ponds, which
are usually covered with a clear water lamella. This protection can be significantly
reduced in the operating phase of the uranium tailings ponds, in particular by evap-
oration. This leads to uncovering, especially of the beaches (tailings beach). Radon
emanation, radioactive dust blow and gamma radiation may all contribute to signif-
icant radiation exposure in the vicinity of uranium tailings ponds; so also in case of
SDAGWismut, see Fig. 3.1. The damaging effect of the radiation exposure becomes
clear: Dust adhered to clothing, was inhaled or ingested, passed into the ground-
water, in the soil and was distributed with the wind in the environment, deposited
there, so that radiotoxicity also enters the food chain, see Fig. 3.10 with well known
consequences.

The staff of SDAGWismut was also affected, as can be seen from the statistics of
recorded cancer cases at the German Employer’s Liability Insurance Association for
the RawMaterials andChemical Industries (RCI5). The damage to the population has
not been measured, but could be determined from the cancer registry in the regions
of Saxony and Thuringia.

Following the German reunification and the beginning of the remediation of the
uranium tailings ponds of SDAG Wismut, the radiation exposure did not disappear
immediately. This was followed by a lengthy remediation process of the so-called
Wismut region in Saxony and Thuringia, which continues to this day, see Chap. 5
for further details.

5The Employer’s Liability Insurance Association for mining (BBG) was merged into RCI.
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3.7.2 Damage of Individuals by Direct Contact
and Radiation—Radiation Protection

The radioactive contamination of substances is expressed as the activity of a radionu-
clide per mass (specific activity, unit Bq/kg) or as activity per volume (activity con-
centration, unit Bq/l or Bq/m3). In some cases it is also useful to relate the activity
to the area, e.g. when radionuclides are deposited on the ground. In order to be able
to make statements about the possible health hazard to humans, the measured activ-
ity (per mass or volume) of a radioactive substance must be converted into a dose
(organ dose or effective dose, unit Sv). The Radiation Protection Ordinance and the
X-Ray Ordinance lay down dose limits for occupationally exposed persons and for
the general population. In general, any use of ionising radiation must be justified
and radiation exposure must be kept as low as reasonably achievable even below the
limit values. For the final disposal of radioactive waste to be discussed here, both the
occupationally exposed persons—in the phases of operation, storage and possibly
recoverability/retrievability—and the general population in the post-closure phase
are considered.

§ 54 in the German Radiation Protection Ordinance defines as occupationally
exposed persons, those persons who are exposed to occupational radiation which, in
a calendar year, may result in an effective dose of more than 1 mSv or an organ dose
higher than 15 mSv for the eye lens or an organ dose higher than 50 mSv for the
skin, hands, forearms, feet or ankles externally, to fall into Category A (equivalent
to Category B).

Pursuant to § 54 of the Radiation Protection Ordinance, occupationally exposed
persons who are exposed to occupational radiation exposure by activities according
to § 2 (1) No. 1 are classified in category A and B.

Category A: Persons who get exposed to an occupational (external) radiation
exposure that can lead during a calendar year to an effective dose of more than
6 mSv or more than 45 mSv for the lens of the eyes or more than 150 mSv for the
skin, the hands, the forearms, the feet or ankles.

The effective dose for occupationally exposed persons may not exceed 20 mSv
per calendar year in accordance with §55 of the Radiation Protection Ordinance. In
individual cases, the competent authority may authorize 50 mSv for a single year,
but for five consecutive years, 100 mSv may not be exceeded. According to §56
of the Radiation Protection Ordinance, the occupational life-dose may not exceed
400 mSv.

According to §46 Radiation Protection Ordinance, the limit value for the effective
dose for the protection of individuals of the population is 1 mSv per calendar year.
This value refers to all radiation exposure from nuclear and other facilities for the
generation of ionizing radiation and the handling of radioactivematerials. Thismeans
that the limit applies to the sum of the radiation exposures from direct radiation
and the radiation exposures from discharges (emissions) from nuclear installations.
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According to § 47 Radiation Protection Ordinance, the radiation exposure from a
single installation via the exposure pathway wastewater and exhaust air may not
exceed the value of 0.3 mSv per year.

In the case of radioactive substances acting on humans from the outside (external
radiation exposure), the amount of dose besides the type of radionuclide and its
activity authoritative also the distribution in the environment (e.g. in the soil, in
building materials) such as the location and duration of stay of the persons must be
considered.

When radioactive substances enter the human body (internal radiation exposure),
the dose level is determined by the type of radionuclide, the activity absorbed, the
pathway of intake (respiratory or ingestion) and the chemical form of the radionu-
clide.

The adsorption of radioactive material, here radioactive waste or residues; by
contamination, is theworst case for incorporation. In themedical sense, incorporation
is the deliberate or unintentional intake of substances. When radioactive substances
enter the human body (internal radiation exposure), the dose level is determined by:

– the type of radionuclide,
– the nature and amount of radioactivity taken in,
– the intake pathway (respiration or ingestion) and
– the chemical form of the radionuclide.

The methods of incorporation that may occur include:

– Ingestion, radioactive material is absorbed through the mouth, usually in solid or
liquid form,

– Aspiration, the entry of radioactive material into the respiratory tract,
– Inhalation, Inhalation of radioactive material,
– Transdermal absorption of radioactive material via the skin or mucous membrane.

Not only the type of radionuclide and its activity is important for the potential health
hazard of humans, but also whether the radionuclide is on the outside parts of the
human body or enters the human body. So for example, an alpha emitter outside the
body is completely harmless, since it is already completely shielded by a few inches
of air, regardless of how high its activity. If, however, this alpha emitter is disturbed
and a larger amount (higher activity) enters the human body by breathing, this can
lead to health damage.

In the US, the dose limits for external and internal radiation exposure are set and
summarized in [12, 32]. In [32] “Summary of dose limits & target populations” a
maximum equivalent dose to the skin of an occupational workers for emergency
life-saving efforts of 500 rem (5 Sv) is stipulated.

If this equivalent dose should be achieved (measured by dosimeter), the worker
is taken out of the emergency team.

And the “Annual Exposure Limit for Occupational Workers (NRC, DOE &
States)” is defined in the same document as 5 rem (50 mSv). The Standards for
Protection against Radiation follow similar principles as are laid down in the Ger-
man Radiation Protection Act and in the Radiation Protection Ordinance.
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Fig. 3.5 Relationships between different dose types of ionizing radiation

The relationship between absorbed dose, equivalent dose and effective dose in the
context of external and internal exposure (ionizing radiation) is shown in Fig. 3.5.

Dose limits do not serve as a dividing line between hazardous and non-hazardous
radiation exposure. Rather, the exceeding of a limit value means that the likelihood
of the occurrence of health consequences (in particular of cancers) is above a value
that has been established as socially acceptable. The limit values are specified in the
Radiation Protection Ordinance and in the X-ray Ordinance.

From the perspective of medicine it has been shown: If the radiation exceeds one
Sievert (Sv) (300 times the natural radiation in the year), it leads to symptoms such
as skin redness, hair loss and burns and acute radiation sickness. This damages the
hematopoietic system in the body’s bone marrow. At higher doses (above 10 Sv)
the gastrointestinal tract and the cardiovascular organs are attacked. The risk for
cancer is increased. Released radioactive iodine, e.g. Iodine-131 or Iodine-133, can
be inhaled or swallowed; it accumulates, especially in children and young adults, in
the thyroid gland and increases the risk of cancer there. With Radon exhalation of
Rn-222,6 this can reach the lungs via the respiratory tract. There, the stable but toxic

6Radon also occurs in nature and is part of environmental radioactivity. It is emitted by natural
radionuclides in soils, rocks and air. Increased in areas with high uranium and thorium content
(U-238 and U-235 as well as Th-232) and potassium isotope K-40 in soils and rocks. These are
mainly the low mountain ranges of granite rock, in Germany primarily the Bavarian Forest, the
Fichtelgebirge, the Black Forest and the Erzgebirge. The dose rate of radiation there is up to
1.3 mSv/a.
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decay products (lead, mercury) are deposited and these can lead to lung carcinomas,
Bay [33].

Radiation damage to the extent described above is to be expected, in particular if
persons are exposed directly to high- and medium-level radioactive waste (HAW and
MAW). With fuel elements, a relatively short exposure time is sufficient to produce
radiation damage. In extreme cases, this can lead to death, even after a relatively
short time.

Three considerations lead to the following presentations:

– Radioactive waste and residues accumulate in various technological processes or
from material flows; they are hazardous goods, from which the biosphere has
to be reliably protected, not only humans. Protection must be guaranteed at all
stages of these processes: at the point of origin and in the technological process; in
conditioning and in packaging; during transport of radioactive waste and residues;
in the handling of uranium tailings or in the interim storage facility and for uranium
tailingsmanagement of the tailings storage or in the storage areas of the repository.
The protection of personnel and the population has the highest priority in the
company. Considering permanent storage in a repository, radioactivity must be
prevented from being released to the biosphere, especially at levels above the
socially accepted limits. This protectionmay be guaranteed in a variety of different
ways.

– In the case of radioactive residues, in particular uranium mill tailings, radioac-
tive material can spread directly and enter the material cycle in the operation and
decommissioning phase, since the uranium tailings are not covered and only the
water lamella forms a (low) protective function, see Fig. 3.1. The general pop-
ulation was banned from accessing the areas, but this protection was weak and
ineffective, especially for animals, see Fig. 3.6.

– Radioactive waste and residues accumulate in many ways and one will not be able
to avoid them in the future either. On the one hand, the danger arising therefrom
must not be unrecognized, underestimated or even played down, but on the other
hand there should be no exaggeration of the kind that ultimately gives the impres-
sion that a long-term safe and stable final disposal is not possible, or that the entire
process is uncontrollable.

The radiation protection supervisor is responsible for the radiation protection of the
operator of the various facilities. He has to ensure that the protective measures, the
three elements, are implemented in the handling of radioactive substances throughout
the entire security area (control area):

• Duration of stay (only as long as necessary),
• Distance (intensity of the radiation decreases with the square of the distance from
the source),

• Shielding.

This includes exposure monitoring, the wearing of protective clothing, control of
inlet and outlet sluices, and the wearing of personal dosimeters (officially approved
dosimeters), their readout and prescribed assessment (usually monthly or quarterly).
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Fig. 3.6 Forecast: origin of waste to be stored in Schacht Konrad according to information BfS
[34]

Although the legal frameworks for the different types of radioactive waste and
residues are very different, it is useful to compare the radioactive inventories with
the waste categories described above to illustrate the problems. However, such a
comparison encounters difficulties, as very different radionuclides dominate in waste
categories, see Chaps. 5, 6 and 7. Since the physical variable “activity” is easily
measurable but not very meaningful in terms of the potentially associated hazards,
different parameters are introduced for the comparison of inventories. For example,
the calculated doses can be determined, which result from a complete consumption
of the waste (“ingestion”).

The doses thus obtained are completely fictitious and can be manipulatively mis-
used7 by conversion to “cancer deaths”. Therefore, a different indicator is used here.
By referring the activity inventories Ai for each radionuclide i to the exemption
limit of the total activity FGi of the respective radionuclide according to StrlSchV
(Annex 4, Table 1, column 2), a dimensionless ratio Ai/Fi results. The sum of these
ratios across all radionuclides yields a dimensionless activity index capable of char-
acterizing the overall inventory of activity inventories of different composition. The
radiological hazard (radiotoxicity) of individual nuclides is taken into account by
way of comparison of the respective exemption limits of the individual nuclides, see
Table 3.2.

As shown in Table 3.2, the radionuclide iodine-131 is very important with a HWZ
of only 8 days. It has the highest toxicity of the radionuclides listed in Table 3.2.

7An effective method, but not absolute protection, is the uninterrupted medical supervision of staff
and complex environmental monitoring.
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Table 3.2 Selected radionuclides and their radiotoxicity

Radionuclide Specific activity Ai*
in Bq/kg

Exemption limit Fi*
in Bq/kg
StrlSchV (Annex 4,
Table 1, column 2)

Radiotoxicity
Ai*/Fi* [−]

T1/2 in a

I-131 4.60E+18 1.0E+05 4.60E+13 8.0 days

Pu-239 2.30E+15 1.0E+04 2.30E+11 2.4E+04

Th-232 4.06E+06 1.0E+03 4.06E+03 1.4E+10

U-234 2.30E+11 1.0E+04 2.30E+07 2.5E+05

U-235 8.00E+07 1.0E+04 8.00E+03 7.0E+08

U-238 1.20E+07 1.0E+04 1.20E+03 4.4E+09

3.7.3 Final Disposal of Radioactive Waste

3.7.3.1 Shielding, Transport and Temporary Storage of Radioactive
Waste

The disposal of radioactive waste is characterized using various successive process
steps such as gathering, sorting, registering, conditioning, packaging, interim stor-
age and transfer to the final disposal. The declared LAW and MAW waste is first
delivered and collected in an interim storage facility or a state collecting facility
in approved intermediate storage containers. The respective land collection center
and the interim storage facility cover the approved transport containers with a corre-
sponding shielding, which allow safe transport and safe handling, see Fig. 3.8. Upon
delivery to the interim storage facility, the waste is accepted and inventoried. From
there it is transferred to the final storage. However, the waste would first have to be
repackaged into final disposal waste packages, see Fig. 3.6. Thus the waste will be
embedded in a waste matrix and surrounded by a container.

For heat-generating radioactive waste (fuel rods) it should be noted that these are
first stored after use in the reactor in a water storage (cooling pond). As already stated
they remain there until their heat development has subsided to such an extent that
transport with air-cooled castor containers to the interim storage facility is permitted,
see Fig. 3.7. Interim storage, as currently interpreted, is the storage of conditioned
or partially conditioned waste for interim disposal. From there the material can be
transferred to a final disposal, if the final disposal is constructed and was officially
released for operation.HG-HLW,however, has to be conditioned andpackagedbefore
being considered to be in a suitable condition for final storage. Conditioning is the
production of waste packages by treatment and/or packaging of radioactive waste.
A waste treatment for final disposal is the processing of radioactive waste into waste
products, which may include the following sub-steps: pressing, drying, cementing.

On the basis of the “Act on the Reorganisation of Responsibility in Nuclear
WasteManagement” [36], the federal BGZCompany for Interim StoragembHmbH,
located in Essen, was founded. From 2019, BGZ mbH will be responsible for the 12
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Fig. 3.7 Heat output of spent fuel after removal from the reactor, from data from GRS [35]

interim storage facilities at the sites of the German nuclear power plants; and from
2020 also for the twelve interim storage facilities with low and intermediate level
radioactive waste from the operation and decommissioning of the NPPs. In Germany,
the Federal Government is thus responsible for the interim storage of all radioactive
waste subject to monitoring. NPP operators are left with only decommissioning and
dismantling.

There are major differences between the waste containers for temporary storage
which only have to fulfill the functions of shielding, and those used for containment
of radioactive material in the container and discharge of heat over the entire interim
storage period. Of course, these containers must be stable for the entire time of
storage, must not corrode etc. This is also permanently monitored.

But in the post-closure phase of the repository the waste containers for final
disposal have in addition a containment function (or insulation function) for the
radionuclides of the inventory and thus constitute an important geotechnical barrier8

in the repository concept.

8Applies only to repositories for HG-HLW.
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Fig. 3.8 Packaging:
200-l-sheet steel drum; on
the test bench for activity
measurement. Source www.
vgb.org/abfallmanagement.
html

For the defined waste product groups,9 the permitted activity limits must be
observed in order to ensure the requirements of the repository operation as well
as subcriticality (Fig. 3.8).

3.7.3.2 Waste Packages—Waste Matrix and Container as Geotechnical
Barrier

The requirements for waste products and their chemical/physical form of the waste
matrix arise from their behavior in the specified normal operation of interim and final
storage facilities, as well as in the case of potential incidents and the final disposal of
heat-generating HLW. In addition, the waste matrix also takes over functions for the
containment of nuclides, including the interim storage building and the waste bin.

Special attention must be paid to the waste containers for the disposal of HGW-
HLW, since (only for these wastes) the waste containers are also assigned a function
as a technical barrier.

The vitrified, reprocessed waste and the spent fuel make up the largest part of the
heat-generating waste occurring in Germany. In the vitrification of the radioactive
substances extracted in the reprocessing of irradiated fuel elements are fused with a
glass substance to become HLW-glass.10 The glass matrix is relatively homogeneous
and contains only a few phase precipitates. These phase precipitates mainly contain
precious metals. The corrosion resistance of the vitrifiedmaterial must be considered
for the long-term safety considerations in the repository.

9Waste product—processed radioactive waste without packaging.
10High Level Waste (HLW); Borosilicate and phosphate glasses are considered for the glass matrix.
The glass of German waste, the so-called Cogema glass, is a borosilicate glass with a silicon oxide
content of about 50%.

http://www.vgb.org/abfallmanagement.html
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There is thus a distinction to be established between conditioned radioactivewaste
for intermediate storage or for final disposal. For disposal, the prerequisite is that
the waste matrix meets the criteria of long-term stability. In addition, of course,
the waste containers must meet all requirements of operational safety, especially
radiation protection (shielding) and transport and thus guarantee the safety at work
for personnel when handling the dangerous goods containers.

A conditioning procedure for HLWmust also take into account that a limitation of
the activity in the waste product or in the packagingmust be completed in accordance
with the terms of delivery to a repository. This activity limit determines the extent
of potential release of radioactive material from the waste package. In addition, sub-
criticality is to be ensured. Subcriticality means that a self-sustaining chain reaction
cannot occur.

The longest possible retention of the radionuclides in the waste matrix and in
the waste container will have a generally favourable effect in terms of safety. It
can be stated that the waste packages represent a technical barrier for the final dis-
posal of heat-generating HLW, because the contribution of the waste matrix and the
waste containers to the isolation of the radionuclides does exist. The release of the
radionuclides from the waste matrix and from the waste container into the effective
containment zone must be limited; or, if possible, not be allowed at all. An impor-
tant finding is that the repository containers for heat-generating HLW also have to
be adapted to the host rock. For example, different repository containers will have
to be developed for salt rock than for granites, since underground cavities (storage
fields) converge in the salt rock. The containers surrounding the waste matrix may
be destroyed in the post-closure phase, with the salt rock then completely enclosing
the radioactive waste. Cavities (emplacement fields) in the granite remain stable.
However, since water ingress in the post-closure phase is likely, the containers are
surrounded with bentonite (clay), which results in a high sealing and low corrosion
capacity and thus a high immobilization capacity (retention capacity), see Fig. 3.9.
Claystone in turn has a different long-term behavior.

The effective containment zone (ECZ) is defined according to the definition of the BMU
safety requirements, see Baltes et al. [21], as that part of the repository system which,

Fig. 3.9 Technical barrier
developed for the disposal of
HGW-HLW in crystalline
host rocks (granites).
source SKB [37]
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in conjunction with the technical closures (repository containers, shaft packers, chamber
closure structures, dam structures, backfilling, etc.), ensures the containment of waste.

In Germany, apart from the requirements of retrievability and recoverability, there
are currently no regulatory provisions or other specifications for requirements for
the long-term behavior of waste containers and the waste matrix of heat-generating
waste. However, these are necessary if the repository concept should assign a safety
function for a duration of the period of review for the waste matrix and containers
as a component of the repository system, see also Fig. 3.3.

Serious progress in the field of container development has been made internation-
ally, see also Chaps. 7 and 8.

3.8 Dispersal Possibilities of Radionuclides
from Geotechnical Environmental Structures

The dispersal of radionuclides from any repository structures is mostly possible only
via water as the transport medium. However, release via the gas phase (radon release,
for example) must also be considered. If water comes into contact with the stored
waste, it may result in a variety of interaction processes depending on the specific
geochemical environment. This significantly determines the extent of release and
retention of the radionuclides. The overall assessment of the potential release path-
ways must also take into account the other substances introduced to the disposal
including the materials used as technical and geotechnical barriers. In addition to the
hydro-geological conditions, the chemical binding form of the radionuclide (speci-
ation) has a significant effect on the dispersal. Due to the different reactions of the
radionuclide, such as redox reactions, hydrolysis, complexation,11 sorption, desorp-
tion, remineralization or colloid formation, its speciation along the migration path
may change. The knowledge of the thermodynamic data for the relevant binding
form forms of the corresponding radionuclides in possible scenarios in the different
environmental structures is a prerequisite for the assessment of the long-term safety
of these environmental structures. The discovery of the uncharged Calcium uranyl
carbonate complex both in seepage waters of uranium ore mining and in pore waters
of clays, as well as in saline waters, was a milestone in the proper description of
the environmental chemistry of uranium and provides a starting point to reconsider
the complexation of uranium in environmentally relevant waters, see Bernhard et al.
[38].

The creation of necessary databases with validated data such as the “Thermody-
namicReferenceDatabase THEREDA (www.thereda.de)” or the “SorptionDatabase
RES3T (www.hzdr.de/res3t)” are listed here as examples.

Nuclide transport through the geosphere is of crucial importance, as the geologi-
cal medium is the last barrier to the biosphere, see Fig. 3.10. In the risk analyses for

11Complexation: Encapsulation of ions with other neutral or polar substances by forming of com-
plexes.

http://www.thereda.de
http://www.hzdr.de/res3t
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Fig. 3.10 Release path of radionuclides into the biosphere and radiological consequences, see also
[20]

repositories, the nuclide migration in the geosphere is calculated by means of trans-
port models. The development and further development of transport models and the
corresponding programs, which comprehensively reflect both the hydrogeological,
geochemical and biological parameters, is an indispensable requirement.

For critical migration routes, the concentration reduction along the migration path
has hitherto been determined, as far as this can be determined. In essence, this con-
cerns the plausible assumption of the relationship between the nuclide concentrations
in the liquid and solid phases and the instantaneous equilibrium. In the first step, a
linear relationship is assumed.

Of essential influence for each special task is the given source term and the bound-
ary conditions under which the radionuclide transport should take place. An essential
constraint is whether the geosphere can be modeled as a layered, porous geological
body, or whether the transport of nuclides occurs in naturally existing fracture sys-
tems (crystalline host rock) that are much more difficult to detect. This also applies
to the transport equation, in which the radioactive decay is incorporated with consid-
eration of decay chains. Added to this is the influence of other important geological
parameters such as porosity or groundwater flow velocity.

It becomes clear that there cannot be a general solution for transport models
adapted to locations. The site conditions and the multi-barrier systems used are too
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different for this. The contamination transport models developed as site specific
models therefore require a coordinated monitoring program that accompanies the
development process in order to have enough calibration points (supporting points)
permanently available with which the programme can be verified, see also Chap. 5.

Another observation is that through diffusion/dispersion processes radionuclides
can also get into layers in which they are not expected to from the results of a one-
dimensional view. Transversal diffusion/dispersion process means that the radionu-
clides move perpendicular to the flow direction of an aquifer, towards the next higher
one. The transversal diffusion/dispersion process can thus represent an additional risk
factor, in particular if the migration path is thereby shortened and/or the flow velocity
of the “new” aquifer is significantly higher than the original one.

With low dispersivity, a dilution effect only becomes noticeable at a certain dis-
tance from the storage area; for large dispersivity values, this effect is already present
at the storage location itself. For an example with a transversal rather than longitudi-
nal dispersivity value that is three times smaller, the extension of the “nuclide cloud”
perpendicular to the groundwater flow after a distance of 1 km from the repository
was already several hundred meters, see Schmocker [39]. In heterogeneous layer
structures, this transversal expansion of the “nuclide cloud” can be limited by practi-
cally water-impermeable layers or by media with very small transversal dispersion;
the diffusion in such layers is only a fewmeters. When selecting a repository site, not
only the host rock and the effective containment zone must be investigated, but also
the adjacent geological formations are to be checked for their geological structure
and their chemical properties.

Special protection against the discharge of radio-toxic contaminants, in particular
into groundwater, is provided in all geotechnical environmental structures.

Since radioactivity can escape from the repository to the biosphere, the inves-
tigation of the transport of nuclides through the geosphere is always followed by
an exposure analysis in the biosphere when investigating the long-term behavior of
a repository system. For example, the final disposal must ensure that releases of
radioactive substances from the repository will only marginally increase the risks
resulting from natural radiation exposure in the long term. For less likely develop-
ments in the post-closure phase, it should be demonstrated that the additional effective
dose caused by the possible release of radionuclides from the stored radioactivewaste
cannot exceed 0.1 mSv per year, for the affected people see Chap. 8.

3.8.1 Measures for Permanently Retention of Radionuclides
from on Landfills Stored Waste with Very Low
Radioactivity (VLLW)

The disposal of very low radioactivity waste (VLLW) varies by country. The U.S.
Radioactive Waste Classification System is defined in detail in various Regulations
of the Code of Federal Regulations [40]. There are twomain categories of radioactive
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waste in the US. Low LevelWaste (LLW) and High LevelWaste (HLW). In addition,
there are some special categories. There are 4 waste classes at LLW, with class A
coming closest to the wastes with very low radioactivity, see Table 3.3.

The LLW class A is deposited near the surface, mostly in containers. One disposal
location is at Clive, located in Utah’s West Desert, approximately 120 miles west of
Salt Lake City, see Chaps. 5 and 6.

The following statements are in turn based on the legislation in Germany. The
reader should compare these conditions to those in their own country.

The disposal of wastewith very low radioactivity (VLLW) takes place inGermany
in landfills. KrWG, usually dry, but not always. However, during the operational
phase of the landfill, surface waters, e.g. precipitation, penetrate unhindered into the
landfill body. The spread of dust clouds from the landfill site is not uncommon during
the operational phase prior to application of the surface sealing.

As a rule, landfills of DK II and III are planned for these wastes. At the decommis-
sioning of the landfill the body is covered with a surface sealing primarily as a seal
against groundwater; in the DK II and III sites base sealings or geological barriers
will be installed.

Suitable base sealings are natural (geological), geotechnical base sealings. The
base sealing also contains a seepage water collection systemwhich is connected with
a water treatment system. In the case of the DK III, the geological barrier must be at
least five meters thick and additionally equipped with a leak detection system.When
choosing a mineral base sealing, the mineral sealant material in a combination-base-
seal system must be selected such that among others the following conditions are
met, see also Chap. 4:

– Tightness (permeability) kf ≤ 5 × 10−10 m/s,
– Minimal susceptibility to cracking,

Table 3.3 US commercial radioactive waste classification [40]

Waste class Description

Class A LLW The physical form and characteristics must meet the minimum
requirements in 10 CFR 61.56

Class B LLW Waste that must meet more rigorous requirements on waste form
than Class A waste to ensure stability. The physical form and
characteristics of Class B waste must meet both the minimum and
stability requirements in 10 CFR 61.56

Class C LLW Waste that not only must meet more rigorous requirements on
waste form than Class B waste to ensure stability but also requires
additional measures at the disposal facility to protect against
inadvertent intrusion. The physical form and characteristics of
Class C waste must meet both the minimum and stability
requirements in 10 CFR 61.56

Greater than Class C LLW Waste that exceeds the concentration limits of radionuclides
established for Class C waste in 10 CFR 61.55. GTCC waste is
not generally acceptable for near surface disposal
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– Resistance to hydraulic effects (suffusion and erosion),
– Sufficient deformation capacity,
– Resistance to chemical and biological influences as well as weather influences and
adverse material changes caused by ageing.

In the presence of a geological barrier, these criteria are transferable.
Based on the geological and hydrogeological conditions of the site, a permanent

distance of at least onemetre is expected between the edge of the geological barrier or
geotechnical expected barrier [such as Plastic geomembranes: clay and polyethylene:
High Density Polyethylene (HDPE)12] and the highest free groundwater level The
control and maintenance system also includes environmental monitoring, which also
monitors the chemical-physical composition of the groundwater in the inflow and
outflow to the landfill in relation to the permitted limit values.

3.8.2 Measures for Permanently Retaining Radionuclides
from Uranium Mill Tailings Ponds (Uranium Mill
Tailings Requiring Monitoring)

The limits for residues requiring monitoring are shown in Fig. 2.1. Uranium mill
tailings ponds of SDAG Wismut contain a considerable radioactive inventory, see
Chap. 5. The restructuring of the uranium mill tailings ponds are subject to special
provisions from the German unification treaty. It is the aim of the remediation mea-
sures that are still ongoing today to reduce this mining-related radiation exposure as
far as possible. The guideline is an additional effective dose of 1 millisievert per year
(mSv/a) according to the “Regulation for ensuring on nuclear safety and radiation
protection” (VOAS) and its implementing regulations, see Table 2.2 [8].

In the U.S.A., Uranium mill tailings are under the supervision of U.S. NRC. As
defined in Title 10, Part 40 of the Code of Federal Regulations (10 CFR Part 40), the
tailings or wastes produced by the extraction or concentration of uranium or thorium
is a byproduct material. Most of the regulations that the U.S. Nuclear Regulatory
Commission (NRC) has established are for this type of byproduct material see 10
CFR Part 40, Appendix A [31].

It is common in the world that tailings from uranium ore processing, are deposited
in pits of abandoned opencast mines. It is usual today to provide a base seal before
the uranium tailings are placed into the pond and to cover this after completion of
the operating phase with a surface sealing. However, this was not always the case.
For both the abandoned uranium mine sites in the USA and those of SDAGWismut
the pits have been prepared without base sealing. For the legacy of uranium ore pro-
cessing, the base sealing cannot be retrofitted. Where there are suitable replacement
sites, the uranium tailings can be extracted and transported to the replacement site,
which is equipped with a base seal. In Germany, this method is not possible due to

12In Europe called PEHD.
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the very high population density. Here the closure takes place exclusively in situ. In
the USA, there are examples of relocating uranium tailings, see Chap. 5.

With regard to the uranium tailings ponds of SDAGWismut, it can be stated, that
here may be unimpeded draining of radio-toxic pore waters over the contact surface
(base) of the completely water-saturated uranium tailings body (sediment body) in
the post-closure phase because of the missing base sealing, t. In order to prevent
uncontrolled spread over the groundwater path, significant expenditure has to be
made over an extremely long period of time in order to keep contamination spread
within the limits of the permit. Here, the contaminated waters, surface, seepage and
pore water, are collected over an extremely long period of time and fed to a water
treatment plant, cleaned to the required standard and discharged into the receiving
waters.

In particular, the seepage and pore waters emitted are diffuse and it is difficult to
prevent spread of a contaminant plume. It may be helpful in this case for a source-
term to be formulated and mass transport modeling can be carried out, Metschies
[22].

In the context of the tailings ponds of SDAGWismut„ this requires the installation
of a complex long-term monitoring programme and aftercare system and mainte-
nance thereof over the entire monitoring period. It is also necessary to develop and
update all site models to describe the mass transport and the spread of contamination.
These processesmust be integrated into the programmes of site monitoring andwater
collection and treatment, see Chap. 5.

3.8.3 Measures for Permanently Containment
of Radionuclides from Inventory of Final Disposal
of Radioactive Waste in Deep Geological Formations

In Germany radioactive wastes LAW/MAW with negligible heat generation and the
heat-generating, highly radioactive wastes are stored in disposal containers in deep
geological dry strata in the storage fields according to a storage scheme. Part of
the repository concept is that the repository areas remain essentially dry for as long
as possible. A multi-barrier system should ensure that no, or only minor amounts,
of radioactive substances (radiotoxicity) can escape from the effective containment
zone (ECZ) through interaction with aqueous solutions.

In the U.S.A, waste is divided into two main groups: LLW and HLW waste. The
LLW classes are in turn divided [40], see Table 3.3. High-level radioactive wastes
are the highly radioactive materials produced as a byproduct of the reactions that
occur inside nuclear reactors. High-level wastes take one of two forms:

– Spent (used) reactor fuel when it is accepted for disposal,
– Waste materials remaining after spent fuel is reprocessed.

The delimitation from the LLW is defined as “more than ILW”. It is also stipulated
that near-surface disposal is planned for the LLW. Limits are formulated for the
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individual emitters, above which an assignment to the HLW is made. Waste category
LLW has following limits:

– α-emitters with a maximum activity of 3700 Bq/g (100 nCi/g) with a half-life
above 20 years.

Furthermore, LLW activity limits are prescribed for each single nuclide and the
sum of the specified β-emitter:

– For the sum of short-lived nuclides Ni-63, Sr-90 und Cs-137 an upper limit of the
specific activity of 8.9 × 107 Bq/g (2.4 mCi/g) applies.

– For the sum of long-lived nuclides C-14, Ni-59, Nb-94, Tc-99 und I-129 an upper
limit of the specific activity of 9.0 × 105 Bq/g (24.3 μCi/g) applies.

These limits are derived from conversions, because the data in the Code of Federal
Regulations is in Curie per cubic meter of waste and the standard in Europe is in
Becquerel per gram. For this, a density of the waste of 2 g/cm3 was assumed. The
limit values can also be considered as the waste of class C.

This alsomakes it clear why theU.S. classification suggests a near-surface storage
of LLW and makes it acceptable. In Germany, the LAW/MAW with negligible heat
generating capacity are permanently stored in deep geological repositories, see Chap.
6.

The following section will address storage of heat generating HAW in Germany.
These statements also apply in principle to LAW/MAW with negligible heat gener-
ating capacity.

In the final storage of heat-generating waste in rock salt, the contact of waste
with an aqueous solution and thus a mobilization of the pollutants is possible only
when assuming a solution access scenario. The safety concept stipulates that such a
contact is to be prevented for as long as possible in this case. In the safety concepts
for repositories in the other host rocks, on the other hand, it must be taken into
account that the waste, even in undisturbed development, comes into contact with
the natural moisture in the rock. By choosing the final disposal container material,
the corrosion rate and thus the service life of the container can be influenced. The
chemical composition of the existing solutionmust be taken into account. Depending
on the weight placed on the safety concept on the barrier effect of the repository
containers, long-term corrosion-resistant materials can also be selected. Outer and
internal sheathing of the waste container with bentonite considerably hampers water
access to the waste matrix and retards it for a long time due to low corrosion rates,
see Fig. 3.9. Container lifetimes of a few hundred thousand years seem attainable.

Radiolysis can cause gas formation inside and outside the stored waste packages.
Investigations so far show that internal gas formation for MAW containers can be
significant because of their higher water content and the decomposition of existing
organics and that radiolysis outside the containers can be caused by radiation from
the container or by leaked radionuclides after a container failure. Thus, radiolysis
can be of crucial importance for corrosion of the containers and the waste matrix.

The extent of gas formation depends on the amount of reacting substances present
and, in particular, the availability of water. The gases can impair the effectiveness of
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barriers, affect the chemical environment and thus the mobility of radionuclides and
act as a driving force for the spread of radionuclides and aqueous solutions.

Due to the large shielding by coverings with deep geological strata, very largewall
thicknesses of caverns and bunkers or water depths in wet storage, etc., radioactive
radiation from the effective containment zone cannot enter the biosphere.

The danger therefore arises from the release of radionuclides from the waste
matrix and the waste container into the effective containment zone and thus defines
with what probability radionuclides can reach the biosphere via pathways from the
effective containment zone, see Fig. 3.10. Such a release of radioactive substances
can only occur if the radionuclides are mobilized from the waste containers and
transported into the biosphere in a suitable transport medium (solution- or gas phase),
GRS [41]. By adding immobilizing agents into the fixative, the release protection of
the packages can be increased.

A driving force for the formation of flow processes are the gas formation rates
coming from, in particular, corrosion processes or to a lesser extent by radioly-
sis. Previous knowledge allows the statement that the hydrogen formation rates are
dependent on the external environment of the respective chemical environment and
corrosion of containers. By influencing the chemical environment in the ECZ, these
gas formation rates can be kept low. In salt rock, the rock convergence [7], which
compresses the mine, is an essential driver for the formation of flow processes. The
development of waste packages, which are adapted to the host rock in the reposi-
tory horizon and to the long-term safety of the repository, represents an important
research goal, see also Frei [42].

Water as a transport medium also plays an outstanding role in answering the
question of how it can be possible that radionuclides can enter the biosphere against
gravity from the effective containment zone. In order to calculate the likelihood that
the released radionuclides find their way through the pathways at all, the responsible
radiological, chemical and hydraulic processes must be included.

Possibly the milieu of the waters does not allow any transport, because it practi-
cally causes a perfect immobilization. There are hardly any complex examinations
or even results. However, it has been proven that only a fraction of the radionu-
clides in the inventory can be mobilized and from this another part is immobilized.
The source-term formation cannot be determined exactly and is somewhere between
complete immobilization and 100% mobilization.

Two factors that negatively influence the probability of occurrence:

– By choosing extremely dry effective containment zones, and
– Long-term stable waste matrices and final disposal containers will be developed
with service lives >105 a, see Fig. 3.3. Of course, the dryness of the effective
containment zone in turn also directly affects the service lives of the waste matrix
and of the container.

The formation of pathways, in addition to those which exist in the geological
formations, is influenced by the heat generated by the HAW and is therefore another
effect. But this can be reduced by:
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– Long cooling times in wet storage,
– Length of stay in transitional storages (based long-term interim storage) [43],
– Design of the storage areas and arrangement of the waste packages in it,
– Thermal protection (cooling) between wall of storage areas and containers for a
time.

In the case of rock salt as the host rock, it should be noted that this behaves plastically
under pressure, so that the occurrence of contiguous joints and crevices is largely
prevented. If there are fissures, they “heal” quickly. To some degree, heat can favour
this process.

Release of radionuclides into the biospherewith a significant hazard to individuals
and groups of persons may also be caused by unintentional opening of the effective
containment zone from outside, e.g. by sinking of a well or exploration drilling
(human Intrusion). In order to reduce the likelihood of such an occurrence to such
an extent that it becomes unlikely, repositories should be placed in non-prospective
areas (formations) according to best available knowledge. Thus, in the opinion of the
authors, any kind of known mineral deposits should be excluded from consideration
as a repository site and thus also the likelihood that exploratory drillings, of whatever
kind, will be sunk into the effective containment zone or into the overburden is
minimised.

This lists the key security parameters (barrier criteria) of a repository concept:

– Dry effective containment zone,
– Long-term stable waste matrix and containers with service lives >105 a,
– Search criterion for a repository site in non-prospective areas (formations).

The fact that a radioactive waste and residue disposal concept must permanently pre-
vent radioactive contaminants from entering the biosphere, or only within socially
and legally acceptable limits, is due to the fact that stable nuclei remain after the
radionuclides have decayed. The repository then still may have considerable quanti-
ties of toxic substances, such as lead, mercury, cadmium, arsenic, etc. Some of these
substances have permanent toxicity, whereby the security claim is “permanently”
justified.

3.8.4 Monitoring—Proof of the Function and Effectiveness
of Geotechnical Environmental Structures
for the Permanent Isolation of Radioactive Waste
and Residues

In order to develop and implement a repository program for radioactive waste and
residues, it is important that, in addition to engineering competence and a well-
founded safety strategy, there is a growing understanding in society that social aspects
such as acceptance, participation and trust in the regions and also special interest
groups should be included equally. Monitoring can be used as an important tool for



74 3 Fundamentals of Final Disposal of Radioactive Waste …

public communication that, on the one hand, shows the technical security strategy,
the safety of the technology and its life time are all working as planned, and on
the other hand promotes understanding of processes in operation and later in the
decommissioning phase, and helps to build confidence in the planned repository
development in the post-operational phase.

The monitoring of a repository concept reacts to the task to make sure that certain
protection objectives with regard to the radiation exposure of humans and nature,
binding safety regulations, see BMU [3] “Safety requirements for the final disposal
of heat-generating radioactive waste”, are respected. In the operation and decommis-
sioning phase, this also includes the monitoring of personnel as radiation exposed
persons, see also Sect. 3.7.2.

If deviations from these objectives are found, this may have different conse-
quences depending on the stage of the procedure. The phase in which the repository
is located is a decisive factor. If the repository is not yet operational, then decisions
can be reversed that led to the potentially unsafe situation. This includes the task
of the selected location or the termination of the selection process. In the phases of
operation, decommissioning or closure of the repository, the reversibility of decisions
becomes more and more complicated and thus more difficult. Technical and social
monitoring should therefore be specifically integrated and used to prepare problem-
solving decisions. The prerequisite, however, is that the monitoring provides the
observing authorities with data that allows them to review safety. and evaluation pro-
cedures are integrated into governance processes, Brunnengräber [44], This process
should ideally involve a small circle of delegates of government, formally competent
officers, institutions, etc., as well as supervisory authorities and others who ensure
or provide public control [45].

The focus here is on technical monitoring, see also IAEA [46]. Thus, the entire
process of final disposal of radioactive waste and residues should be accompanied
by a comprehensive monitoring program. The monitoring program should be part of
the approval process. Such a monitoring program is divided into the three sub-areas:

– monitoring of the repository,
– monitoring of the environment,
– health surveillance of persons and groups of persons.

With regard to the service phases of a repository, the monitoring program is further
specified:

– Construction phase—Monitoring compliance with the requirements of the plan-
ning approval decision, quality requirements for the structures, execution, radiation
protection standards,

– Operating phase—the monitoring program should monitor all safety-relevant
parameters of the repository during the whole operating period (heat generation,
dissipation, stress conditions in repository, rates of convergence, sink holes above
ground, machine speed, hydrogen concentration, efficiency of highly efficient fil-
ters, mine ventilation, etc. …), Included in this must be the monitoring of the
external (and possibly the internal) radiation exposure of the personnel [47].
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In addition to monitoring in the strict sense, parameters are monitored that can
influence the development of the repository in themediumand long term: temperature
of environmental air, extension of the facility (collapse of the tunnels), durability of
the concrete, corrosion of the steel, etc. During the operating phase, the entire ECZ,
including the barriers, should be extensively instrumented, programmedandprovided
with suitable power sources to support internal long-term monitoring.

If a pilot project is operated during the operating phase, this will be equipped
with a comprehensive measuring program, the results of which will serve both to
optimize the repository concept and the development of the repository in the medium
and long term. The pilot project can be integrated into the repository.

If an underground laboratory is operated, it can be equipped with a similar
measurement program as a pilot project. It can also fulfill the same functions as the
pilot project, provided it is also operated during the operational phase. Excluded is
the incorporation into the repository, which should not occur.

– Decommissioning phase—must be equipped with comprehensive
decommissioning- (remediation-accompanying) monitoring so that all parameters
listed in the planning approval decision are recorded and compliance with them
monitored. The monitoring should ensure that the geotechnical environmental
structure constructed, continues to separate the stored (deposited) radioactive
waste materials from the material cycles of the biosphere for the required period
of time with a probability bordering on certainty.

– Post-closure phase—in this phase, the function is to ensure, the compliance with
the objective is monitored by both internal and external long-term monitoring.
For external monitoring, an observatory will be set up to record, analyze and
archive the relevant data over large networks of air, soil and water observations.
This includes the monitoring of flora and fauna, agricultural production, etc. in the
observation area and monitoring of physical-chemical and biological soil quality.
The observatory should work according to the best current practice (best practice)
and be regularly optimized during its working life. During the post-closure phase,
health monitoring of the general population in the area, including a network for
monitoring local dose rates and background radiation, will also need to be carried
out. The monitoring of the general population should have started already in the
operational phase [47].

On the issue of the duration of the long-term monitoring, there are very divergent
views internationally. The monitoring concept described above is balanced and also
practicable. With the current and indicated development opportunities, there should
be hardly any limits with regard to instrumentation (including energy supply) and
data management.

With regard to the duration of long-term monitoring, both in the area of the
KrWG and DepV, concerning VLLW, as well as in the area of the BBergG, uranium
mill tailings storage, there are clear regulations. The long-term monitoring is to be
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operated until the landfill is released from supervision of the environmental authority
or the uranium residue storage released by the mining authority. This could be called
a guard-principle.13

The monitoring concept described above has already been implemented, see
Fig. 3.11. This is implemented in the safekeeping of the uranium mill tailings ponds
of SDAGWismut. This is structured as remediationmonitoring, basicmonitoring and
long-term monitoring. Integrated into this is radiation protection, which is divided
into operational radiation protection (occupationally radiation exposed persons) and
radiation protection for the general population and is monitored by the authorities.
The subranges listed above—Monitoring of the repository—Monitoring of the envi-
ronment—Health surveillance of persons and groups of people—are fully illustrated,
see also Chap. 8.

The following presents and discusses the current or possible solutions for the dis-
posal of the categories of radioactive waste and residues shown in Chap. 2, Fig. 2.1.
In particular, the necessary long-term stability and safety of the repository and the
resulting requirements for geotechnical environmental structures will be addressed.
For the assessment of the insulation potential at highly active, heat-generatingwastes,
the maximum allowable heat input that can be admitted and dissipated by a geotech-
nical environmental structure (repository) during intended operation without any

Fig. 3.11 Monitoring concept of the permanently storage of uraniummill tailings of SDAGWismut.
Source Lersow and Schmidt [48]

13A virtually unlimited permanent storage of the waste is known as “guards” or “guard-principle”.
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safety-related impact plays an important role to develop the most suitable geotech-
nical environmental structure. But the nature of geological formation is not the only
deciding factor.
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Chapter 4
Disposal of Waste with Very Low
Radioactivity (VLLW)

The International Atomic Energy Agency (IAEA) has recognized Very Low Level
Waste (VLLW) as a category that provides both practical and economic benefits, see
[1]. The criteria for national and international low active and very low radioactive
(LLW) disposal classifications are described in the EPRI Final Report [2]. This report
provides the technical basis for a waste category of very low level waste that applies
to any existing low level waste classification system. The generic VLLW category
is defined in terms of individual radionuclide specific activity limits, see Chap. 2,
Fig. 2.1. From the individual radionuclide-specific activity limits, an effective dose
limit of no greater than 50 µSv/a (5 mrem/a) to the maximally exposed individual
(MEI) is given in the final EPRI report. The U.S. Resource Conservation and Recov-
ery Act (RCRA) Subtitle C; [3] has been developed in the USA for the disposal of
this waste in accordance with the EPRI report.

In Germany, the classification according to both activity limitation (radioactive
waste and residues not requiring monitoring) and the effective dose limitation for
personnel, as well as the classification according to the origin of this waste and
residues with the associated disposal routes, are clearly regulated by law.

In the USA, the VLLW is declared to be a hazardous waste, but not in such a way
that a clear classification is possible either via the waste code or activity limit values.

The U.S. Environmental Protection Agency (EPA) has now developed a com-
prehensive program to ensure that these “hazardous wastes” can be safely managed
from the time they are generated until their final disposal. The problem in the USA,
however, is that radioactive waste is not classified on the basis of its radiological
properties, but on its origin. This has led to some wastes being perceived as more
hazardous than others—an assessment that has sometimes led to waste being treated
inconsistently.

Subtitle C [3] empowers the EPA to delegate this task to the federal states instead
of the federal government; namely to implement important provisions on the require-
ments for hazardous waste management. There are therefore no uniform regulations
for the disposal of waste with very low radioactivity (VLLW) in the USA, such as the
Landfill Ordinance (DepV) and the Closed Substance Cycle andWaste Management
Act (KrWG) found in Germany.
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The following considerations are therefore based on the existing regulations and
laws in Germany, from which geotechnical environmental structures for the long-
term safe and stable storage of waste with very low radioactivity (VLLW) can be
derived.

4.1 General Description of the Type of Waste

As described in Chaps. 2 and 3, the origin of radioactive waste and residues has
similar sources worldwide, but the limits and storage conditions are not uniform.
The limit values which in Germany for radioactive waste and residues with very
low radioactivity (VLLW) can be found in Fig. 2.1. For residues, the specific activity
must be≤0.2 Bq/g (for underground storage≤0.5 Bq/g) and for wastes with radioac-
tivity (much less-than) �1.0E+11 Bq/m3 (when the De Minimis dose of less than
10 µSv/a),1 see also [5]. Then they can be deposited in Germany in accordance with
the KrWG in accordance with DepV.

In the USA aswell, for example, large quantities of waste will be generated during
the decommissioning of nuclear power plants. As already described, in the USA it
has not yet been possible to establish a uniform regulation for handling waste with
very low radioactivity (VLLW).

The current situation is that the limit values and storage conditions of LLW class
A as prescribed in [6] are used as a basis. A summary of classes of Low Level Waste
(LLW) can be found in Table 3.3 according to [6]. The system captures the slightly
radioactive solids in category LLW in the lowest grade A and describes them as
follows: Slightly radioactive solid materials—debris, rubble, and contaminated soils
from nuclear facility decommissioning and site cleanup. They arise in very large
volumes but produce very low or practically undetectable levels of radiation. They
are classified at the very bottom of U.S. NRC Class A (the lowest of the classes).
U.S. NRC has commissioned a study to improve themanagement of large volumes of
VLLW. In thisway theU.S.NRC is reacting to the large quantities of thiswaste,which
result from the increasing decommissioning activities for NPPs. The study has the
followingmandate: “TheU.S. Nuclear RegulatoryCommission (NRC) is conducting
a very low-level radioactive waste (VLLW) scoping study [7] to identify possible
options to improve and strengthen the NRC’s regulatory framework for the disposal
of the anticipated large volumes of VLLW associated with the decommissioning of
nuclear power plants and material sites, as well as waste that might be generated by
alternative waste streams that may be created by operating reprocessing facilities or
a radiological event.” Similar events are imminent in Germany, see Fig. 4.2. Safety
regulations for the permanent storage of VLLW have also been presented by the
IAEA [8].

The largest LLW storage site for the lowest class A is located in Clive, Utah,
USA. It is a repository only for this type of waste, licensed by the state of Utah;

1Corresponds to one population risk per year of 5.0E−07, see [4].
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Fig. 4.1 Left: schematic of low level waste disposal design, right: disposal site. Source U.S. NRC

however, Clive accepts waste from all regions of the United States. The U.S. NRC
has specified the following design for near-surface storage for permanent disposal
of LLW class A as well, see Fig. 4.1.

It becomes clear that the design of the geotechnical environmental structure for
the storage of LLW is linked to requirements that clearly overestimate the real haz-
ards associated with the VLLW, see Fig. 4.1. The results from the Very Low-Level
Radioactive Waste Scoping Study [7] should help to develop appropriate geotechni-
cal environmental structures that will meet the requirements of safe storage of VLLW
[1].

The following remarks refer in turn to the permanent storage of radioactive waste
and residues in Germany. The permanent storage of VLLW envisaged in the individ-
ual countries can be mirrored in this system. What stands out, however, is that the
American solution has an obvious advantage, namely that dust formation is almost
completely avoided. In the case of large high-waste landfills (several tens of meters
high) in open landscapes, wind erosion from the uncovered landfill body poses a
health risk that should not be underestimated.

4.2 Deregulated Residual Materials, Residues Released
from Supervision and Residues not Requiring
Monitoring

4.2.1 Origin

As described in Chap. 2, the classification of a substance as radioactive is linked to
the legal definition of radioactivity. There are two basic concepts:

– Without release—institutional monitoring of waste is necessary
– With release—The concept of release was developed by the IAEA [9], and interna-
tionally established. Thismay also be considered as deregulatedwaste. A summary
under German law is given in FS [10].
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Fig. 4.2 Quantity balance of a reference-NPP (pressurised water reactor) of the controlled area
(estimate). Source according to VGB PowerTech 2011

Radioactive residues from nuclear energy, medicine, research or industry are usu-
ally first examined to see whether they still need to be monitored as radioactive
substances or whether they have only very low levels of radioactivity and which
half-lives and what types of radiation they have and, should it be required, if they
can be released from institutional monitoring. Such released residues are, within the
meaning of German nuclear legislation, materials with a radioactivity in the range
of natural background radioactivity (AtG). In most cases, these released materi-
als are building rubble, scrap metal and other solid and liquid substances from the
decommissioning of nuclear power plants and research facilities, industrial plants or
medicine, see also Fig. 4.2.

4.2.2 Legal Foundations

Section 2 (2) of the Atomic Energy Act stipulates that the activity or specific activity
of a substance within the meaning of subsection 1 sentence 1 may be disregarded if
the material is in accordance with an ordinance issued on the basis of this Act, that
is to say:

1. the substance falls below the defined exemption limits,
2. if the substance is producedwithin the scope of an activity subject to authorisation

under this Act or under a statutory order issued on the basis of this Act, and if it
falls below the specified release values and the substance has been released,
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3. as far as it is a substance of natural origin, which is not used for its radioactivity,
as nuclear fuel or for the production of nuclear fuel, it is not subject to monitoring
under this Act or an ordinance issued under this Act.

In Germany the release of radioactive substances (§ 29 StrlSchV) or the dismissal
of radioactive substances (§98StrlSchV) canbe respectively unrestrictedor restricted
for a certain disposal route (for example, the reuse of buildings or disposal at landfills).

4.2.3 Radiological Basics

The conditions for the release are based on recommendations of the International
Atomic Energy Agency IAEA [9], and EU directives and are set nationally in the
Atomic Energy Act and the Radiation Protection Ordinance, FS [10]. The radiolog-
ical criterion of insignificance2 per release option is set out in § 29 (1) StrlSchV
with the range of 10 µSv of effective dose per year for individuals of the popula-
tion (including employees at the landfill or disposal facility); in accordance with the
provisions of Council Directive 2013/59/EURATOM [11]. For residues, an effective
dose of 1 mSv3 per year for individuals of the population is set as the radiological
criterion according to § 98 StrlSchV.

Following Germany’s exit from the peaceful use of nuclear energy for energy
generation, this regulation is of considerable importance for the decommissioning of
nuclear power plants. Every year, large quantities of waste not requiring monitoring
will be produced, see Fig. 4.2, which must be disposed of in surface landfills. It
is already foreseeable that not enough landfill volume will be available for this
purpose. It must therefore be determined where, and to what extent, new landfill
space is needed for this waste, also in order to help avoid transport of waste in large
quantities over long distances. These steps have not yet been taken in Germany.

4.3 Intentional Release of Radioactive Waste and Disposal
of Residues from Industrial and Mining Processes

Radioactive waste and residues requiring monitoring are subject to different regula-
tions.

(a) Release of residues from prescribed radiation-protection monitoring

Aprerequisite for the release of residues from legally prescribed radiation-protection
monitoring is that an effective dose of 1 millisievert per year (mSv/a) for individuals
of the population is not exceeded during the intended recovery or disposal.

2De Minimis criterion.
3Corresponds to one population risk per year of 5.0E−05, see [4].
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Due to the different origin of the residues, the following legally different waste
streams may arise for disposal in conventional landfills:

• Residues from activities for which a safe disposal or disposal route exists and
which can be disposed of or recycled without further checks when complying
with the monitoring limits. If the specific activity for each radionuclide of one of
the nuclide chains is below 0.2 Bq/g, the respective nuclide chain is disregarded.
The general monitoring limit for recovery and disposal (on surface landfill) is
1 Bq/g. The monitoring limits are dependent on the disposed—or recycled route
and are thus between 0.2 and 5 Bq/g.4

• Residues requiring monitoring within the meaning of § 97 StrlSchV which is
pursuant to § 98 StrlSchV, can be released from monitoring on application in
individual cases and then deposited or utilised.

• Residues requiring monitoring which are not released according to § 98 StrlSchV,
but for which a disposal has been ordered (according to § 99 StrlSchV).

The StrlSchV includes more detail in Part 3 Chap. 3 Regulations for the protection
of the population from naturally occurring radioactive substances (§§ 97-102). The
provisions of this chapter of the Radiation Protection Ordinance apply to residues
listed in Annex 12 Part A StrlSchV (list of residues to be taken into consideration)
if for at least one radionuclide of the nuclide chains U-238 or Th-232 the specific
activity exceeds 0.2 Bq/g. The residues require monitoring if the monitoring limits
according to Annex 12 StrlSchV Part B are exceeded. In addition, according to §
102 StrlSchV, the authority may also order measures for other materials with natural
radioactivity, if this is necessary for radiological reasons.

Residues not requiring monitoring can be recycled in certain ways as specified in
the Radiation Protection Ordinance or disposed of in landfills that are subject to the
Landfill Ordinance (DepV) and the Closed Substance Cycle andWaste Management
Act (KrWG). Such residues may be e.g. Red mud, copper slag, also phosphogyp-
sum, sludges from processing, dusts and slags from the processing of raw phosphate
(phosphorite) as well as scales, sludges and deposits from oil and natural gas extrac-
tion.

The recycling or disposal of residues requiring supervision is only permitted after
release fromcompulsorymonitoring. This can be done by the producer of the residues
at the request of a competent radiation protection authority. A prerequisite for release
is that the intended use or disposal will not result in an effective dose in excess of
1 mSv/a for individual members of the population. The proof of compliance must
be supported with a radiological report. The principles for the determination of the
radiation exposure for such a proof are contained in Annex 12 part D StrlSchV.
Under certain conditions, a simplified proof according to Annex 12 Part C StrlSchV
is possible.

The amount and specific activity of residues that may be disposed of per year and
into landfill are limited in accordance with Annex 12, Part C StrlSchV. If more than

4Limit value in underground disposal.
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2000 tonnes are recycled or landfilled every year, then according to § 100 StrlSchV
a balance obligation exists.

The disposal takes place at a landfill permitted by waste law. In most cases, these
are landfills classes II or III, see § 6 DepV.

(b) Waste with very low radioactivity (VLLW)

§ 29 StrlSchV regulates in detail the release procedure and the standards for the
assessment of which substances are to be classified as harmless under which radio-
logical boundary conditions are to be classified as harmless if various further uses are
taken into account. In DIN 25457, DIN ISO 11929 are the definition of the boundary
conditions for both the measuring technique and the measurement. In addition, there
are recommendations (SSK), guidelines (BMU, ESK, supervisory authorities of indi-
vidual federal states) to specifying the application. There are two main categories of
residual materials and waste with very low radioactivity (VLLW):

• Waste with a purposive-directed release: This is waste that can be stored
mainly in landfills.

• Recyclables and conventional residues: For the most part, these materials can
be returned to the conventional recycling cycle. The majority of the dismantling
residues from the decommissioned NPPs will be part of it.

In the case of controlled release of radioactive waste for disposal on landfills,
which are subject to the Landfill Ordinance (DepV) and the Closed Substance Cycle
WasteManagementAct (KrWG)—dependingon the size of the landfill—per year and
per landfill, only activity quantities corresponding to a maximum quantity permitted
under Annex 3 StrlSchV for the disposal of 1000 tonnes of released waste are stored.
Landfilling can take place on landfills of classes DK I–DK IV permitted under waste
legislation for construction debris, also solutions also include construction waste
dumps (DK I landfills). Often, however, landfills of higher landfill classes (DK II
or DK III) are preferred, see § 6 DepV in connection with AVV [12] and disposal
contracts concluded on this basis.

4.3.1 Examples of Residues not Needing Monitoring
in Landfilling Acc. DepV and AVV

In Tables 4.1 and 4.2 [13], the results are shown for radiological investigations of red
mud and power plant ashes as a basis for guidance according to the guideline. Both
tables provide examples of residues not requiring monitoring that can be disposed
of in DK II and III landfills. The different specific activities in red mud result from
the large variations in activity within the various bauxite deposits. In AVV 2001, the
waste codes are for
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Table 4.1 By [13]; Table 3-16: Specific activities of redmud (measurements: IAFGmbH/Dresden);
Nuclides of the uranium and thorium series excepted K-40, see Chap. 2

Residue Sample/origin Specific activity [Bq/g]

U-238 Ra-226 Pb-210 Ra-228 Th-228 K-40

Red mud Site 1 0.210 0.220 0.150 0.430 0.450 0.072

Red mud Site 1 0.210 0.230 0.150 0.510 0.500 0.023

Red mud Site 1 0.210 0.250 0.150 0.450 0.450 0.051

Red mud Site 2 0.300 0.315 0.250 0.285 0.286 <0.020

Red mud Site 2 0.270 0.330 0.265 0.290 0.285 <0.030

Red mud Site 2 0.320 0.370 0.320 0.275 0.285 <0.040

T1/2 in a 4.468 ×
109

1,602 22.3 5.7 1.9131 1.277 ×
109

Table 4.2 From [13]; Table 4.10: Investigation results of tailings piles with combustion residues
from power plants in Lower Saxony pursuant to [14]

Origin/location Residue of
combustion

Type and origin
of coal

Ra-226 in Bq/kg Pb-210 in Bq/kg

HKW
Herrenhausen

Fly ash 298 15

KW Emden Granulate 363 44

KW Emden Fly ash 127 1.980

KW
Wilhelmshaven

Fly ash Hard coal
(USA)

232 26

KW
Wilhelmshaven

Fly ash Hard coal
(Australia)

264 44

– Red mud—group 01 03 with waste code 01 03 09 (red mud from production
of alumina—with the exception of red mud, which registers under 01 03 075—
residues from ore processing (tailings); with reference to no. Pkt. App. 5 DepV
and

– contain various waste from power plants and waste co-incineration plants (except
category 196) of group 10 01.7

KrWG Part 6 sets out the obligations, acceptance conditions and monitoring cri-
teria for both the operators of the landfills and the authorities.

5AVV § 3 Danger of waste (1) The types of waste in the waste list whose waste codes are marked
with an asterisk (*) are classified as dangerous in the sense of § 48 of the Closed Substance Cycle
Waste Management Act (KrWG).
6Category 19: Waste from waste treatment plants, public wastewater treatment plants and the treat-
ment of water for human and industrial use.
7Kinds of waste marked with an asterisk (*) in the list of waste are hazardous waste within the
meaning of § 48 of the Recycling Management Act, and are not listed therein.
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From Table 4.1 it can be deduced that with a duration of the operating phase of
a landfill in the specified normal operation of 30 years and an annual acceptance of
500 t red mud at the two sites in the landfill body, an activity from only this waste
category of 25 gigabequerel (not uniform) would accumulate and the landfill would
have to be shut down. The T1/2 of U-238 is 4468 billion years.

4.4 Landfilling of Waste with Very Low Radioactivity

As stated in Sect. 4.1, residues requiring special monitoring, residues or other mon-
itored materials that are not requiring monitoring (which have been released from
the supervision) and released residues from authorized handling of radioactive sub-
stances, are not radioactive substances in the legal sense. However, they are still phys-
ically radioactive to a certain extent. To distinguish them from radioactive wastes,
which are radioactive substances in the legal sense, we use the term “waste and
products with radioactivity” for such substances, to clarify that they are not non-
radioactive waste in the legal sense.

The objective for safe, long-term stable storage of waste with radioactivity is
defined so that they are deposited and encapsulated so that transfer of radio-toxic
contaminants to the air, water and/or soil pathways into the biosphere is largely
avoided or kept within the respective legally formulated limits.

The requirements for the implementation of this objective are based exclusively
on concepts of conventional landfill construction. It is implicitly assumed that these
radioactive substances, based on the total amount of all waste, play only a minor
role in the landfill concept. Furthermore, a selective deposit can be prescribed by the
authorities in the permit notification, see Barriers 2 and 3.

The further explanations will show that, although the materials to be deposited
and the legal bases differ substantially, there are great similarities with regard to the
construction of the geotechnical environmental structures of

• Landfills acc. DepV and
• Residue storage, in particular from uranium ore processing (uranium tailings
ponds) acc. Federal Mining Act (BBergG), see Chap. 5.

Proof-and closure-(security) concepts, based on applicable laws, are contrasted
and the differences and requirements clearly highlighted in following sections. On
the basis of the radiotoxicities of the respective inventories, the reader should obtain a
well-founded overview of the degree of unequal treatment in the safety requirements
of the respective geotechnical environmental structures during specified normal oper-
ation. For this reason, the multi-barrier concept gem. DepV is explained extensively
here.

Multibarriers concept
A landfill is used for the long-term storage of waste, see § 6 DepV in connection
with AVV [12]. Since the Landfill Ordinance came into force, a generally valid
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definition of the various service phases of a landfill has been developed (§ 2 DepV).
Accordingly, a distinction must be made between three phases:

• the disposal, • the decommissioning, and, • the post closure phase.
To limit the impact on the environment, landfills are designed in accordance with

themultibarrier concept. This states that several safety concepts (in this case barriers)
must exist independently of each other in order to prevent damage to the environment
even if one barrier fails, see Fig. 4.3.

1. Barrier: Site selection (The site must be suitable with appropriate geology and
hydrogeology, such as the presence of impermeable layers).

2. Barrier: Waste pretreatment (separation of particularly hazardous fractions
and their chemical-physical pretreatment, for example combustion, in special
plants).

3. Barrier: Condition of the landfill body. In the landfill body, chemical, bio-
logical and physical processes take place. Therefore, the landfill body must be
constructed so that it is mechanically stable and gas emissions do not leak to the
outside. The landfill gas may be collected and processed, or an active degassing
system will be provided. The ingress of water should be prevented, so that a
minimal amount of leachate is formed.

4. Barrier: Landfill base sealing and leachate treatment (to prevent contami-
nated leachate from entering groundwater or other waters).

5. Barrier: Surface sealing (to minimize the ingress of rainwater).
6. Barrier: Maintenance and Repair (The landfill must be monitored, even if it

is completely filled in. All systems must be constructed in such a way that they
can be repaired, e.g. the pipes for seepage water sampling. Facilities should exist

Fig. 4.3 Multibarriers concept of landfill classes II and III according to the German landfill ordi-
nance (DepV)
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to enable sampling of water for analysis at various levels in order to assess the
long-term behavior of the landfill.

Although the DepV stipulates a classification of the various landfills in the
context of the GCU 2001, the planning approval decision is approved on the
basis of an environmental impact assessment of the site with a site-specific
solution, see barrier 1.

Description of individual barriers
Barrier 1—Site selection: The location should be determined according to set objec-
tives and generally applicable criteria. After the site has been identified or a landfill
site has been selected, a geotechnical environmental structure will be designed and
constructed according to a site concept with site-specific refurbishment targets so that
safe, long-term stable storage of residues and wastes contaminated with radioactiv-
ity can be achieved and guaranteed for the long-term. Waste arising from authorized
handling that has been released from any monitoring requirement and, in particular
discharged residues that are classified as hazardous waste, must often be disposed of
in DK III type landfills. These will require a legally binding planning approval deci-
sion for the above-ground landfill on the basis of the DepV, the KrWG, the Federal
Pollution Control Act (BImSchG) etc. to build, operate, monitor and document, shut
down and carry out post closure operations.

Barrier 4—Landfill base sealing and leachate treatment: The main problem
to be considered with regard to environmental assessments and long-term conse-
quences for surface landfills of landfill class DK III is the sealing against groundwa-
ter. The DepV prescribes how the protection of groundwater should be structured,
see Table 4.3 and Fig. 4.4.

For landfill sites DK III, locations should be found where a suitable geological
barrier exists as a natural barrier against contamination transfer to groundwater,
see Barrier 1. The legislation also permits the installation of a technical base seal,
see Table 4.3 and Fig. 4.4. DepV Annex 1 lists the requirements for the site, the
geological barrier, base and surface sealing systems for class 0, I, II and III landfills.
When choosing the location, the following in particular must be considered:

1. Geological and hydrogeological conditions of the area including a permanently
guaranteed distance of at least 1m from the upper edge of the geological (geotech-
nical) barrier to the highest expected free groundwater level,

Table 4.3 Regular assembly of the geological barrier and the base sealing systemDK III according
to DepV (1), (2), (3) see DepV Annex 1

No System-component DK III

1 Geological barrier (1) (2) kf ≤ 1 × 10−9 m/s; d ≥ 5.0 m

2 Mineral sealing layer—at least 2-ply (2) d ≥ 0.50 m; kf ≤ 5 × 10−10 m/s

3 Synthetic geomembrane d ≥ 2.5 mm Required

4 Protection layer Required

5 Mineral drainage layer (3) d ≥ 0.5 m; kf ≤ 1 × 10−3 m/s
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Fig. 4.4 Base sealing, landfill class DK III—composite liner systems acc. DepV; according to
Table 4.3; BAM-Federal Institute for Materials Research and Testing (BAM)

2. Due to its low permeability, its thickness and homogeneity as well as its pollutant
retention capacity, the subsoil of the landfill and the wider environment should
be able to significantly hinder the spread of pollutants from the landfill (effect as
a geological barrier), so that contamination of the groundwater or other adverse
change in its nature is not permitted to happen.

From a radiological point of view, the legislation did not stipulate special require-
ments for above-ground landfills, in particular the DK III. The landfill should be
formed as a tub, see also the concept of a settlement depression. In high landfills,
this is the subsidence cavity caused by the sinking of the landfill body at the base.
Proof that the required distance to the upper aquifer is met must be provided in
the plan and application submitted for approval. Furthermore, reference is made
here to compulsory monitoring of groundwater by the landfill operator and possible
proof of exposure. The operator must manitain a permanent monitoring system for
both leachate and groundwater and make the system and the data accessible to the
authorities, see Fig. 4.3.

5. Barrier—surface sealing: In order to prevent washing out of pollutants by
rainwater (impregnation of the landfill body), the waste top surface is covered and
providedwith a surface seal after each landfill section has been filled up, see Table 4.4
and Fig. 4.5, this process should be continued until the whole landfill body has been
covered.

One speaks of a “dry” storage of the landfill body. The structure is shown in
Fig. 4.4.

In order to achieve and ensure dry storage of the landfill body, site-appropriate
seepage and surface water collection and treatment facilities are provided or pre-
scribed. If composite systems of capillary barrier, geomembranes and geotextiles
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Table 4.4 Regular assembly of the surface sealing system DK III according to DepV (1), (2), (3),
(4) see DepV Annex 1

No. System-component DK III

1 Levelling layer (1) d ≥ 0.5 m

2 Gas drainage layer (1) where appropriate required

3 Mineral sealing (2) (3) d ≥ 0.50 m; kf ≤ 5 × 10−10 m/s

4 Synthetic geomembrane d ≥ 2.5 mm

5 Protection layer required

6 Drainage layer (4) d ≥ 0.3 m; kf ≤ 1 × 10−3 m/s

7 Recultivation layer, d ≥ 1 m Required

8 Vegetation Required

Fig. 4.5 Surface sealing for landfill DK III acc. to DepV; pursuant to Table 4.4

are approved for the surface sealing of these landfills, water catchments for both
functional layers (waterproofing membrane and capillary layer) must be installed
and kept in working order. Thus, should there be any occurrence of leakage water
within the capillary layer—that is below the geomembrane, it can be managed. The
design and construction of the entire system must be based on the conditions that are
required for the functioning of the capillary barrier. The structure of a surface sealing
system shown in Table 4.4 and Fig. 4.5 can be described as a multi-functional cover
system and is in direct comparison with the uranium tailings ponds, see Chap. 5.

Methods of providing proof of success for covers such as: stability of the slope
system, bearing capacity, behavior of the landfill subsoil, settlement behavior of the
landfill contact area under action of the landfill body, stress-related barrier design,
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hydrological conditions, distance of the base seal to the highest free groundwater
level, mass transport modeling for possible contamination spreads, settlement, con-
solidation of the landfill body and their influence on the applied surface seal, etc.
will not be discussed in detail here.

In the case of landfills, in particular landfill class DK III, which were constructed
before the entry into force of the DepV and the KrWG, in most cases a task-based
base waterproofing has been dispensed with. This cannot be installed subsequent to
the opening of operations at the landfill. In some particularly serious cases, it was
only possible to excavate the landfill and relocate thematerial to other approved sites.

Decommissioning and post closure maintenance, see Barrier 6, are today one of
the main tasks of landfill operators. In doing so, legal regulations must be observed.
These are:

– The decommissioning announcement§ 40 (1) KrWG
– Application for final disposal of the landfill or landfill section § 10 (2) DepV
– Determination of the final decommissioning of the landfill or a landfill section §
40 (3) KrWG

– Determination of completion of post closure maintenance § 11 (2) DepV and § 40
(5) KrWG on application.

In particular, the determination of the completion of post closure maintenance on
application is important in the case of the final disposal of “waste with radioactivity”.
The period from the final decommissioning of a landfill to the time when the com-
petent authority determines the completion of the post maintenance phase for the
landfills, in accordance with § 36 (5) of the Closed Substance Cycle Waste Manage-
ment Act, cannot be responsibly predicted in particular for landfills with “waste with
radioactivity”. The competent authority decides on the date of the end of the required
maintenance of the respective landfill only on the basis of facts. Under current law,
in Germany a post maintenance requirement exists indefinitely. It is mandated that
the locations where waste and waste from times long past are kept must be clearly
announced. The existence of an accurate and reliable land registry systemmakes this
possible. This has particular significance for landfills, in particular Landfill Class DK
III, which were established prior to the entry into force of the DepV and the KrWG.
To protect the groundwater in the absence of base waterproofing, well galleries were
often designed and installed; these lower the groundwater level artificially and thus
keep the landfill dry at the base. The operation of these well (pump) galleries has
to be guaranteed permanently. Although this entails a considerable financial out-
lay for the operators, it is important that groundwater penetration into the landfill
body is prevented and additionally the groundwater is protected against massive
contamination.
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4.5 Outlook

InGermany a long-term safety assessment in the case of a final disposal of radioactive
waste is not planned for a landfill built and operated in accordance with DepV and
KrWG (except for long-term storage and landfill class DK IV in rock salt). The
security concept of landfills assumes that the safety of the operational phase (both for
the staff and the population in the area) can be ensured by technical and organizational
measures. For the post-operational phase, monitoring (in particular groundwater
monitoring) must prove that there are no discharges into the groundwater that could
lead to significant groundwater contamination. If the operator can prove this objective
through a sufficiently long series of measurements, the competent authority may
exempt the (old) landfill from (groundwater)monitoring at the request of the operator.
The landfill site remains registered as an old deposit in the land register for an
unlimited period of time.

The following important security aspects are legally defined:

• Location requirements
• Requirements for the technical barriers.

The following important security aspects have not yet been specifically defined:

• Criteria for the derivation of acceptance values (eluate values and other criteria
according to DepV)

• Triggering thresholds for groundwater contamination related to environmental
monitoring (see below).

With regard to the deposition of waste with radioactivity, it should first be noted
that for the worker on the landfill, only the duration of the handling of the waste is
relevant. The worker only comes into contact with the radioactive waste and residues
for the short period of delivery and storage. At landfills according to DepV, personnel
and persons of the surrounding population are treated equally. The limit value (max-
imum permissible dose) for the annual radiation exposure of a person of the normal
population from activities according to § 2 of the Radiation Protection Ordinance is
1 mSv/a.

As a long-term relevant route of exposure, the water pathway through which
radionuclides can be transported to a domestic or commercial well, assumes radionu-
clide longevity, see Table 4.1.

However, the long-term safety of depositing waste with radioactivity at a land-
fill has so far been classified very differently. For the release of waste, the dose is
determined using conservatively designed radio-ecologicalmodels and neglecting all
geotechnical barriers, which may arise after decommissioning the landfill through
using groundwater in the effluent. The clearance values according to Annex 3 Table 1
StrlSchV ensure that the De Minimis dose of less than 10 µSv/a is maintained. The
only assumption on which this evidence is based is the permanent existence of the
deposit of waste on site and its location relative to an (fictitious) aquifer.

In the case of residues, a similar modeling approach applies both to the control
limits (Annex 12 Part B StrlSchV) and the thresholds for simplified detection to
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protect the population, and for the landfill of residues released from the monitoring
(Annex 12 Part C StrlSchV) see SSK [5] and AKNAT[15]. However, as the appli-
cability of these schemes is in many cases not sufficient, in practice evidence must
be provided on a case-by-case basis. Here, assumptions must be made and model
parameters chosen for which nomethodological framework conditions have yet been
defined. This results in two questions:

1. What doses are to be expected for the storage of waste with radioactivity origi-
nating from residues requiring special monitoring with specific activities of more
than 50 Bq/g on above ground landfills of class DK III over periods of more than
1000 years. Under what conditions may the target values for a long-term safety
of 1 mSv/a effective dose possibly not be met?

2. What are the consequences of an unwitting settlement of such a landfill site in
the future?

After the exit of the Federal Republic of Germany from the peaceful use of nuclear
energy to generate energy and the associated dismantling of decommissioned nuclear
power plants, the problem of long-term safety of disused underground landfills for
waste with radioactivity must not be underestimated. This is shown by the strong
increase in civil protests against landfill sites, which are to be used for such waste
disposal. Against this background, answers to the questions set out above are needed.
In particular how to determine the end point for post-closure maintenance upon
request in connection with the maintenance of a land title.

It seems advisable to deal scientifically with the long-term behavior of landfill
sites according to KrWG and DepV in order to improve confidence-building with
the community. In particular, the following should be considered:

– it is better to avoid “waste tourism” within Germany and suitable disposal sites
should be sought near the place of origin and

– disposal is avoided as far as possible and valuablewastematerials and conventional
residual materials are returned to the conventional recycling cycle to the greatest
extent practicable.

Initial results have been presented [16]. This should clarify how landfills behave
in the long term and whether, for example, substances with radioactivity could reach
the environment in the long term via seepage or groundwater. The optimization of
landfill sealing systems reduces the risk of unacceptable contamination spills, see
Springer [17]. The importance of human intervention at a landfill that has been closed
for decades or centuries was also examined. In order to calculate the radiation dose
of affected persons for different scenarios and periods, long-term safety-analytical
models and computer programs for the disposal of radioactive waste were used.
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Chapter 5
Radioactive Residues of Uranium Ore
Mining Requiring Special Monitoring

The following explanations relate to processing residues and their storage in various
locations (tailings ponds) as a result of SDAGWismut’s uranium mining operations
in Saxony and Thuringia. These are possibly the largest uranium mill tailings ponds
in the world, so that they can be described as reference objects. Comparisons are
made with remediation programs and legal requirements in the USA, so that the
reader can make comparisons with corresponding site specific projects and thus one
may also acquire ideas for options for site specific solutions.

5.1 Origin of Radioactive Residues—International,
Historical Development

Definition—Acronyms
Radioactive residues arematerials that arise from industrial andmining processes and
are described in the Radiation Protection Ordinance (StrlSchV) mentioned in Annex
XII Part A and those that meet the requirements specified therein. Their recovery or
disposal is regulated in Part 3 of the (StrlSchV). These materials are substances that
contain naturally occurring radionuclides or are contaminated with such substances.
Mining or industrial processes often lead to residues containing Naturally Occur-
ringRadioactivematerials (“NORM”) [1].Directive 2013/59/EURATOMrecognises
mining for uranium and thorium and the extraction and processing of the resulting
ores as a particular part of the nuclear energy cycle and thus these activities are given
a special status, see Chap. 2. The residues must be subdivided into residues requiring
monitoring and those that do not need monitoring. In the following section, only the
residues requiring monitoring are dealt with. For information on “non-monitoring”
residues, seeChap. 4. Further explanations such as classification, occurrence, custody
methods, etc. can be found in Chaps. 2 and 3.

Uranium (ore) degradation and all related activities of the fuel cycle, see Fig. 2.5,
produce large amounts of radioactive residues, as NORM—Naturally-Occurring
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Radioactive Materials or Technologically Enhanced NORM (TENORM),1 see [3].
Other industries that are known to have NORM issues include:

• The coal industry (mining and combustion)
• The oil and gas industry (production and refining)
• Metal mining and smelting
• Heavy mineral sands (rare earth minerals, titanium and zirconium)
• Fertilizer (phosphate) industry
• Construction and Building industry
• Recycling operations for metals and process residues

The legacies of uranium mining may be summarised as heaps of tailings; uranium
mill tailings ponds; underground mines, open cast mines, stockpiles of low level
mineralised material and waste rock and huge volumes of contaminated waters.

The focus here is concentrated on uranium mill tailings facilities.

Historical development
Uraniumminerals were known before the discovery of the element uranium in 1797.
For a long time, however, miners did not know what to do with the pitchblende that
appeared from time to time in processing plants. Targeted mining of uranium ores
took place only after the beginning of the nineteenth century. The oxide was used to
colour glass, usually yellow or black. However, the addition as a glass colourant is
prohibited in Germany today.

Uranium minerals have been extracted in many parts of the world using different
methods.With the discovery of nuclear fission in 1938 byOtto Hahn and his assistant
Fritz Straßmann, the priorities of uraniummining changedworldwide. The extraction
of uranium ores is seen as the beginning of the nuclear fuel cycle, see Fig. 2.5. It is
significant that nuclear fission first led to the development of the atomic bomb and it
was only some yeas later that nuclear fission was used to generate energy. The first
nuclear power plant (NPP) constructed solely for the production of electricity from
nuclear energy, was built on 27 June 1954, and is located in Kaluga, about 120 km
southwest of Moscow. Today, more than 400 NPPs are in operation worldwide,
see Chap. 7, and the application of radioactivity in medicine and research is now
universal. These activities result in large amounts of radioactive residues. Without
mining of uranium, the fuel cycle and the other peaceful nuclear related activities
cannot be maintained.

Causes of the rapid development in the exploration and in the extraction of ura-
nium ores
Germany had access to the Saxon-Bohemian uraniumore deposits, in particular to the
world-known deposit of Joachimsthal (Jáchymov)—Johanngeorgenstadt. There was
considerable fear in the international coalition against Nazi Germany that Germany
would get access to a nuclear fission bomb during World War II. And so large-scale

1Specified limits by mining committed in North American mining industry see [2]; in the following
becomes summarized TENORM with NORM to NORM.
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Fig. 5.1 Uranium price development since 1987, with historical price declines, according to UxC
LLC and Future Charts

uranium mining began in the United States in 1942 as part of the Manhattan Project.
A focal point was in the border area of the states Utah/Colorado/New Mexico and
Arizona, on the Colorado Plateau. There, more than 500 uranium mines were estab-
lished from which about 27 million tonnes2 of uranium ores were mined. In total,
272,3003 tonnes of U3O8 (yellow cake) were produced in the USA up to 1980, see
also [4]. The work was halted in the Navajo Nation Reservation area in the 1980s,
probably less because of the low yield, but more because of the huge drop in the
price of uranium on the world market, see Fig. 5.1.

The mining area located in the Navajo Nation Tribal Land still shows many scars
of uranium mining today, with significant health consequences for the residents.
There are still no-go areas. The Navajo‘s sense of responsibility in World War II
for the comprehensive mining of uranium ores in their tribal area has cost them
dearly. The Navajos have the expectations that they will be fully compensated and
that the legacy of uranium mining will be permanently eliminated by the Federal
Government.Although theNavajo received compensationofUS$554million in 2014
in a settlement with the Obama administration, it does not meet all the compensation
requirements; in particular the remediation of the legacy of uraniummining. The EPA
has a partnership with the Navajo Nation, and since 1994 the Superfund program
has provided technical assistance and resources to assess potentially contaminated
sites and develop a solution. Since 2008, two five-year plans have been set up to
gradually rectify the legacies. The US Department of Energy has also been cleaning
up legacy sites through programmes including UMTRA (Uranium Mill Tainings
Remedial Action) and DRUM (Defence Related Uranium Mines).

After the dropping of the atomic bombs on Hiroshima and Nagasaki and the end
ofWorldWar II, nuclear escalation also began in the Soviet Union. Since no uranium
deposits had been developed in the Soviet Union at that time, it concentrated on its
areas of influence inwhich uraniumdeposits existed: Soviet Occupation Zone (SBZ)-
GDR (East Germany); Czechoslovakia, Hungary, Central Asia etc. A significant
uranium mining programme began throughout these locations.

2All data here in metric tons, 1 tonne approx. 1.103 short ton.
3Of which approx. 190,000 metric tons in the Collorado Plateau; https://nepis.epa.gov/Exe/ZyPDF.
cgi/910088OG.PDF?Dockey=910088OG.PDF.

https://nepis.epa.gov/Exe/ZyPDF.cgi/910088OG.PDF?Dockey=910088OG.PDF
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Uraniummining in the Soviet Occupation Zone (SBZ)-GDRfirst began in Saxony
in the hydrothermal vein ore deposit of Niederschlema/Alberoda. In 1947 the Soviets
had created the mining company SAG4 Wismut in Moscow according to German
stock corporation law. The branch company founded in the SBZ was entered in the
commercial register of theSaxon townofAueon2 July 1947. It partly used themining
facilities of “Sachsenerz Bergwerks AG”, founded in 1944. Unprecedented uranium
mining began in the densely populated, important historical and cultural areas of
Saxony and Thuringia. After the popular uprising of 17 June 1953 in the GDR, the
GDR’s reparation payments were discontinued with effect from 1 January 1954.
On November 28, 1953, SAG Wismut was dissolved and on December 21, 1953,
the Soviet-German stock corporation (SDAG) Wismut was founded. It took over all
assets of SAGWismut, butwithout becoming its legal successor. Theoverexploitation
continued in this densely populated cultural landscape.5 The miners and processing
staff of SDAG Wismut were lured with very high wages and other benefits for the
health-exhausting work.

Comparative starting situation for the sustainable processing of the lega-
cies of uranium ore mining and all associated activities of the fuel cycle
in the USA/Germany
Following the reunification of Germany, and after the Soviet Union had renounced
its share in SDAGWismut, SDAGWismut was transformed into Wismut GmbH on
20 December 1991 as a federal enterprise which was commissioned to carry out the
remediation of the uranium ore mining legacies in Saxony and Thuringia. The full
extent of the environmental impacts is summarised in the following chapters.

In the market economy sense, however, SDAG Wismut was already bankrupt in
1990, see the historic fall in the price of uranium. It had been subsidized by the GDR
with more than 10 billion euros6 over the years. SDAGWismut thus also contributed
significantly to the decline of the GDR. Strictly speaking, the situation was the same
as in theUnited States, but the situation there had already occurred some years earlier.

In order to formulate a comparable initial situation in the United States and in
Germany regarding the handling of the legacies of uranium mining and uranium
processing, here is a summary:

• The decline of uranium mining in the USA was completed around 1980, that in
Germany around 1990;

• The size of the legacies was roughly the same, but they were distributed over a
much larger, very sparsely populated area in theUSAwhen compared toGermany;

• In both countries,mining operations have also disappearedwith the decline. InGer-
many, the remediation of the uranium oremining legacies in Saxony and Thuringia

4Soviet stock corporation (SAG).
5Now with a Soviet and a German general director (CEO).
6In the end, Germany will have spent around 30 billion euros on production and renovation.
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Table 5.1 Production and costs of remediation of Titles I and II- uraniummills and related facilities
[7]

Characteristics/
UMTRA

Number of
sites included

Metric tons of
ore processed

Metric tons of
U3O8
produced

Total closure
costs of all
sites in US$

Average
closure cost
per site in
UD$

Title Ia 26 29,100,000 50,624 1695,000,000 56,900,000

Title IIb 28 220,000,000 284,088 584,800,000 20,900,000

Total 54 249,100,000 334,712c 2279,800,000 42,200,000

aTitle I Mills were abandoned, un-licensed mills operated during the Atomic Energy Act (AEC) existence
bTitle II Mills were mills licensed by NRC or Agreement States in or after 1978
cbis 1992

is being carried out on the basis of the “Wismut Law”7 of 16 May 1991 with an
initial budget of DM 13 billion. In the USA, the Uranium Mill Tailings Radi-
ation Control Act (UMTRCA) was passed by the US Congress in 1978, which
entrusted the Department of Energy (DOE) with the responsibility for the stabili-
sation, disposal and control of uranium tailings and other contaminated material,
in 10 EPA-regions with approximately 5200 associated properties. Within the
UMTRCA, two discrete implementation programmes were agreed: UraniumMill
Tailings Remedial Action (UMTRA) Projects Title I and Title II, see [5–7]. The
most important data are summarized in Table 5.1.
All abandoned uranium mine sites (AUM’s)—Superfund sites—are listed on the
National Priorities List (NPL) of U.S. Environment Protection Agency (EPA), see
[8].

• InGermany, the financial resources for the entire project are provided by the federal
government, the final operating plans are approved by the responsible mining
authorities of the federal states, with the participation of the responsible water
authorities, radiation protection authorities etc. A set of regulations for the uranium
mill tailings ponds does not exist. The final operating plans for the individual
remediation projects are understood to be site-specific solutions. For individual
solution elements, the term standard cross-section, standard cover, is used, from
which, however, there are deviations in individual cases.
In the USA, uranium mill tailings are recorded as radioactive residues by the US
Nuclear RegulatoryCommission. There is a uniform set of rules: “Most of the reg-
ulations that the U.S. Nuclear Regulatory Commission (NRC) has established
for this type of byproduct material are found in 10 CFR Part 40, Appendix
A, “Criteria Relating to the Operation of Uranium Mills and the Disposition
of Tailings or Wastes Produced by the Extraction or Concentration of Source
Material from Ores Processed Primarily for Their Source Material Content.”,
see [9].

7“Wismut-Law”—Law on the Agreement of 16 May 1991 between the Government of the Fed-
eral Republic of Germany and the Government of the Union of Soviet Socialist Republics on the
termination of the activities of the Soviet-German stock corporation Wismut.
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Table 5.2 Historical uranium production [2]

Country Canada United
States

Kazakhstan Germanya Australia South
Africa

Russia Nigeria

U3O8
produced
up to 2014
(metric
tons)

483,957 373,075 244,707 219,686 194,646 159,510 158,844 132,017

aProduction includes 213,380 tU produced in the former German Democratic Republic from 1946 through the end of
1989

However, consideration must also be given to the legislation of the states;
• In case of Title I of UMTRCA it is a matter of abandoned mine sites. Congress
set up a program to jointly finance rehabilitation measures for decommissioned
uranium and thorium tailings storage facilities (public money). Especially where
residues mainly resulted from the production of uranium for the American defence
program. Under Title II of the UMTRCA, the State only provided supplementary
financing as themining companies were called on to finance the works themselves.

• The United States has the most experience in dealing with radioactivity, including
NORM and TENORM. Through UMTRCA and in particular the UMTRA Title
I program, both significant scientific and procedural knowledge of the long-term
safe, long-term stable closure of uranium mill tailings storage facilities has been
gained and made available for subsequent use. These data were used in Germany
as an essential basis for their own closure concepts, see following chapters;

Significant uranium production took place in the former GDR as shown in Table 5.2.
Although there has been no significant uranium production since 1990, Germany

is (and will remain for a very long time) still in 4th place in the historical uranium
production table.

Around the year 2000 a further change in uraniummining and uranium processing
began worldwide. On the one hand, this change resulted from the fact that uranium
ore deposits being mined are now increasingly at both low grades and very high
grades. In addition, the ISL (In Situ-Leaching) method, is increasingly being used,
in addition to the traditional methods of underground and open-cast mining.

More than 80% of current uranium mining takes place in sandstone-bound
deposits. In underground and open pit uranium mines, the ratio of overburden to
ore has increased as less accessible and inferior ores are exploited. This increases
not only the mining costs but also the closure costs, which are part of the operating
permit in Germany, see Fig. 5.2 and [10].
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Fig. 5.2 World mining production—by different mining methods, see also [11, 12]

5.2 Origin of Radioactive Residues and Residue Storage
Facilities, Basic Requirements for Their
Decommissioning in Germany

A compilation of the origin and classification of radioactive residues is given in
Chap. 2. By far the largest quantity of radioactive residues requiring monitoring
in Germany originates from the enormous uranium ore extraction and processing of
SDAGWismut in Thuringia and Saxony between 1946 and 1991; Source: [13] Status
and Results of the WISMUT Environmental Remediation Project; Vienna 2006:

• 231,400 tons of produced uranium (“Yellow Cake”) by 1991;
• 37 km2 of WISMUT-mining region in the mining areas of Saxony and Thuringia;
• 311 million m3 tailings dumps—0.2 to 2 Bq/g (Ra-226), inventory: 20,000 t ura-
nium;

• 30.6millionm3/amine drainage—25 t/a uraniumdischarged into receivingwaters;
• 5.7 km2 Industrial settlement plants8 (tailings ponds), 178 million m3 processing
residues, inventory: 1800 TBq (Ra-226), 16,000 t uranium;

• 1.6 km2 opencast mining area; 84 million m3 hollow mould;
• 5 underground mines; 1.53 million m3 of mine structures, tunnels and drifts with
a length of 1470 km.

In case of radioactive residues in need of monitoring, from the former uranium ore
mining in the new federal states, but to a lesser extent also in the older states, these
are predominantly dumps of former uranium ore mining as well as tailings ponds of
former uranium ore processing (Uranium Mill Tailings). To illustrate the full extent

8Storages for the uranium ore processing residues (Uranium mill tailings ponds) were designated
by the SDAG Wismut Industrial settlement plants (IAA).
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of uranium mining in Saxony and Thuringia, the following data on the Schneeberg-
Oberschlema deposit are presented; 73,105 tons of uranium were extracted from the
deposit with an average uranium content of 0.4%; this quantity of uranium corre-
sponded to 18.25 million tonnes of mineralized material that was transported for
processing. The ore was first pre-sorted underground and then carried to the sur-
face in crates. In 1965, the Radiometric Presorting Factory (RA) went into opera-
tion at shaft 371, pre-sorting step ore (0.1 to 1% uranium content) and factory ore
(0.01–0.1% uranium content). The “barren” material with uranium contents <0.01%
was transported to the tailings dump, see also [14]. However, the material is not bar-
ren and it is classified as radioactive residues according to StrlSchV. This resulted in
a huge “dump landscape” with 28 dumps of radioactive residues around the shafts of
the Schneeberg-Oberschlema deposit. Their slope angle corresponded to the natural
angle of repose at between approx. 34° and 36°. The two dumps at shaft 3719 alone
comprised a volume of 13 million m3. The dump 371/I has a volume of 9.3 million
m3 and the dump 371/II has a volume of 3.7 million m3. Both tailings dumps are
currently in the final phase of remediation, see Figs. 5.3 and 5.4.

In this region,most dumpswere flattened in the remediation programof the federal
Wismut GmbH and covered with a standard cover of 1 m of inert material, so that the
emanation of radiation and of the gaseous, radioactive decay product radon is largely

Fig. 5.3 left: Heap profiling and cover; middle: Standard cross-section of the dump of the
Schlema/Aue region; according to Wismut GmbH; right: dump remediatio in situ, shaft 371, flat-
tening, profiling and installing of the cover, Aug. 2009. Source Lersow, M

Fig. 5.4 left: dump landscape of the Schneeberg-Oberschlema deposit, 1967; Source Wismut
GmbH; right: landscape after remediation. Source Lersow, M., August 2017

9The SDAGWismut designated all components of the mining and processing plant as objects with
a number, e.g. Shaft 371, this was the main production shaft of the deposit. This was part of the
obfuscation of the activity of the SDAG Wismut in the GDR.
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prevented in the biosphere and revegetation is encouraged. Radiation exposure and
infiltration are also minimized. In addition to the installation of a path network,
the heaps have been planted. The recultivated and remediated heap landscape fits
in well to the landscape of “Erzgebirge” (ore mountains). Seepage water (leachate)
and surface waters are collected over the long term and sent to a water treatment
plant. In the water treatment plant, the waters are cleaned, thus permitting their
discharge into the Zwickauer Mulde river in compliance with the permitted levels.
The resulting radioactive and toxic residues of the water treatment are stabilized,
conditioned in bags and stored at an approved installation location, usually within
a surrounding dump, and safely disposed of. However, contaminated waters can
also reach the groundwater via the tailings footprint, which has to be permanently
monitored. However, by far the largest amount of contaminated water appears as
excess mine water from the flooded pits and shaft; these are also fed to a treatment
plant and cleaned. At present the treatment programme has no end date.

In most mining and processing areas of the Soviet-German stock corporation
(SDAG)Wismut the permissible radiation dose limit of 1Millisievert/year(§46 Radi-
ation Protection Ordinance) was exceeded. As a consequence, after the reunification
of Germany, there was an urgent need to look at the rehabilitation of these areas
from a radiological point of view, see SSK [15]. The redevelopment of the areas
designated in 1992 has meanwhile progressed considerably but is not yet completed,
see Fig. 5.4.

The residues from the uranium ore processing at the central processing plants
of the SDAG Wismut in Crossen and Seelingstädt, see Fig. 5.5, are the most pro-
tracted task for the remediation of the legacies of uranium ore mining in Saxony and
Thuringia.

For example, the problem of radon exhalation occurring from the large waste
heaps is not discussed here. However, this has no influence on the general statements
here but leads to a focus on the topic.

Fig. 5.5 Distribution of
local dose rates in the
uranium mining areas of
Saxony and Thuringia; in
state of 1992 according to
Wismut GmbH
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At the tailings ponds of the former uranium ore mining in Saxony and Thuringia,
it should be noted that the locations where tailing ponds were built were initially
selected so that the residues from the treatment process could be deposited there
economically and with long term certainty. These sites had to be close to the pro-
cessing plants, some of which were built close to the mining sites, so that in some
locations a concentration of mining extraction, processing and storage of processing
residues (tailings) from uranium ore processing can be found in just a few square
kilometers.10

If one carries out an international comparison of the chosen locations, it is sig-
nificant that the uranium ore extraction and treatment in Saxony and Thuringia took
place in a very densely populated, historical European cultural landscape, partly in
the immediate vicinity of drinking water production. This led to significant environ-
mental impact in the affected regions.

The population density in the Schlema/Alberoda region (Saxony) is around 250
inhabitants/km2. In comparable uranium production and processing regions, such as
South Australia, Utah (USA) or the Athabasca Basin (Northern Saskatchewan and
Alberta/Canada), the population density is sometimes less than 1 inhabitant/km2.
This must also be reflected in the closure technology for the residues requiring
monitoring.

The deposition of residues from ore processing in surface storage facilities, in
particular in tailings ponds, is practiced in manymining countries andmany different
climatic zones. Especially for gold, copper, zinc, lead and uranium ores, tailings
ponds are created that assume considerable dimensions, see Fig. 5.6. It is the most
commonly used depositionmethod for residues of ore processing (tailings).However,
over the last two decades thickening of tailings and their underground disposal has
also become established.

This is done primarily by dewatering and addition of binders. The processing
residues (tailings) become a pumpable thickened paste and can be pumped into
prepared underground cavities. To conclude this work, the storage chambers are
reliably secured with barrier structures to protect the environment. The addition of
proven immobilization reagents during the production of “paste tailings” Caldwell
and Charlebois [16] should also be considered, see Fig. 5.7. In the case of paste
tailings, which are deposited in containments on the surface, there can be no seepage
of the pore waters and supernatant water, so that the tailings dams should be lined.

Generally, for the disposal of residues from ore processing, in the simplest case,
a valley is sealed off with a dam. If no valley is available, an annular dam will
usually be erected. This creates a hollow shape for the discharge and storage of the
processing residues. In contrast with the construction of an earth dam, the slopes of
a tailings pond may be built with tailings material that is not suitable for processing.
Such slopes are also not compacted layer by layer and also contain no clay core,
as is often done in earth dams. For the processing residues (uranium tailings) of the

10By this line-up the SAG Wismut was initially not interested. There took place an plundering of
natural resources. Only in later years (SDAG Wismut) was the ore processing concentrated at two
sites (Crossen and Seelingstädt).
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Fig. 5.6 Discharge of
processing residues (tailings)
in an industrial settlement
plant (tailings ponds) of the
SDAGWismut, 1963. Source
Quelle: ©Wismut GmbH

Fig. 5.7 Paste Tailings.
Source Mark T. Biesinger/
WesTech Engineering, Inc.,
[17]

Wismut SDAGmostly abandoned sand- or gravel quarrieswere used, which had been
designed for this purpose; thesewere preparedwith a suitable slope structure (tailings
embankment) boundary, so that the planned hollow containment was formed, see Fig
5.10 and 5.14. Such structures may also be described as a “turkey nest” dam. Base
sealings to protect against seepage leakage, as required by regulatory agencies in
many countries today, were not implemented, see Vick [18].

Thus, two mined out uranium open pits Katzendorf (Trünzig) and Culmitzsch
were used by the SDAG Wismut as discharge basins for the uranium mill tailings
from the processing plant in Seelingstädt near Ronneburg (Fig. 5.8).
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Fig. 5.8 Distribution of the uranium mill tailings ponds of the SDAGWismut according to data of
Wismut GmbH (There are considerably more, but smaller tailings ponds from the earliest uranium
mining of SDAG Wismut as figure shows)

The uranium mining of Culmitzscher deposit took place between 1951 to 1967 in
an open pit. This deposit belonged to the so-called “sandstone type”.11 In addition to
oxidic uranium mineralization in this deposit sulphidic, unminable, mineralization
of zinc, lead, copper, iron, arsenic, cobalt, nickel and antimony was also found. The
components of this mineralization are now in the inventories of the tailings ponds at
Trünzig and Culmitzsch and can be detected in the collected waters, TLUG [19].

Processing residues from the processing plant in Crossen, near Zwickau, were dis-
charged in the former sand/gravel open pit in Dänkritz, now described as the tailings
pond “Dänkritz I”.12 Another disposal location for the Crossen processing plant was
created in the Oberrothenbach valley as a “valley impoundment”. In terms of area
it is the largest uranium mill tailings pond operated by SDAG Wismut, Helmsdorf,
Jakubick and Hagen [20].

11Sandstones are also aquifers.
12Nearby, there is another smaller uranium mill storage Dänkritz II, which does not fall under the
Wismut law.
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5.3 Decommissioning/Long-Term Safekeeping
of Radioactive Residues of Uranium Mining
in Germany—Safekeeping of a Tailings Pond Based
on a Site Specific Remediation Concept [Conceptual
Site Model (CSM)]

When a tailings storage is full, it must be decided whether the deposited tailings
will be reprocessed again (secondary deposit)13 or whether the tailings pond will be
safely closed out for the long term.14

In Germany, according to gem. § 53 BbergG, the operator has to submit a final
operational plan, which has to be approved by the responsible mining authority. At
the same time, the mining operator (operator) has an obligation of rehabilitation at
mine sites and to fulfil the requirements of gem. § 66 BBerg. This obligation has
a significant impact on the decommissioning/long-term safekeeping of the tailing
ponds of the SDAG Wismut.

The uranium oremining in Saxony and Thuringia ended abruptlywith theGerman
reunification. The activity had taken place in an old, densely populated European
cultural area and the mining had been considered by many to be uneconomic and
environmentally irresponsible. Although it had been the main shareholder of the
Soviet-German Stock Corporation (SDAG) the Soviet Union was not willing to bear
the necessary financial expense for remediation. The Federal Republic of Germany
took over the 50% share of the Soviet Union and thereby assumed all obligations
under the Federal Mining Act. In order to finance these obligations, the federal
legislature initially planned for DM 13 billion, which in the meantime has increased
to e 7.1 billion, see BMWi 2016, see also Sect. 5.1.

At the beginning of the 90s there was little experience in Germany regarding
the safekeeping of uranium mill tailings ponds. When in 1991, on the basis of the
Wismut Act, the renovation of the enormous legacy of uranium mining in Saxony
and Thuringia began, this work could only be carried out on the basis of approved
final operational plans according to BBergG. This requires a plan approval procedure
including environmental impact assessments for the safekeeping of the uraniummill
tailings ponds. Due to the concentration effect of the BBergG, at least the Water Act,
the Radiation Protection Ordinance (StrlSchV) and the Atomic Energy Act (AtG)
had to be used for the approval of the final operating plans. Indeed, the competent
mining authorities as supervisory and approval authorities had experience with the
operation of themill tailings ponds of theSDAGWismut, but notwith their permanent
decommissioning and the applicable legislation of the FRG. It was thus necessary
to examine which laws of the GDR should be considered to apply. According to
Article 3 of the Unification Treaty of 6 September 1990, the following laws of the

13This is unusual for uranium tailings, but is the rule for gold tailings.
14The SDAGWismut has often no done remediation works for the decommissioned Tailings ponds
from the period 1945–1963.
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former GDR should continue to apply to the remediation of the legacies of the SDAG
Wismut, GesfStrlSch [21]:

– Ordinance on Ensuring Nuclear Safety and Radiation Protection of 11 October
1984, together with the Implementing Regulation to the Ordinance on Ensuring
Nuclear Safety and Radiation Protection (VOAS)

– Arrangement to ensure radiation protection of waste dumps and industrial tailings
and the use of materials deposited thereon of 17 November 1980 (HaldAO).

Due to the lack of experience in the safekeeping of tailings ponds from uranium
ore processing, international experience had to be used as a priority. There was a
fortunate occurrence at this time. In the USA, due to the rapid decline in uranium
prices, a large number of uranium mining and processing sites had been abandoned
in the 1980s and 1990s, which also required closure, see Lersow and Märten [10].
Following the disappearance of the mining companies in many cases, the American
government was obliged to plan for safe and long-term stable closure of these sites
and commenced the UMTRA program (Uranium Mill Tailings Remediation Action
Program). In addition to the provision of financial resources, the UMTRA program
has generated significant, widely applicable, findings on the safe, long-term closure
of uranium tailings ponds, which were incorporated into the remediation program
of the tailings ponds of the SDAG Wismut, see Wels et al. [22], see also Sect. 5.1.
Waggitt, P. gives in [11] an overview of the international status of developments in
remediation of uranium ore mining and processing sites, worldwide.

Another partner involved in the process is the InternationalAtomicEnergyAgency
(IAEA). It not only performs an oversight role, but also offers guidance and training in
allmatters relating to the handling of radio-toxic substances, including the processing
residues of the uraniumores of the SDAGWismut. The IAEA is not only endeavoring
to collect and provide best practices from the variousmember states, but also finances
research on controversial issues.With reports and, in particular, the “JointConvention
on the Safety of Spent Fuel Management and on the Safety of Radioactive Waste
Management”, it has created a legal instrument to directly address issues related to
the management of radioactive waste and residues on a global scale [23].

For tailings dams, the ICOLD (International Commission on Large Dams) has
formulated a set of guidelines that had to be taken into account and implemented
in the permanent decommissioning of the uranium mill tailing ponds of the SDAG
Wismut.

For the selection of closure technology for uranium tailings ponds it is crucial that,
as a result, a geotechnical environmental structure is created, which will permanently
eliminate the on-site hazards which result from the radioactive and toxic processing
residues for humans and the environment. It is also important that the geotechnical
environmental structure adapts harmoniously into the environment at the chosen
location.

The site-specific boundary conditions and factors have a decisive influence on
the choice of closure technology, on the geotechnical environmental structure to
be erected and thus on the achievement of the remediation goal of safe, long-term
safekeeping of uranium tailings ponds see Vick [24].
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The safekeeping of a uraniummill tailings pond is often carried out worldwide on
the basis of a site remediation concept [Conceptual Site Model (CSM)], see Chap. 3.
In Germany, this corresponds to a final operational plan. The application for approval
according to mining law, according to BBergG, § 54 is therefore a site-specific
rehabilitation concept. An approved final operational plan for the decommissioning
and long-term safekeeping of uranium mill tailing ponds of the SDAG Wismut can
be according t. § 53 BBergG and amended. Thus the closure plans are practically
updated.

The closure technology used is thus, strictly speaking, always unique. Therefore,
the optimization criterion of any closure technology must always be based on the
achievement of site-specific objectives. Long-term safety investigations and proofs
must also follow site-specific objectives, but these must be based on objective criteria
[23]. The resulting geotechnical environmental structures can be used as a reference
on which modern requirements for long-term safe storage of radioactive substances
can bemirrored and evaluated, see Lersow andGellermann [25]. This also applies to a
monitoring system to be installed, including long-termmonitoring and environmental
monitoring, which has been so far largely ignored during final disposal planning, see
Chap. 9.

The following considerations are based on the general protection criteria for the
long-term safe and stable disposal of abandoned uranium mill tailings ponds of the
SDAGWismut: “To develop a closure concept for radio-toxic residues, with which
permanently prevents radioactive contaminants overflowing into the Biosphere
and if so, then only within the socially accepted borders.” The term “permanently”
has here initially a time limit, which results from requirements of the regulatory
mining authority. At which time a tailings pond is released from the supervision of
the regulatory mining authority, the competent mining authority will decide. Based
on current knowledge, it can be assumed that the uranium mill tailings ponds of the
SDAGWismut will remain permanently under supervision of the mining authorities.
It is guaranteed by law that the mine plans and the operating chronicle according to
the Documents–Mining Ordinance, § 67 BBergG, remain with the competent mining
authority and thus also permanently accessible to the public.

Internationally, the problem of missing base sealing is not untypical. Where there
are large seepage volumes of radioactive waters, there may be a possibility for the
relocation of the uranium tailings or the large-scale lowering of the groundwater
level in the vicinity of the uranium tailing spond.

During the relocation of the contents of a uranium tailings pond, the host structure
is first prepared according to the rules of technology and, of course, provided with a
base seal, possibly also with a watertight core in the dam body.

As a prominent example, the uraniummill tailings pond atMoab in the US state of
Utah in the immediate vicinity of the Colorado can be considered. The uranium mill
tailings pond was associated with the formerly largest uranium deposit of the USA.
In 1984, the uranium mill tailings pond was closed and covered. Then significant
seepages of leachatewere discovered leaking to theColoradoRiver,which threatened
to pollute the river in the long term. The river is regarded as a “lifeline” to the
communities and environment downstream.
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Fig. 5.9 left: uranium tailings pond Moab directly adjacent to the Colorado River; right: section
of the transport plan. Source [26], public domain

The US Department of Energy declared the Moab talings pond as an abandoned
mine site (mining without legal successors), and it was put under the UMTRA pro-
gram. It was planned to relocate 10.8 million tons of radioactive residues, mostly by
train, some 30 miles away to a disposal site at Crescent Junction, Utah, see Fig. 5.9.
The transfer takes place mostly by train and should be completed in 2028. The cost
of the relocation and remediation of the Moab uranium tailings, including the decon-
tamination of the surrounding area, this relatively small amount of uranium tailings
(compared to the tailings ponds of the SDAG WISMUT), is currently estimated at
about US $750 million see [26, 27].

If the tailings ponds are far from civilization and the groundwater is already
naturally highly contaminated, as in Western Australia—Kalgoorlie Goldfields—
little aftercare may be operated next to the cover. Gold tailings are often re-processed
once or twice, therefore these are frequently stored in uncovered locations.

The uraniummill tailings ponds in Canada which were covered with a clear water
lamella (or with a mineral cover), see Fig. 5.14, must be observed in a similar way as
in Germany. The regulatory authority is Natural Resources Canada. In addition to the
radiological contamination of the waters, the uranium ore-containing residues con-
tain the sulfide mineral pyrite, which can oxidize into sulfuric acid when exposed to
oxygen.Acid drainagewater fromuranium residues is therefore a significant environ-
mental problem in Canada, as uranium mill tailings ponds are often located directly
alongside extensive surface waters. The acid mobilizes metals such as radium, cop-
per, zinc, nickel and lead and this contamination must be prevented from escaping
into surface waters in particular. In Canada, for example, the waters are captured,
conveyed and treated. Examples include Elliot Lake (Algom’s Stanleigh mine) in the
Algoma District Ontario/Canada and McCabe Lake in Halifax/Nova Scotia/Canada,
where there has been significant contamination from tailings ponds, see [28].
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5.4 Properties and Radiotoxicity of Uranium Tailings,
in Particular at SDAG Wismut

Uranium tailings are usually deposited into tailings ponds as a suspension (so-called
sludge or slurry), consisting of the radioactive and non-radioactive constituents of
the parent ore, chemicals, organic substances and process water (discharge), see
Fig. 5.6. The way in which the tailings are deposited in the containment has an
influence on the layers that develop there; layers will differ in terms of their grain
fraction, consistency and mineral composition. The thickness of the tailings body
and the radio-toxic inventory can take on considerable dimensions, see Table 5.10.
Layout of standard and discharge hazards of uranium mill tailings are shown in
Fig. 5.10.

• Properties of the residues from the uranium ore processing, in particular the
SDAG Wismut

Depending on the processing methodology, tailings consist of solid constituents and
process water from ore processing. The solid constituents are fine-grained sediments
(typical grain fractions between 0.001 and 0.6 mm) of the ground ore and minerals.
The goal of crushing is breaking the uranium ore to free the ore minerals from the
gangue minerals.

The uranium ore processing residues of the SDAG Wismut in the uranium mill
tailings ponds describedhere come fromawet-chemical treatment process (flotation).
In flotation the different surface properties of the minerals have to be considered.
To separate them, the ore must be crushed in several stages, finally in ball mills
with the addition of water, to a specific fineness. By adding suitable reagents to
the resulting suspension or “Trübe”, the surface of certain minerals can either be

Fig. 5.10 Schematic of a uranium mill tailings pond showing main dispersal hazards. Source [29]
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activated or passivated in this system. The activated ore minerals thereby become
water-repellent-hydrophobic, while the others remain water-wettable -hydrophilic
and become residues e.g. pumped as a suspension into a surface storage facility and
stored, see Fig. 5.6.

Thus, it becomes clear that the physical and chemical properties of the tailings
of a wet-chemical treatment process result from various individual properties—the
properties of the remaining minerals, the properties of the added chemical reagents,
the properties of reaction products, etc. The tailings from the wet-chemical treatment
consist of solid components and processwater. The solid constituents are fine-grained
sediment (grain fractions see above) of ground ore andminerals resulting from leach-
ing of the ores.

The residues from ore processing may be characterized by high chemotoxicity
and/or radioactivity. The uranium mill storage facilities are usually designed to be
active for several decades. It follows that the solid constituents of the slurry which are
placed in the containment settle down and form a water-saturated layer of solids, the
thickness of which increases over time. At the uraniummill tailings pond Culmitzsch
A, shown in Fig. 5.6, water-saturated layer of solids is about 72 m thick.

• Tailings ponds of uranium mining in Germany, radiotoxicity of inventories

The legacy uranium mining sites in Saxony and Thuringia contain large quanti-
ties of radioactively contaminated materials, see Tables 5.1, 5.3 and 5.6. The long-
term safe and stable storage of these legacies is carried out not only in compliance
with geotechnical requirements, but also according to radiation protection criteria
(StrlSchV, HaldAO, VOAS). This means under current requirements, the deposits
would be classified as residues requiring monitoring. The SDAG Wismut’s radio-
logically most significant deposits in terms of volume are the uranium mill tailings
ponds; the details are shown below Table 5.3.

Table 5.3 Data on some of the Uranium mill tailings ponds of SDAG Wismut

Location/
Specification

Culmitzsch
A

Culmitzsch
B

Trünzig A Trünzig B Helmsdorf Dänkritz I

Surface (ha) 159 76 67 48 205 19

Volume (Mio m3) 61 24 11 6 45 5

Mass of solid
(Mio t)

64 27 13 6 49 7

max. disposal
thickness (m)

72 63 30 28 48 23

Source [25]
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5.5 Site Remediation Concept—Conceptual Site Model
(CSM)

5.5.1 Principles of Closure Planning

Initially, the closure planning of uranium mill tailings ponds is based on the con-
ditions encountered at the site and the general, recognised, country-specific rules
according to the state of the art: in Germany the Federal Mining Act (BBergG) and
other applicable laws and ordinances, as well as the international requirements and
guidance —Directive 96/29 EURATOM and the IAEA—Joint Convention Safety
of Spent Fuel Management and on the Safety of Radioactive Waste Management as
well as guidance such as IAEA Safety Report Series, etc.

• Basic assumptions of closure planning

Each closure plan is based on assumptions that are considered regardless of location.

– The design of the necessary closure measures (final operating plan) for the con-
struction of the long-term stable, geotechnical environmental structure for the
safekeeping of tailings in particular uranium mill tailings, is made on the basis of
a risk-oriented assessment approach (attention paid n to structure-relevant prop-
erties of tailings and dam construction materials).

– The long-term stable, geotechnical environmental structure consists of a multi-
barrier system consisting of three main elements—dam structure—covering of the
tailings body—basic sealing. It is supplemented by a water capture and transfer
system and a water treatment plant for the treatment of the collected contaminated
ground, seepage and surfacewaters. This will allow treatedwaters to be discharged
into the receiving waters in accordance with the relevant quality limits. The cover
of the tailings body is designed as a multifunctional multiple barrier.

– The definitive requirements for the long-term stable, geotechnical environmental
structure are determined in each case and are site-specific. In the context of the
prescribed optimization [for example according to Atomic Energy Act (AtG)] and
taking into account all relevant aspects, such closure measures are applied whose
effectiveness are least likely to be impaired by erosion processes or natural events
such as severe storms, earthquake etc.

– The long-term stability of the geotechnical environmental structure for the safe-
keeping of uranium mill tailings will be required for a minimum period of
1000 years. Special requirements arise from the relevant legal emission concen-
trations and the dose rate value, from the relevant legal regulations and standards.
These are generally applied to all matters of handling and avoidance of the spread
of radioactive and toxic substances, and from the point of view of optimization
(site- and object-specific).

– The long-term stable, geotechnical environmental structure should follow the fol-
lowing objectives, irrespective of the site- and object-specific deviations:
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• Objectives of closure planning

The site-independent objectives of a long-term closure of storage facilities for
residues of from ore processing, in particular from uranium ore processing, can
be summarized as follows:

– Long-term stable storage of radioactive and toxic residues

geomechanical/geohydraulic long-term stability,
geochemically long-term stability,
landscape-compatible

– Reduction of:

Emissions harmful to humans and the environment (emissions transfer to the bio-
sphere) so that the concentration of pollutants remains within the legal acceptable
range (air, water and soil pathways)
radioactive radiation via air, water and soil pathways (radon exhalation, the local
dose rate, etc.)
Infiltration of surface water, protection against heavy precipitation

– Avoidance/reduction of:

Material dispersal, harmful emissions to humans and the environment, in particu-
lar, toxic emissions via dust,
Spreading of radioactivity via dust,
Oxygen diffusion into the tailings body, in particular to limit the formation of
acidity,

– Protection of groundwater and receiving waters, in particular by preventing the
escape of toxic and/or radioactive contaminants via the soil and water pathways

– Necessary restrictions for post closure use (human intrusion impacts)

• Site-specific types of closure uranium mill tailing ponds

Tailings ponds, in particular uranium mill tailings ponds, pose significant hazards
to public health and safety both during operation and after decommissioning, which
must be mitigated and eliminated, see Fig. 5.10. In particular, the type of closure
depends on the site conditions, which are dependent upon the climatic conditions
and situation found at the site. The following types of closure of uraniummill tailings
ponds are used worldwide, see Table 5.4.

– Dry in situ storage, covering of the residues inventory, mostly with mineral, inert
material layers (containment, encapsulation);

– Wet in situ storage, covering of the stored material with a pure water lamella [30];
– relocation of the tailings body to a prepared new containment, see—UMTRA
project: Atlas Mine in Moab (Utah, USA)—approx. 14.6 million t of uranium
processing residues on approx. 53 ha [27] Moab (–), see Fig. 5.9;

– underground disposal, return of residues to underground mined out areas, see
Fig. 5.1 [31];
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Table 5.4 Comparison of closure strategies for tailing ponds

Closure strategies pros and cons

Return of residues to underground mining
areas

If this type of residue deposition is not to
become a source of permanent groundwater
contamination, the deposition of residues
above the groundwater level must be carried
out. Alternatively groundwater levels may be
lowered. In such cases underground disposal
may be implemented. Often the residues will
be stabilized prior to disposal. With innovative
mining and processing technology, this type
of disposal is often used

Backfilling of residues in opencast mines The filling of processing residues in former
open pits, in particular uranium ore residues,
is not uncommon. The potential to pollute
groundwater depends on the disposal
technology and the local hydrogeology. In
particular, the redox potential should be
limited and base sealing should be provided

Covering the residue storage facilities with a
clear water lamella

Worldwide, large quantities of uranium ore
residues are deposited in uranium mill tailings
ponds and covered with a clear water lamella.
This type of disposal is not suitable for the
long-term storage of residues containing
long-lived radioactive constituents (for
example, for Thorium-230 the half-life is
80,000 years, for radium-226 the half-life is
1620 years). Often, a portion of the cover may
become dry, allowing radon gas and
radioactive dust to escape. If the residues are
not removed and contained, these deposits are
sources of permanent groundwater
contamination. They represent a serious risk
in earthquakes because of the danger of
liquefaction of the sludge. The risk of
uncontrolled overflow of dams is considerable

Dry closure method in situ This type of disposal poses a risk of
permanent groundwater pollution, especially
in the absence of base sealing, and if the
seepage and pore waters are not permanently
captured and treated. Such locations requires
permanent groundwater monitoring. There is
a serious risk of containment failure in case of
earthquakes
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– Production of paste tailings, see Fig. 5.7 and storing in surface, near surface or
underground cavities.

The primary objective of paste tailings production is to increase the stability of
the geotechnical environmental structure and it opens up larger storage options, e.g.
Underground storage, see Fig. 5.11. The loss of dam stability is very unlikely when
using paste tailings, especially in seismically sensitive regions.

Dry in situ containment has prevailed in the US and Germany. Innovative mining
companies today leave the majority of the mining waste underground. However, the
backfilling of process residue containing structures on the surface resulting is still of
major importance. Many residue stores are prepared for closure during the extraction
and processing. In particular, the dams are profiled, secured and planted at this time.
Therefore, today it is considered that the planning of the closure of the tailings storage
facilities is an integral part of overall project planning. The closure structure itself has
to guarantee the long-term stability, including the physical, chemical and biological
stability [23, 32, 33]. Most containments have multi-layered, multifunctional covers
which should provide the following functions:

– Radiation protection, limitation to background levels;
– Stabilization of the tailings body (static and dynamic);
– limitation of seepage and leakage of polluted tailings waters;

Fig. 5.11 Closure methods of Uranium mill tailings ponds, location-dependent, also from the
different climatic conditions
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– limitation of thermal stress;
– promotion of vegetation;
– landscaping, adaptation of the geotechnical environmental structure to the natural
environment;

– restriction of the entry to tailings body (protection of cover system).

The covering of the residue storage facilities with a clear water lamella and dry
in situ storage are described in more detail in Sect. 5.5.3.3.

5.5.2 Long-Term Safe and Long-Term Stable Closure
of Tailing Ponds

The residues from ore processing, which have been discharged into a prepared con-
tainment (tailings pond), settle down over time. They often form a depositional beach
around the edges, consisting of coarse-grainedmaterial, and at themiddle of the pond
the fine-grained tailings settle (sometimes called slimes). The tailings body is water
saturated. It forms a solid layer above the water-saturated zone, a liquid layer of
process water and free surface water. At the centre of structures the open water is
often referred to as the decant pond. The free ponded water is highly contaminated,
but provides some radiation protection, since water reduces the escape of radioactive
radiation. However, water evaporates, allowing radioactive contaminants to enter the
atmosphere. This happens during the entire operating phase of the tailings pond and
in the post-operational phase as long as the ponded water lamella is present.

In the absence of a base sealing, contaminated porewater can leak from the bottom
of the containment across the whole dam footprint and into the surrounding area and
from there into the groundwater.

In particular, the ponded water moistens the dam of the containment, resulting
in development of a phreatic line. A phreatic line is the boundary between the dry
and damp material of the dam structure where the tailings are stored. The phreatic
line should ideally emerge in the dam foot area on the air side of the dam. This
will allow any leaking waters or seepage to be collected using a leachate collection
system. Alternatively, a leakage in the upper dam area leads to a high risk of stability
including, potentially, dam failure. With heterogeneous dam construction, the per-
meability of the dam and its different areas plays a major role. Tailings dams should
be designed so that they are denser on the water side than in the remaining part, so
that the phreatic line in the denser area is pulled down and then can no longer escape
on the air side. This significantly increases the stability of such dam constructions.
Therefore, dams are sealed on the water side and dewatered on the air side by more
permeable filter layers. For the dam constructions of the SDAG Wismut such pro-
tective measures were not available and had to be arranged in the final operational
plan procedure, if this was possible, see Fig. 5.10. This problem does not arise with
paste tailings.
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• Primary requirements or the achievement of the following protection goals

(a) Elimination of potential hazards:

– the radiological and chemical-toxic risks (air, water, soil)
– the geotechnical/ conventional risks
– the pollution of groundwater and surface water, and

(b) Minimization of material risks potentially associated with tailings ponds by:

– the reduction of release and rate of spread (coverage, encapsulation),
– the treatment of released pollutants (water treatment)

• Secondary requirements

(a) Adaption of the geotechnical environmental structure to the environment
(b) Sufficient availability of material suitable for the construction of the geotechni-

cal environmental structure
(c) Socio-ecological acceptance of the geotechnical environmental structure

These requirements are valid worldwide. In any case, the final closure construction
will be a site-specific solution that has tomeet all the requirements for safe, long-term
stable elimination of potential hazards, with emissions below the prescribed limits
for radioactive and toxic pollutants and for socio-ecological acceptance. All of this
has to be proven by an accompanying programme of monitoring for the service life
of the closure containment. This is summarized in a site remediation concept for the
respective tailings pond and must be approved by the relevant mining authority. The
site redevelopment concept will also contain any restrictions that have to be complied
with in case of possible reuse of the rehabilitated areas. It may be possible to prohibit
reuse; “Human Intrusion Scenarios”.15 Quality control, monitoring, documentation
(final documentation) are specifications that guarantee the reliability of the closure
construction, the guarantee of the duration of protective functions over its service
life, and show the need for any necessary follow-up services in good time. The timing
for release of the site from supervision is part of the long-term safety plan for the
Geotechnical Environmental Structure. However, the certification of the abandoned
mining site, together with all relevant data remains in the registry of the competent
mining authority.

• Evidence and objectives of the multibarrier concept for the long-term safe and
stable closure of uranium mill tailing ponds.

The design of the site concept for the long-term safe, stable and site-specific closure
of uranium tailings ponds is based on individual proofs (ENW), specification of target
figures and objectives for ensuring compliance with socially responsible standards
and for risk minimization.

15Particularly in sparsely populated regions of the USA, attempts were made to leave information
on the hazard potential by means of appropriate information on monuments at the closure structure,
and thus available even for periods for which administrativemeasures are no longer effective. This is
intended in, particular, to prevent unintentional human intrusion into the tailings (“human intrusion
scenario”).
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• Individual proofs for the interpretation of the multibarrier concept (ENW)

– Individual proof of the long-term stability of the dam structure (ENW1)
– Individual proof of the long-term stability of themulti-functional cover (ENW2)
– Individual proofs of long-term stability of the base sealing (ENW3)
– Individual proofs of protection of groundwater and run-off protection (ENW4)

• The multibarrier concept is designed to achieve, the reduction of

– Environmental radiation
– Radon exhalation,
– Infiltration of surface water, protection against heavy rain (storm water), the
leaching of radioactive and chemically toxic substances

• The multibarrier concept serves to avoid

– the spreading of radioactivity via dust formation;
– oxygen diffusion to limit acidity formation

• To ensure that the multibarrier concept permanently isolates the radio-toxic mate-
rial apply:

– restrictions for the reuse
– base sealing for special protection of groundwater and receiving waters

In order to achieve the overarching objectives, the site remediation concept (CSM)]
must be based on the site-specific factors (conditions). These are:

• Climatic conditions at the location
• Geological/Geomechanical/geochemical conditions and environmental risks at the
deposal site

• Sufficient availability of correct specification, material (both grown and suitable
tailings material)

• Implementation options for an appropriate closure strategy
• Socio-ecological acceptance and
• Cost.

5.5.3 Multibarrier Concept

5.5.3.1 General Structure

The geotechnical environmental structure for long-term safe and stable storage of
tailings must generally consist of the following main elements, see Fig. 5.13:

– the dam construction
– the cover (encapsulation)
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– base sealing with a geological barrier and/ or as a geotechnical barrier
– a water collecting and treatment system as well as the transfer of the treated water
(in compliance with statutory discharge standards) to the receiving waters

– re-vegetation
– the monitoring system, long-term environmental monitoring with data manage-
ment.

For the decommissioning/long-term safekeeping of the tailings ponds of the SDAG
Wismut a comparison with landfill construction is obvious, see Chap. 4. Since
the processing residues from the uranium ore preparation are radioactive residues
requiring monitoring, the Federal Mining Act (BBergG), the Radiation Protec-
tion Act with Radiation Protection Ordinance (StrlSchV) and the Atomic Energy
Act (AtG) replace the Landfill Ordinance (DepV) and the Recycling Management
Act (KrWG). The Federal Mining Act develops a concentration effect during the
decommissioning/long-term safe storage of radioactive residues, i.e. It is the author-
ities that participate, who carry the official responsibility for the objectives of pro-
tection (water, radiation protection, etc.).

The Site Remediation Concept (CSM) to be provided for the safekeeping of
uranium tailing ponds is not a static concept and must have a number of established
milestones at which the concept can be readjusted to match the closure progress.
An approved final operational plan for the decommissioning/ long-term disposal
of tailing ponds of the SDAG Wismut can be acc. § 53 BBergG be amended and
be complemented. The final operational plans can be practically updated to reflect
the state of progress of decomissioning. Thus, the final operational plans fulfill acc.
BBergG also the concept of interfaces of the CSM.

The time at which a tailings pond is released from the supervision, is determined
by the competent mining authority. Permanently means here, an indefinite period
or a limited period, following an application for issuing of a release order by the
competent mining authority.

Based on current knowledge, it can be assumed that the tailings ponds of the SDAG
Wismut will remain under supervision of the mining authorities permanently. It is
guaranteed by law that the mine plans and the operating chronicle according to the
Documents- Mining Ordinance, § 67 BBergG, remain with the competent mining
authority and thus permanently accessible to the public. This is also a significant
difference to the DepV and the KrWG.

With the approval of the construction of a tailings pond the licensing authority,
here the competent mining authority, must already have in mind that the facility must
be shut down after the end of the operating phase. A distinction must therefore be
made between the following phases:

• design, • construction, • operation (storage), • permanent closure and • post closure
phase

In order to limit the environmental impact of tailings ponds from uranium ore
processing, the geotechnical environmental structures are designed according to a
multi-barrier concept. This means that several safety concepts (in this case barriers)
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must exist independently of each other in order to be able to prevent damage even if a
barrier is limited in its function in time or if subsequent improvements are necessary
to restore the barrier’s function. This presupposes that all the barriers provided are
also installed.

One barrier must already be installed before entering the operating phase, this is
the base sealing. Options for consideration include:

– geological barrier,
– geotechnogenic barrier (e.g. clay and/or bentonite barrier),
– geosynthetic barrier or
– combination of sealing systems

These can be combined with each other, according to the site-specific conditions.
Basic sealing was not installed in the uranium tailings ponds of SDAG Wismut.

A serious defect.
The operating phase also determines whether the tailings will be pretreated, e.g.

with thickeners or by addition of barium chloride to precipitate radium. This results
in so-called paste tailings (dewatered and thickened), which considerably increase
the safety of the deposit, especially as a result of their low flow characteristics, see
Caldwell and Charlebois [16].

5.5.3.2 General Description of the Individual Barriers

Barrier 1: Location selection with geological barrier (the site must be suitable due
to its geology and hydrogeology, e.g. the presence of impermeable layers in relation
to storage and isolation sites for large quantities of uranium tailings); and of a dam
construction (containment) (Fig. 5.12).

The locations and selection criteria of the tailings ponds of the SDAGWismut are
described in Sect. 5.1.
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However, they do not fully meet the barrier requirement, see also Fig. 5.19. The
dam structures are profiled in accordance with the closure concept ofWismut GmbH;
the containments have been stabilized, covered and planted with vegetation. The dam
structures lack both surface sealing and base sealing; as a result seepage can take
place along the foot of the tailings dam into the surrounding area.

Barrier 2: Tailings treatment before disposal
The uranium mill tailings of the SDAG Wismut were deposited as a slurry in the
selected depressions, see Fig. 5.6. However, tailings could be also dewatered and
thickened before deposition.

Barrier 3: Nature of the tailings body
The nature of the tailings deposited in the uranium tailings ponds at SDAG Wismut
is determined on the one hand by the method of discharge of uranium mill tailings—
see Fig. 5.6; and on the other hand by the removal of the open water lamella and
by partial drainage using vertical drains (wick drains). A multifunctional cover is
intended to prevent the mobilization of radionuclides in the tailings body.

Barrier 4: Installation of a base sealing in the prepared depression
The base sealing can be designed as a geological barrier and/or as a geotechnical
barrier. The base sealing is intended to prevent polluted leachate from entering the
groundwater via the footprint of the tailings body and thence to the receiving waters.
Rules for the structure and cross-sectional specifications for base sealings do not
exist in Germany. However, it is possible to base the suitability assessments of seals
in accordance with the DepV and to adapt them to the site so that they can be
approved, see Table 5.10. Depending on the requirements, this can be supplemented
by (permanent) groundwater lowering, by leachate collection and installation and
operation of a water treatment plant.

Barrier 5: Surface sealing (multifunctional cover)
On the one hand, surface sealing should prevent access of surface water and oxygen
to the tailings body and, on the other hand, transfer of radioactive contaminants from
the tailings body into the biosphere. Standards for the structure and cross-sectional
specifications of surface sealing do not exist in Germany. However, it is also possible
to develop a site-based solution based on the suitability assessments of seals in
accordance with DepV, see Table 5.10.

The surface sealing of uranium mill tailings ponds is often carried out interna-
tionally using a multifunctional multi-layer system (multi-functional cover system).
The surface sealing of the tailings ponds includes a water collection system and a
water treatment system. The collected surface and leachate waters are fed to a water
treatment plant. The radon exhalation rate and the local dose rate are permanently
monitored in the vicinity of the uraniummill tailings ponds. This is in order to be able
to detect possible radon exhalations and to be able to develop site specific solutions
to eliminate or reduce them to levels required for compliance.
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The surface seals of the uranium tailings ponds at SDAGWismut are designed as
a multifunctional mineral cover, including the tailings dam construction. The dam
structure must have sufficient stability to totally encapsulate the tailings body. The
phreatic line is also under specific observation as well as measures for the prevention
of ingress of surface water and oxygen into the tailings body and the prevention of
radon exhalations.

The reason is that, in addition to the radiological contamination of the waters,
the uranium processing residues contain the sulphur-bearing mineral pyrite, which
can oxidize into sulfuric acid when exposed to oxygen. The acid also mobilizes
metals such as radium, copper, zinc, nickel and lead. In addition the mobilization
of radionuclides from the tailings body must be prevented or at least significantly
limited.

Barrier 6: Follow-up care, maintenance and repair
The geotechnical environmental structure for long-term safe and stable storage of
residues from uranium ore processing, must be monitored extensively in all phases.
All functional elements should be designed so they can be repaired, supplemented
or replaced as required. The definition of action values should prevent large-volume
contamination releases.

Thus, a monitoring network for ground and surface water with appropriate action
values should be set up, as well as exhalation measurements and permanent moni-
toring of local dose rates. The resulting data are collected with appropriate routines,
then collected, evaluated, made available to the supervisory authority and finally
archived. Surveillance may lead to requirements that the operator has to implement.

5.5.3.3 Cover of the Uranium Mill Tailings Body

Two different methods of covering (encapsulating) uranium mill tailings have been
developed for specific locations, see Figs. 5.13 and 5.14:

• Types of cover for uranium mill tailings ponds

– Cover of a decommissioned uranium mill tailings ponds using a clear water
lamella

Covering a decommissioned uranium mill tailings pond with a clear-water lamella
has proved to be a particularly suitable method under the climatic and geographic,
geomorphological conditions of Canada. It places special demands on the dam con-
struction [30]. Also, escape of contamination via the clear water lamella is hardly
possible. It represents a particularly good protection against radiation and radon
exhalation.

• Dry in situ closure method

Dry in situ closure with or without partial dewatering, has proven to be a particularly
suitable method under Central European conditions and is used in the closure of
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Fig. 5.13 Uranium mill tailings Pond “Trünzig”, cover details during the remediation progress.
Source [29]

Fig. 5.14 Covering of the
uranium mill tailings with a
clear water lamella, Quirke
Tailings Facility at Elliot
Lake, Ontario/Canada.
Source [30]

SDAG Wismut- uranium mill tailings ponds. The main reasons for choosing this
method are:

– Site-specific remediation solutions, which are sustainable and offer long-term sta-
bility16

– the option is most suitable under the conditions of Central Europe [temperate
climate zone, high population density, etc.] It should be noted that comparable
conditions exist, for example, in several parts of the U.S. and Canada)

– The long-term costs and the risks17 associated with this closure solution are the
lowest when compared to other closure technologies.

16The proof must still be furnished, however, since the periods of experience are still too short.
17According to current knowledge.
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Some advantages that may be considered include:

• Low environmental impact of this closure solution (radioactive and toxic material
remains on site)

• Low burden on staff and population
• Lowest residual risk over the service life of the geotechnical environmental struc-
ture

The tailings dam is already being errected with the construction of the residue
storage facilities.

During the closure of the uranium mill tailings ponds, the dam structures are “re-
paired” for a long timewith the following services: profiling; stabilization (support
dump); construction of water collecting facilities; Cover; Greening and plant-
ing. Special attention is paid to the phreatic line, which is related to the installed
leachate collection system and the prevention of infiltration (oxygen diffusion).
This problem is not relevant with paste tailings.

Since dry in situ closure with partial dewatering of uraniummill tailings body has
to fulfill several functions, multi-functional cover systems are developed specifi-
cally for each site, see Fig. 5.15.

Themulti-functional covers for uranium tailings bodies have tomeet the require-
ments described below, and compliance has to be substantiated by Individual proofs.

Individual proofs of the long-term stability of a multi-functional cover
(ENW2)

• Long-term stability, geomechanical/ geochemical, against internal and external
erosion

• Protection against infiltration (oxygen diffusion),
• Radiation protection (radon exhalation, γ-radiation),
• Emission protection (against radioactive and toxic material),
• Recultivation layer for revegetation and first planting etc.

The rules of theUSEnvironmental ProtectionAgency (EPA) for amulti-functional
cover as proposed in Fig. 5.15 focus on the advantages of both mineral material
and geosynthetics. The long-term stability and safety of a multi-functional cover is
determined in particular by the aging behavior of the related functional elements.
A (partial) failure of one or more elements must not necessarily lead to the total
failure of the cover system. The individual elements are also multi-functional. In
particular, the related geosynthetic materials also act as a radon barrier. They are
also particularly suitable as locations of measuring elements for the detection of
contamination propagation, see [35].

The use of geosynthetics is also often justified by the fact that it provides greater
protection against infiltration and thus against themobilization of radionuclides from
the tailings body. There is no final proof for this. Nevertheless, control of infiltration
must be assigned a high importance for long-term safety. Since the uranium residues
contain the sulfide mineral pyrite, which can oxidize into sulfuric acid when oxygen
enters, a pH below 5 is likely to occur.
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Fig. 5.15 Multi-functional cover, rule structure according to the US Environmental Protection
Agency (EPA). Source [23]

It is important not to create or counteract a mobility-promoting milieu in the
talings body. Uranium is a lithophilic element and has a high affinity for oxygen.
The most important minerals of tetravalent uranium are uraninite (idiomorphic UO2

to U3O8), pitchblende (colomorphic UO2 to U3O8), coffinite (USi O4) and thorianite
((Th, U) O2). The minerals of hexavalent uranium are essentially the uranium mica
(e.g. from the group of phosphates: urococcite, torbernite, autunite).

Under oxidizing conditions, hexavalent uranium is the most mobile form of ura-
nium, and tetravalent uranium is almost insoluble in water under “normal” pH/Eh
conditions. Preventing infiltration involves controlling the influence of Eh value and
pH on the stability of minerals, dissolved species and gases in complex reaction mix-
tures in such a way that the formation of hexavalent uranium (U6+) from tetravalent
uranium (U4+) is largely prevented. The influence of the temperature is not taken
into account here.

Another way of counteracting mobilization is to incorporate immobilisate in the
encapsulation of the tailing body. It is known, for example, that the zero-valent
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Fig. 5.16 Natural uranium cycle according to Boyle [37]

complexes must be taken into account for transport and sorption processes. They
interact only slightly and are therefore hardly retarded [36]. Effective geochemical
barriers for uranium transport in aqueous solution are Fe–Mn hydroxides, SiO2–Al
hydrolyzates, clayminerals and organicmaterial (the product of soil formation). This
leads to a reduction of U6+ to U4+ and associated loss of mobility, see Fig. 5.16.
However, especially in organic material, chemical processes such as ion exchange,
reduction or complex formation lead to a uranium enrichment.

Here, reference is onlymade to clay or bentonite barriers and the restraining effect
of the vegetation of the cover. Regular sampling of the plants provides information
about radon inputs to the root system of the plants and thus about the hazard of radon
exhalation. Further explanations are can be found elsewhere [38].

The general correlations of reduction (mobilization by oxidation) from U6+ to
U4+ are summarized in the natural uranium cycle according to Boyle [37].

• Process steps for the production of a long-term stable, safe cover for uranium mill
tailings ponds in Germany

Dry in situ storagewith partial dewatering of the tailings bodywas developed primar-
ily in Canada and the USA in the 1990s and is carried out according to the following
work steps, see Figs. 5.10 and 5.15.

(I) pumping of the free and porewater, decontamination in awater treatment plant;
dewatering and dehydration increase the shear strength in the area of fine-grain
tailings; fine-grain tailings often demonstrate very low shear strengths (3–5)
kN/m2;

(II) Creation of a working platform consisting of different layers of geosynthetics,
insertion of vertical drains in a specified grid for near surface, partial drainage
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of the tailings body, subsequent layer-wise inserting of an intermediate cover
(prevention of dust spread, consolidation of the covered tailings body);

(III) contouring, profiling of the tailings damconstruction (long-term stability); cre-
ation of a stable surface contour for discharge of surface water and protection
against erosion, collection of surface water, creation of final cover;

(IV) contouring, profiling of a stable surface, providing opportunities for collect-
ing and removing surface waters; Covering (encapsulation) of the tailings,
final coverage, prevention of radon exhalation (radon diffusion), γ-radiation,
infiltration (oxygen diffusion), pollutant escape from the tailings body;

(V) vegetation, first planting, use of regionally typical, flat-rootingplants,matching
to the environment;

(VI) gathering of surface and seepage water, treatment, discharge to receiving
waters, environmental monitoring (monitoring system over the lifetime of the
geotechnical environmental structure).

A multi-functional cover (see Fig. 5.15) has not been able to demonstrate suc-
cess in the safekeeping of the tailings ponds at SDAG Wismut. The operator of the
federally owned Wismut GmbH, was consistently focussed on mineral functional
elements. The cover is thus a technogenic, loose rock body, in which weathering
takes place. However, this should not be a disadvantage, especially since large thick-
nesses of mineral cover were chosen [39]. Geosynthetics were used in the creation of
the working platform, which has enabled the use of heavy construction equipment.
An intermediate covering is then placed, which consists mainly of tailings mate-
rial at each site. This has two functions: as a load to consolidate the tailings body
and to reduce the spread of contamination. This layer provides no more than a very
slight barrier to radon emanation. The next layer consists of mixed-grained, mineral
material, which is applied in connection with the dam profiling. The completion
should be done with the application of a final cover of typical site-specific soils and
a subsequent vegetation of the surface.

From the above work steps (see Fig. 5.17and following [40]) the following stan-
dard design of cover for the uranium tailings of the SDAG Wismut can be derived;
this may be varied on a site specific basis.

At the Helmsdorf site, a sub-aquatic pre-consolidation was carried out to stabi-
lize the fine mud tailings deposited there, Illustration, Fig. 5.18, shows this situation
although, in the author’s view, it is lacking because it does not make a notable, sub-
stantial contribution to the long-term safe, storage of the uranium tailings ponds. The
pre-consolidation carried out is also disproportionate to the length of the monitoring
period, which is to be expected as a result of the escape of pore water over a very
long time as the base of the pond is not sealed. Following the installation of vertical
drains (usually from 5 m to 25 m deep), a partial drainage of the near-surface areas
of the tailings body was effected. This, however, only partially drained the tailings
body, see Fig. 5.17.

A description of the existing situation is given in Fig. 5.12. For long-term safety
and stability of the multi-functional cover, a diagram (ENW2) is presented in
Sect. 5.6.2.
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Fig. 5.17 Work steps for creating a multi-functional cover. Source [29]

Fig. 5.18 Standard cover design for a uranium mill tailings pond at SDAG Wismut according to
[40]



134 5 Radioactive Residues of Uranium Ore Mining …

Although the operator, Wismut GmbH, is a state-owned enterprise, permanent
public participation in the construction of the geotechnical environmental structures
for the long-term closure of the highly polluted uranium mill tailing ponds has not
been provided for. Instead, reference ismade to the state supervision by the competent
mining office, which is supposed to represent public interests. This is in contrast to
the perceived expectations of transparency in the disposal of radioactive waste, see
in particular Chaps. 7 and 8.

5.5.3.4 Base Sealing of Containments for Uranium Mill Tailings
Disposal

Internationally, abandoned open-pitmineswith a clay barrier under the opencastmin-
ing floor (geological barrier—base sealing) are often used for the storage of residues
from uranium ore processing. If a site without a geological barrier is chosen, the
approval criteria will require the installation of a geotechnical barrier. Geosynthetic
liner mats, clay and/or bentonite sealings in combination with other geosynthetic
functional elements can be used as elements of a geotechnical barrier. Even asphalt
concrete in various combinations has already been used as a geotechnical base seal-
ing. The choice of final design is determined by local conditions. Ultimately, the
design must be suitable for approval by the supervisory authority.

• General design

The purpose of the base sealing is to prevent contamination transfer into the subsoil
and/or aquifers. Water is the crucial pathway for transport for contaminants and is
available in the geological subsoil and includes soil-, seepage, pore-, and ground-
waters. Particularly in the case of jointed geological formations, the seepage water
can spread rapidly. The contaminants are discharged directly or indirectly into the
groundwater and from there into the receiving waters [41]. This poses a significant
hazard to the biosphere. Humans are not only at risk from drinking water but also
from uptake via the food chain. The highest level of hazard is direct contact, espe-
ciallywith radioactive contaminants. If the base sealing ismissing, a long-term safety
assessment for the geological environmental structure cannot be provided, because
uncontrolled seepage over the entire footprint of the structure will result in transfer
of contamination into the environment. In this case, the geotechnical environmental
structure is erected with the hope and intention that contamination plumes emerg-
ing will be recognized in good time via long-term monitoring so that the necessary
follow-up actions can be undertaken and the required safety condition can be estab-
lished. The long-term monitoring is thus part of the management of the geotechnical
environmental structure. The safety concept, which in Germanymust be approved by
the responsible mining authority (with conditions), should ensure that the long-term
monitoring will be constantly and permanently updated to reflect the actual state
of the geotechnical environmental structure. The system must remain permanently
under the supervision of the responsible mining authority (Fig. 5.19).
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Fig. 5.19 Base Sealing, Geotechnical Barrier, Operating Plan for PIÑON RIDGE MILL [42]

The safety assessment (S) must thus be modified to the data situation and from
which S = S(t) results.

• Concept of permanent protection of groundwater on locations with uranium
mill tailings ponds in Germany

The six large uranium mill tailings ponds of SDAG Wismut are not only among the
largest in the world, but they are also located in the very densely populated cultural
landscapes of Europe and partly in a low mountain landscape. Therefore, there is a
great responsibility to close them permanently and safely, and to reliably guarantee
this for the public. The water pathway, especially over the contact area of the tailings
body, is the critical path of the long-term safety of the Geotechnical Environmental
Structure for the disposal of uranium ore processing residues at SDAGWismut. This
will be examined in more detail in the following section.

The uranium mill tailing ponds at SDAGWismut are located either in mined out,
abandoned opencast mines (Trünzig and Culmitzsch), laid in sand-/ gravel opencast
(Dänkritz I) or placed as a “valley impoundment” (Helmsdorf). A base sealing has
not been installed in the existing depressions or containments. Therefore, special
attention must be paid to the possible spread of contamination into the subsoil (loose
rock) as well as possible groundwater contamination in the closure process as well
as considering safety in the long-term. The adaptation of the final operational plan in
accordance with BBergG for the uranium mill tailing ponds at SDAG Wismut with
regard to the arrangement of surface water (pore water) measuring points (GWMS),
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wells, drainage lines, etc. is an essential component guaranteeing the permanent
safety, of the surface water, groundwater and soil.

The prevention of contamination transfer from the Wismut uranium mill tailings
ponds into groundwater or surface water is practically impossible. This means that
it must be constantly and permanently demonstrated that the contaminated seepage
water (pore water) escaping from the floor of the tailings body is collected and fed
into a water treatment plant so that it can then be discharged into the receiving water
in compliance with the exemption limits. The extensive water catchment monitoring
system consists largely of control wells and deep-drainage systems.

Here we will describe in greater detail the conditions in the contact- and transition
zone—contact area of the talings body at the uranium mill tailings ponds of Trünzig
and Culmitzsch; these are located on the Culmitzsch plain, see Fig. 5.12.

First of all, proof of the consistency of the related data sets is mandatory for a gen-
eral assessment. The related data sets will be measured against relevant international
literature.

The Lerchen- and the Pöltzschbach rivers flow through the Culmitzsch plain,
where the Trünzig and Culmitzsch tailings ponds are located. The river “Weiße
Elster”, which can be considered themain receivingwater here, and the river “Pleiße”
are used to transport the mining waters from the Ronneburg mining area and thus
also from the Culmitzsch plain, see Fig. 5.20.

Fig. 5.20 Spread of contamination via the water pathway from the Trünzig and Culmitzsch tailings
ponds—investigation area; E-xxxmeasuring stations of the special measuring network “Wismut”—
example, not to scale [43], see also Fig. 6, p. 17 [44]
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Tailings from uranium ore leaching with sulphuric acid (H2SO4) were flushed
into the tailings ponds A of Trünzig and Culmitzsch, and tailings from uranium ore
leaching with soda (Na2CO3) were flushed into the tailings ponds B of Trünzig and
Culmitzsch. The leaching agents are found as essential components in the respective
tailings waters, see Table 5.5.

Table 5.5 Tailings Ponds of SDAG Wismut—Pore water quality; according to [25]

Tailings
components/
Locations

Culmitzsch
A

Culmitzsch
B

Trünzig A Trünzig B Helmsdorf Dänkritz I

Surface of
Tailings
Pond (ha)

159 76 67 48 205 19

Volume total
(Mio m3)

61 24 11 6 45 5

Solid mass
(Mio t)

64 27 13 6 49 7

Density
(t/m3)a

2.20b (1,94) 2.20 (2.64) 2.20 (2.00) 2.20 (2.00) 2.20 2.20

Pore volume
(Mio m3)a

31.91
(28.40)

11.73
(13.40)

5.91 (6.50) 3.27 (3.20) 22.73 (n.d.) 1.82 (n.d.)

Drainable
portion 50%
of the total
Pore water
(Mio m3)a

15.96
(13.40)

5.87 (6.70) 2.96 (2.5) 1.64 (1.00) 11.37 (–) 0.91 (–)

Porosity
(–)a

0.52 (0.47) 0.49 (0.57) 0.51 (0.49) 0.55 (0.50) 0.51 (–) 0.36 (–)

Radioactive pollutants in pore water

Unat (mg/l) 0.3–3.9 1.0–16.5 1.0–19.0 1.0–20.0 2.0–30.0 10.0–85.0

Ra-226
(mBq/l)

– 5000 – 2300 – 630 n.d. – 2000 n.d.

Heavy metals contents in pore water (ppm)

Pb Zn Cu Co Ni Mo

60–800 250–800 250–300 15–40 25–500 20–70

As Bi V Cd Cr – ‰–

68–168 5–30 200–800 10–30 30–580 – ‰–

Catched leachatec

– 9 g/l SO4; 1.25 g/l Chlorides (Culmitzsch)
– 6 g/l SO4; 1.6 g/l Chlorides (Trünzig)
– 5.6 g/l SO4; 1.2 g/l Chlorides (Helmsdorf)

aSpecifications in brackets according to Schulze et al. [45]
b[43] Average density for Uranium mill tailings 2.20 t/m3

c[46] Große Anfrage Deutscher Bundestag; Drucksache 12/3309; 24.09.92
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For the following considerations, the consistency of the data sets underlying these
considerations is of great importance. Table 5.8 is reviewed and compared with the
data of [45].

The dewaterable proportion of pore water in Table 5.5 is limited to 50% according
to [45, 47]. However, depending on the hydraulic gradient, it can be shown that a
higher proportion may also be drainable. However, even if all pore water has leaked
through the base (sole and adjacent areas of the dam footprint), the majority of the
contaminants still remain in the solid tailings body and must be protected fromwater
infiltration to avoid mobilization, see above.

The main aquifer in the Culmitzsch plain is the fissured pore aquifer of the
Culmitzsch-sandstone and the fractured aquifer (Ordovician) situated beneath. The
thickness of the aquifers can reach 20–30 m. They are separated from each other
by low permeability clay and siltstone complexes. The waters are both confined and
unconfined. In undisturbed areas the layering of groundwater has been proven. Dif-
ferent hydraulic potentials prove that the different major groundwater horizons are
not hydraulically connected. In tectonic fault zones, however, the direct hydraulic
connectionwas detected. For example, contamination can also reach the deeper-lying
fractured aquifers (Ordovician), which makes water collection even more difficult.

The Culmitzsch-sandstone is cut steeply in the Zechstein bridge from Lerchen-
bach, see Figs. 5.11 and 5.19. Thus, the foot of the tailing body of the Talings ponds
Trünzig and Culmitzsch may partially lie in the groundwater. The distance between
the main aquifer and the tailings contact areas is—0 m (for the lower aquifers the
distance is between 0 and+10m [48], see Fig. 5.21). Especially in the case of floods,
there are significant contamination escapes from the tailings ponds, which cannot
then all be collected. The danger to the environment increases considerably for a
short time in such circumstances.

Comprehensive investigations can be found in [47]. Winde expresses it this way
in [47]: “In doing so, the water-permeable Upper Red Series separates from the
Culmitzsch-sandstone. Otherwise, it was completely mined as the highest ore horizon.
The Culmitzsch- sandstone (CuS) uncovered in the Trünzig opencast mine forms the
base floor of the tailings body, which the uranium mill tailings were filled in from
1960 onwards. There is thus a direct contact between the contaminated tailings
waters and the main aquifer of the study area. The inclination of the CuS in direction
of the Lerchenbach favors the outflow (left-sided) of tailings waters into the receiving
waters (Fig. 5.14)”

Contaminant escapes also come from the non-degradable mineralization of zinc,
lead, copper, iron, arsenic, cobalt, nickel found in the Culmitzsch-deposit, see
Table 5.5 and from the Culmitzscher sandstone itself. But here only the radioac-
tive contaminants uranium and radium are considered.

In the Culmitzsch plain seepage and groundwater are collected by wells and
drainage pipes and fed to the Water Treatment Plant (WBA) at Seelingstädt. WBA
Seelingstädt currently has a treatment capacity for mining waters of up to 330 m3/h,
which corresponds to an annual effective treatment volume of approximately 2.3
million m3; the service life will be over 20 years, see details published by Wismut
GmbH.
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Fig. 5.21 Geological, hydrological situation in connection with leachate escapes from the tailings
ponds at Culmitzsch and Trünzig into the Culmitzsch plain according to [48]

The crevasse formationof the geological base results in a variety ofwater pathways
and thus flow paths for leachate (pore water) from the tailings ponds at Trünzig and
Culmitzsch and consequent contamination spreads (contamination plumes). Refer-
ence [44] describes the situation as follows: “The observations on the water balance
show that annually between 2 and 3 million m3 of water inflow in the area of the
Culmitzsch plain. In order to effectively limit the diffuse influx into the receiving
waters and thus significantly reduce the pollution situation, especially in periods of
low flow rates in the Culmitzsch,18 groundwater of a similar size would have to be
collected.”

The leachate leads to rising groundwater levels and to low to negative distances
to the surface, so that again and again soil wetness areas can be observed in the
Culmitzsch plain.”

Since a long-term safety proof for the base sealing of the tailings ponds of the
SDAG Wismut cannot be demonstrated, the method of using a functionality proof
for each location of uranium tailings ponds has been selected. The principle of proof
of function is based on a stable functioning system being in place. Here the water
collection and treatment systems will be built, which fulfills both the self-monitored

18Here, the former name for the Pöltzschbach (Lerchenbach) was chosen. But the Culmitzsch or
“Culmitzsch creek” is no longer a geographical term today.
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and externallymonitored environmental requirements. Authorization andmonitoring
are the responsibility of the responsible mining authority with the consent of the
water authority. A time limit for the operation of the system does not exist. Initially,
the design of the water collection system was planned for the surface, seepage and
groundwaters for the entire site. The captured waters were initially pumped back into
the tailings ponds.

At the same time, environmental monitoring and water treatment facilities were
planned and built. After the system has been accepted, the long-term stable, safe
closure of uranium tailings ponds, acc. Sect. 5.5.3.3, can be started. Start-up and
certifying means the system guarantees compliance with environmental standards,
and the relevant mining authority issues the necessary conditions to authorise the
system, so that environmental standards can be met over the life time of the system
(Fig. 5.21).

The operator of the tailings ponds is required to constantly adapt and update the
system taking into account future conditions or repairs as well as considering wear
and/or gain in knowledge and changes in technology. The permanent safety of the
system, here limited by the lack of base sealing, is thus guaranteed and demonstrated
by permanent monitoring and adaptation to changing conditions. Since an approved
final operational plan can be supplemented and amended, so the tracking of the
safekeeping of the tailings ponds is also legally secured and thus the operational
period time is specified as “permanent”, and is determined solely by the relevant
mining authority, see also CSM (Fig. 5.22).

As a further consideration, it is important to distinguish here between leachate and
pore water. Leachate is the term used to describe soil water that is in the soil pores
(coarse pores) but under the influence of gravity and moving vertically downwards
(seeping) soil water.

In the Culmitzsch plain leachate escapes from the tailings ponds (composed of
ponded and pore water) and from the tailings dams (especially from into the tailings

Fig. 5.22 Mass balance analysis during the transition from contaminated leachate GW (principle)
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dams integrated low grade rock dumps). There are 3 low grade rock dump complexes
in the study area. These are the area of the tailings ponds Culmitzsch, the Waldhalde
(NE) and the Lokhalde (NW) and in the area of the Tailings ponds Trünzig, the
Nordhalde (SW), see Fig. 5.20. Their base floors are also unsealed.

Since on the one hand the ponded water from the tailings ponds is largely pumped
out and the surface sealings are applied, and on the other hand, the embankments
are largely profiled and covered, the leachate consists largely of pore water from the
tailings body and leachate on the tailings dam contact surfaces together. Since the
pore water from the tailings bodies predominates in the Culmitzsch plain, often pore
water and leachate will be seen as equal. However, this leads to a considerable under-
estimation of the size of the contamination load. In a water-saturated porousmedium,
the entire pore space is filled with liquid. The pore water amount corresponds to the
pore volume.

Since the uranium mill talings ponds at Trünzig and Culmitzsch were created
without effective sealing at the base and slope area of the tailings dam, the tailings
bodies sit directly on the floor of the opencast pit. The leachate, fed here from the
pore water of the tailings ponds, passes directly into the geological base below or
into the surface water, see Figs. 5.20 and 5.21. Below is shown, the period of time
the system of water collection and treatment should be operated when there is no
base sealing. The transportation of contaminants via the rivers Weiße Elster
and Pleiße, the pollutants in sediments, dilution and contaminant adsorption of
plants and animals etc. are not commented upon here. These items need to be
the subject of a long-term safety assessment.

First of all, the balance Eq. (5.1) applies for seepage to groundwater or surface
water with respect to wells and balance measuring points.

QAb = QAn + QSW (5.1)

QSW—amount of leachate; QAb—a downstream GW; QAn—incoming GW
with
Q—volume flow (Q = k f · A · I ) of incoming, of downstream or of seepage water;
kf—coefficient of permeability;
A—incoming cross section (A = ba · maq )
I—hydraulic gradient
maq—contaminated Aquifer thickness;
ba—contaminated downstream width;
c—concentration of a substance in incoming, downstream or of seepage water.

For the outgoing flow expected from the tailings ponds pollutant inputs, as a true
volume exits from the tailings body as leachate (arising from the pore water) into
the groundwater or surface water, taking into account concentrations and loads this
transition can be described acc. Eq. (5.2), see Fig. 5.23 and [49].

cmix = cSW · 1

1 + 1m·vGW
lmix ·vSW

+ cGW · 1

1 + lmix ·vSW
1m·vGW

(5.2)
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Fig. 5.23 Model of the transition of contaminated seepage water into the ground water (GW), acc.
/23/

for cmix ≤ cmix
(
cSWSätt.

)

cmix—concentration in the admixture zone [g/l]
cmix

(
cSWSätt.

)
—concentration in the admixture zone at the saturated seepage water

cSW—concentration in seepage water [g/l]
cGW—concentration in groundwater [g/l]
vGW—ground-water flow velocity [m/s]
vSW—seepage water rate [m/s]
lmix—extension of admixture zone in flow direction
1 m—top layer (1 m) of passing ground water (admixture layer)

Reference [44] records the outflowof groundwater as (2–3)millionm3 per annum.
In Table 5.6, acc. [44], the following trends can be shown.

Table 5.7 shows that pollutant inputs into groundwater or surface water and thus
pollutant escapes from the tailing ponds in the Culmitzsch plain are not reduced until
2027. Note also the logarithmic course of time at measuring points E-335 and E-394,
in Fig. 5.24. Some major transgressions of the environmental quality standard will

Table 5.6 Compliance with the Environmental Quality Standard (UQN) on an annual average (JD)
and forecast until 2027 in the Culmitzsch plain—Excerpt, measuring points see Fig. 5.20

Parameter UQN Validity Lerchenbach/Pöltzschbach
measuring point
E-382/result 2012

Lerchenbach/Pöltzschbach
balance measuring points
E-319 and E-369/prognosis
2027

Tl 0.2 μg/l JD 0.2 μg/l 0.5 μg/l

Uunfiltriert 20 μg/la JD 131 μg/l 300 μg/l

SO4 450 mg/l JD 2460 mg/l 3000 mg/l

aWater-specific proposal of the states of Saxony and Thuringia, no UQN
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Table 5.7 Determined exhaustion times from drainable pore water according to Table 5.5

Tailings pond/pore water escapes
through the base

Culmitzsch A Culmitzsch B Trünzig A Trünzig B

Pore water parta total in 106 m3 31.91 (28.40) 11.73 (13.40) 5.91 (6.50) 3.27 (3.20)

Dewatering parta 50% of the total
pore water in 106 m3

15.96 (13.40) 5.87 (6.70) 2.96 (2.5) 1.64 (1.00)

Annual pore water contribution in
m3

~23.850 ~11.400 ~10.050 ~7.200

Depletion period for pore water
(years)

~670 ~515 ~300 ~230

aDrainable portion and figures in brackets according to [45]

Fig. 5.24 Development of Uranium concentration at the balance measuring points E-335 and E-
394—Culmitzsch plain downstream of the Uranium mill tailings ponds Culmitzsch and Trünzig;
measured data from the Thuringian State Office for Environment, Minung and Nature protection
(TLUBN), see also [44] and Fig. 5.20

probably have to be accepted, even though the overall quality of the environment at
the site has improved significantly.

Figure 5.24 shows the development of uranium concentration at the balance mea-
suring points E-335 and E-394 (water catchment Culmitzsch plain) for the mining-
based waters downstream of the tailings ponds collected in the period 2004–2017.
This can be scaled up to the entire water catchment in the Culmitzsch plain, where
the level of uranium concentration will not decrease, at least until 2027.

For example [45] indicates an annual leachate volume (mainly due to porewater
escapes) of 40 l/m2 in the Culmitzsch plain. From recalculations and back data with
Eq. (5.2) from [19, 44] and the information published byWismutGmbH regarding the
water treatment plants, an average value for the time period of pore water discharge
across the tailings body contact area of approx. 15 l/m2 can be determined. The value
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is very pessimistic. Using these data, the following depletion times of the chargeable
pore water amount can be determined for the tailings ponds Culmitzsch and Trünzig.

In 2011, the Regional Water Authorities issued a guideline value of 10 μg/l as a
threshold value for uranium. In the former uranium mining regions of Saxony and
Thuringia, water quality standards for uranium were agreed with the water authori-
ties, which were generally between 10 and 20 μg/l. Now the Federal Environment
Agency (U-238) has submitted a proposal for an Environmental Quality Standard
(UQN)—target value of 3 μg/L for Uranium (U-238) in surface waters [50].

All standards are considerably exceeded in the Culmitzsch plain and in some
flowing waters, see Table 5.6, Fig. 5.24 and [44].

The depletion times for pore water escapes via the base of uranium mill tailings
ponds in the Culmitzsch plain given in Table 5.7 are to be expectedwith the following
basic assumptions:

– Dewatering share is 50% of the total, pore water; recent calculations show a share
of up to 75%;

– Mean value of the porewater escape over the tailings body contact area of approx.
15 l/m2/a remains constant over the entire period of observation; the slight concen-
tration deviations. Reference [45] in the balance measuring points, see Table 5.6,
can be attributed to lower groundwater recharge rates in recent years, and larger
amounts of porewater escapes via the base.

It is obvious that the depletion times given in Table 5.7 aremore likely to be longer
than shorter. The times in Table 5.7 are therefore very optimistic

In order to verify the data in Table 5.7, an annual leachate discharge of at least
40 l/m2, contributing at minimum of approx. 150,000 m3 with an average uranium
concentration19 of 4.0 mg/l was accepted. Assuming a total annual volume of 2
million m3 of mining-based waters as inflow to the receiving water a uranium con-
centration of 320 μg/l can be determined.

This value is compatible with the specification forecast from [44] in Table 5.5
(2027).

In addition to the geochemical concentration gradient, the steep hydraulic seepage
water gradient in the tailings ponds Culmitzsch and Trünzig also contributes to the
leachate supply and pollutant concentration remaining at the present level.

It is therefore very unlikely that, the water collection and treatment programme
(water treatment plant—WBA Seelingstädt) for the Culmitzsch plain can be aban-
doned in this century. It is more realistic to expect that the water collection and
treatment for the Culmitzschaue will need to remain in operation for an even longer
period together with the environmental monitoring. In any case, the operating life
of the current 20-year WBA Seelingstädt will be exceeded, so replacement invest-
ments should be planned for the future. The task of water collection and treatment
considering the information from Table 5.7 may be described as a long term task,

19The weighted mean uranium concentration Unat in the pore water of the uranium mill tailings
ponds of the SDAG Wismut in the Culmitzsch plain in Table 5.5 is 4.98 mg/l.
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the operation of which will extend considerably beyond the original official time
forecasts.

Even if all the dewaterable pore water volume had escaped from the uranium
mill tailings ponds of the SDAGWismut, the majority of the contaminant inventory
still remains in the geotechnical environmental structure (see Table 5.8) and must
be permanently prevented from loss to the biosphere. This makes it clear that even
after the depletion period for the dewaterable pore water volume, the safety of the
geotechnical environmental structure must be preserved. This applies in particular to
the multi-functional cover of the tailings body, which is intended to prevent surface
waters from infiltrating into the tailings body and mobilizing the tailings’ radionu-
clides. Experiencewith the long-termbehaviour of the cover systems described above
arise not yet available. It is advisable to define a probability of failure for the cover
system and to continuously update it as the data situation improves. This includes
the monitoring of radon exhalations.

Determination of any additional measures required should be undertaken using
data obtained from the long-term environmental monitoring. Theweak points remain
the base sealing, the bottom slope areas of the dam structure of the tailings ponds and
in the case of the deposit of Culmitzsch, the Culmitzsch- sandstone (ore horizons
OGF and UGF), see Fig. 5.21, which still contains significant amounts of uranium.
The average uranium content in the crude ore was between 0.059 and 0.068%.Wilde
[47] quotes an average of 660 ppm. In 1991, the SDAG Wismut identified that
resources of 3350 tons of uranium remained in the Culmitzsch uranium deposit. Part
of this resource is soluble. As a result, uranium continues to be discharged from the
remaining ore horizons due towater ingress. For the same reason, in themedium term
it is not expected that a significant decrease in uranium concentration in the collected
water will be seen. For comparison, the uraniummill tailings pondMoab/Utah, USA
also belonged to a sandstone-bound, tabular uranium deposit, named as the “Atlas
Mill Uranium deposit”.

To mobilize contaminant escapes from the partially dewatered tailings body, a
transport medium is also required, usually water or gas. Both are available in princi-
ple; however, mobilization also requires a source of energy. A mobilization option,
which has access to the appropriate energy, is the inflowing groundwater. This is true
especially when the foot of the tailings body is standing in water. To investigate the
spread of contamination, especially through the dam floor, mass transport models
are generally used. Independent assessments can be made according to [51] using
computer programs such as HELP and BOWAHLD 2D as well as the 3-D ground-
water model SPRING. Models often fail to consider that the tailings body may cause
significant deformation of the dam floor (tailings body contact area) and in the side
slopes of the containment. As long as the tailings are water-saturated, this fact can
be disregarded. When all of the pore water has leaked, the entire solid tailings body,
including the cover, acts on the tailings dam floor. It can form a settlement depres-
sion, its maximum depth may be several meters depending on the existing thickness
of tailings body. With the FEM program FEMPLER© [52] the settlement under the
waste body of a heap landfill was calculated; the landfill was constructed up to 30 m
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Fig. 5.25 Settlement results under the base of a heap landfill as basis for comparison [52] FEM-
PLER© (2015) [Waste body: 2.8× 106 m3; pile area ppr. 25 ha; Heap hight: 30 m; Base of landfill,
length: 500 m; average density of waste 1.5 t/m3; underground: former brown coal opencast, Cal-
culation model: plane strain state, transversal isotropic]

in height and covered, see Fig. 5.25. The largely dry uranium mill tailing ponds of
Wismut GmbH behave similarly.

If the floor of talings ponds Trünzig and Culmitzsch were also lowered by sev-
eral meters, the entire footprint of the respective tailing body would stand in water.
Pollutant transport from the tailings body into the groundwater becomes very likely
in this case.

In addition to mass transport models, tracer experiments with actively intro-
duced tracers and environmental tracers [for example, isotopes and CFCs (fluori-
nated/chlorinated hydrocarbons)] are very suitable for determining the flow paths.
Due to the deformation of the base and the sloped areas, weak zones are also to
be expected through which pollutants can increasingly escape into the groundwater.
The phenomenon of capillary action is neglected here, but this would reinforce the
process.

The examples from the Culmitzsch plain used here are also transferable to other
suspected contaminated sites in the inventory of Wismut GmbH. The merit of Wilde
[47] is to show the transport mechanisms of uranium in mining-based disturbed
landscapes of different climates. He has thus made a contribution to the site specific
long-term storage and disposal of radioactive residues, in particular uranium tailings.
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5.6 Definition of Long-Term Safety and Long-Term
Stability

The Geotechnical Environmental Structure shall be designed to safely contain the
residues from ore processing and ensure they are safely isolated and encapsulated
in such a way that the transfer of toxic and/or radioactive contaminants into the
biosphere on the air, water and soil pathways is prevented or can only occur within
acceptable release rates. The construction must be so robust that it fulfills its func-
tions even under changed environmental conditions. The proof is divided into two
parts, which, however, are inseparable from each other the first requirement is to
prove the mechanical stability of the geotechnical environmental structure and sec-
ondly to prove the tightness of the barriers so that no discharge of radioactive-toxic
contaminants into the environment can take place. The structure should also ensure
the prevention of pollutant transport (gaseous and/or liquid) through the barriers.

Although it is certain that a long-term safety certificate based on the above-
mentioned principle for the uranium tailings of the SDAG Wismut cannot be pre-
sented due to the lack of base sealing, the basic features of the required proof are set
out below. This is also due to the fact that the responsible mining authorities have
approved the storage concepts for the uranium tailings at SDAG Wismut, subject
to conditions. This can also be justified by the construction of efficient water col-
lection and treatment systems as well as an associated, approved, water monitoring
programme (special measuring network for groundwater and surface water). How-
ever, there are limitations to the efficacy of the works and (short-term) limit value
exceedances are not entirely avoidable and remain as a long term risk to be managed.

• Differences with the final disposal of radioactive waste with negligible heat
generation:

In the requirements formulated above, the geotechnical environmental structure—
tailings pond—does not differ from the disposal of radioactive waste with negligible
heat generation. Whereas dry storage in situ has been approved in Germany for the
long-term safekeeping of tailings storage facilities from uranium ore processing,
the German waste management concept for radioactive waste with negligible heat
generation stipulates that a dry in situ storage is to be carried out in deep geological
formations. However, repository structures with an incomplete barrier system were
not be able to be approved for these radioactive wastes, see Chap. 7. These serious
differences in the requirements for geotechnical environmental structures cannot be
justified by the respective radioactive inventories. In any case, the hazard that results
from dealing with residues from uranium ore preparation may not be adequately
represented to the public. A look at the statistics of the responsible professional
associationRCI,20 wouldmake it clearwhat high radiological risks can be expected,21

see also Table 5.8. Therein the radiotoxicity levels are presented, defined by the

20professional association of raw materials and chemical industry (RCI).
21Commercial employers’ liability insurance associations (professional associations) are the statu-
tory accident insurance providers for companies in the German private sector and their employees.
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dimensionless quotient Ai/Fi of the radionuclides contained in the inventory of the
tailings bodies of the individual tailings ponds as well as the total radiotoxicity.

Shaft Konrad in Salzgitter-Bleckenstedt is currently being upgraded for use as a
repository for radioactive waste with negligible heat generation, see Chap. 6. The
radioactive waste will be stored at a depth of approximately 1300 m. The design was
made for a period of observation of 106 years. The consequence of this extremely
long observation period is that today’s generation cannot test the results of their
investigations and that subsequent generations will have to “endure” them. Since all
statements on this design can be justified only vaguely and thus with little certainty,
it becomes clear that the requirement of this apparently high level of security is
derived from a widespread uncertainty. These risks are not suspected in the approval
procedure according to BBergG.

What applies equally to all geotechnical environmental structures for the long-
term safe storage of radioactivewaste and residues is the fact that they are constructed
as a multi-barrier system consisting of geological and geotechnical barriers.

For tailings, the long-term safety casemust cover the dams and their embankments
as well as the cover. For the tailings dams and their embankments, these verifications
can be made in Germany in accordance with DIN 19,700 part 10+ 15; DIN 4084;
ICOLDBulletins andother valid regulations (RadiationProtection,VOAS,HaldAO).
The following items are required for the provision of a long-term safety assessment:

• Static long-term safety proof (BISHOP, JANBU, proof for 1.000 a)
• Dynamic long-term safety proof in case of operational earthquake (OBE,22 proof
for 500 a)

• Dynamic long-term safety proof for safe shutdown earthquake (MCE,23 proof for
2500 a)

• Hydraulic safety, 1.000 a

– Hydraulic failure
– Safety against internal erosion (erosion channel)

• Long-term safety against external erosion, is recorded in the long-term stability
certificates

• Avoidance of mass transport through the barriers (surface sealing, base sealing,
dam construction) into the biosphere—safety concepts.

22Operating Base Earthquake (OBE): is used to demonstrate the serviceability and durability of
the tailings dam. The tailings dam must withstand the OBE without restrictions on use (earthquake
case 1).
23Maximum Considered Earthquake (MCE): design earthquake is the design case for which the
safety of tailings dammust be proven. 10,000-year event (return period); see ICOLDBulletin 82. In
the newer version of DIN 19,700 (new), a return period of 2475 a is specified for the safe shutdown
earthquake (SSE)—(design earthquake).
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5.6.1 Mechanical Material Parameters, State Variables

The state variables Si, with which the soil-mechanical state of both the dam structure
and a multi-functional covering can be described sufficiently precisely, with the
following functional relationship according to [53]:

Si = S (x, y, z, t,χ, θ) (5.3)

– x, y, z—Local coordinates; t—Zeit; χ—Status parameter; θ—Correlation param-
eters

The material behavior of a multi-functional cover under different scenarios can
be explained by a functional link [53], of the different measured quantities in the
form

F(ε̇, ε, σ, T, S) = 0 (5.4)

– F (…)—functional relationship between themeasured quantities; ε—deformation;
– š—deformation rate; σ—stress; T—absolute temperature;
– S—status parameter

be described.
For the state variable Si determined at the location x, y, z, it seems sensible to

predefine the following dependency:

(5.5)

– w—water content; e0—start void ratio (stress free);
– —effective largest main stress.

5.6.2 Long-Term Safety and Stability of Multi-functional
Covers (ENW2)

The task of a multi-functional cover is the safe, long-term stable storage of the
radioactive and toxic material with the following partial aspects:

– Reduction of radioactive radiation and radon exhalation in accordance with the
exemption limits,

– Prevention of infiltration of surfacewaters and protection against heavy rain (storm
water),

– Avoidance of oxygen diffusion to limit the formation of acidity,
– avoidance of the escape of contaminated waters,
– possibility of water collection and water removal,
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– Landscaping and revegetation.

The proof and the successful control of the long-term stability of amulti-functional
cover should be extended to:

– internal and external erosion (long-term stable: geomechanical/ geochemical)
– aging (formation of escape pathways, cracking, loss of function)
– Radiation Protection, Emission Control (Hydrological, Gas and Mineral Trans-
port)

– consolidation and settlements (formation of pathways, cracking, loss of function)
– vegetation and contaminant adsorption.

Here, too, there is considerable need for research, in particular on the influence
of aging of the material on the long-term stability and which parameters determine
or dominate the aging of various cover materials (mineral substances, geosynthetics,
etc.), see BMU [30].

5.6.2.1 Radiation Protection Function of the Multi-functional Cover

The radiation protection function of a cover results from the interruption or reduction
of escape pathways (air path, water path, but also the carry-over of solids/pathway of
minerals). If the cover loses its protective function, the function of the construction as
a whole is disturbed. In doing so, the radiation protection function can be identified
by threshold values to be observed or standard dose limit values. While in the USA
(EPA), as already mentioned, a limit value for the radon emission rate ≤20 pCi m−2

s−1 = 0.74Bqm−2s−1 is prescribed, i. AtWismutGmbH a limit for external radiation
exposure (ground radiation) of ≤0.15 μSv/h has been used with reference to earlier
SSK recommendations (publications of SSK vol. 24), [54].

The proposal to demonstrate the long-term stability of a multi-functional
cover for a period of 1000 years comes from theUMTRAprogramme. It is supported
by a sufficient number of studies. In the regulations of the US EPA (EPA: 40 CFR
192) and the US Nuclear Regulatory Commission (NRC: 10 CFR40), this period
is binding., However, there is an express note that in justified exceptional cases, fr
the long-term safety proof the minimum period can be reduced to 200 years. The
long-term safety proof of the multi-functional cover of the Wismut-Tailings Ponds
requires that the operator will be responsible for a period of 1000 years, This has
been approved by the mining authority and supported by the IAEA. It also requires
evidence of retention of the long-lived α emitter Ra-226, the main supplier of radon,
Rn-222 (Th-232 can be neglected here). The inventories of Ra-226 inWismut tailings
ponds are listed in Table 5.8. The long-term safety of tailings ponds from uranium ore
processing always includes long-term environmental monitoring, as the geotechnical
environmental structure is not constructed to be maintenance-free and precautions
must be taken to prevent inadmissible escapes of contamination in the period under
consideration. The period over which long-term monitoring is to be carried out is
currently not defined as binding but will be decided upon following completion of
the remediation works at Wismut GmbH.
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The installation of a long-term monitoring system with integrated environmental
monitoring should generally also be included in the repository construction, see
Chap. 9.

For Trünzig, Pond A, the inventory of the isotope Ra-226 is
given as 1.3 × 1014 Bq = 130 TBq. In addition, up to 630 mBq/l have been
determined in pore water. (See also Tables 5.8 and 5.9). The dissolved activity is
not considered in the total activity due to the small order of magnitude and also
because of the seepage, Ra-226 is discharged from the inventory via the footprint
of the tailings body, see Sect. 5.5.3.4. The leachate is collected and fed to a water
treatment plant, cleaned and discharged to the receiving water in compliance with
the authorized and approved exemption limits. Part of the seepage flows uncontrolled
into the environment. The discharged load, in this case the radio-toxic contaminant,
must be constantly re-evaluated using mass transport models and accompanying
environmental monitoring [51]. Radium escapes by leachate drainage do not signifi-
cantly reduce the Ra-226 inventory in the tailings body, because Ra-226 is constantly
reproduced through the decay of U-238 in the tailings body (half-life of 4.468 ×
109). This is countered by the immobilizing effect of secondary mineralization of
the tailings (mineral crustal formation) [55]. In this dynamic process, a secular
equilibrium is finally formed in which the amount of available Ra-226 remains
constant and thus also the radon formation and thus the cause of radon exhalation.
It is not expected that the activity of the main radon source in the inventory will be
reduced significantly after 1000 years. However, this cannot be equated with radon
emissions.

5.6.2.2 Consolidation and Settlement Behaviour of the Multi-functional
Cover

The settlement following the consolidation of the sludge deposits in the tailing ponds
can be considerable and must be permanently monitored. They may not stop even
after placement of the multi-functional cover. It is particularly noteworthy that devel-
oping pathways (e.g. for radon), which can also be caused by the differential settle-
ment behaviour of the cover layers, currently cannot be detected exactly. Continuous
settlement monitoring is an indispensible part of the accompanying environmental
monitoring. With increasing radon exhalation rates, however, a corresponding for-
mation of pathways must be assumed. Aftercare is therefore difficult. There is a
considerable need for research in this area. One solution could be to install suitable
sensors in the cover in order to obtain better information about these processes, see
[35].

When modelling soil and rock mechanical tasks with the help of FEM, two non-
linearities have to be considered: the geometrical non-linearity (especially connected
with the investigation of large deformations) and the physical non-linearity (con-
nected with the modelling of material behaviour). However, the existing concepts
for the long-term stability of multi-functional covers assume small deformations, i.e.
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geometric linearity. Thus, the principle of linear superposition applies. The individ-
ually determined settlement components can thus be summarized:

sg = se + sl + sgw (5.6)

sg—total settlement
se—settlement of tailings body by own weight
sl—settlement of tailings body by load
sgw—settlement part of tailings body results by dewatering (groundwater resurgence)

Nonlinearity

1. Based on physical non-linearity in soil and rock mechanics tasks, it is essential
to evaluate inhomogeneity and anisotropy with regard to the material proper-
ties of the tailings body. Correlation analysis, which uncovers linear correlations
between different influencing variables, is well suited for this purpose. The sta-
tistical behaviour of the stated variables, Eq. (5.4), is represented with the help
of the determined correlation coefficients of the sampled tailings body. For this
purpose, the tailings body is covered with a sampling raster and depth-dependent
stated variables at time t are measured at the nodes. According to Eq. (5.3), from
the test results of the stated variable Si at the different depth levels, we can deter-
mine the relief of distribution of the status level, see Fig. 5.26, see also [56].
However, anomalies cannot be recorded using statistical methods. These can be
detected only with geophysical methods.

If stated variables are measured over a longer period of time or sufficiently closely
along a longer profile, a trend in the data can be determined that is of great importance
for long-term safety analyses.

A frequently used field test is the Cone Penetration Test (CPT), which is standard-
ized in Germany according to DIN 4094. However, the procedure must be calibrated
for the respective test field. The empirical relationship (not dimensionally accurate)
is suitable as a calibration relationship for determining a constrained modulus:

ES = a · qC + b (5.7)

Fig. 5.26 left: 3-D visualization of the peak pressure qC from regression analysis, depth 5m, right:
3-D visualization of the peak pressure qC from regression analysis, depth 30 m, see [29]
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Table 5.9 Results of regression analysis of CPTs of a landfill site [29]

CPT-No. 2–13 24 24a 2–6 2–9 29a 31a 35

a/MN/m2 −1.01129 2.17634 −7.87406 0.223683 3.43668 −0.959411 2.21298 −2.70202

b/MN/m3 0.265345 0.161439 0.590386 0.244968 0.175812 0.213584 0.122971 0.230851

Correlation
coeffi-
cients

0.955095 0.689819 0.849254 0.885242 0.949680 0.932856 0.765281 0.706560

Es—constrained modulus in [MN/m2]; qC—cone pressure in [MPa].
Table 5.9 shows the results of regression analyses of cone penetration tests (CPTs)

of a landfill site. The statistical analysis of the field tests is summarized in Fig. 5.26.
The procedure can also be used for the examination of tailings bodies.
Although the above compilation of physical phenomena appears initially to be

very clear, it is difficult to adequatelymap them in a complex geotechnicalmodel, due
to the complex physical and chemical properties and consistency of the tailings. Long
termmonitoring over periods of time for which the forecasts (trends) of the long-term
behaviour of the tailings bodies can be predicted are not yet known. Such monitoring
goes beyond what can reliably be predicted. Thus, the results from one-dimensional
consolidation models or the deformations determined with FEM models must be
evaluated very criticallywith regard to their significance, especially if the phenomena
described above are not taken into account. The necessity to monitor the settlement
behaviour of a multi-functional cover in situ in the long run thus becomes clear. The
models used in the settlement prognosis could in turn be validated from extensive
measurement series used to determine the location-dependent deformations.

1D-Consolidation: Constitutive model considering nonlinear finite deforma-
tions in the Lagrange coordinates (a, t), according to SCHIFFMAN (1980),
[57], Eq.(5.8)

∂

∂a

[
(1 + e0)k(e)

γw(1 + e)av(e)

∂

∂a

]
± f (e)

∂

∂a
= 1

1 + e0

∂e

∂t
(5.8)

with: f (e) = −
(

γs

γw
− 1

)
d
de

[
k(e)
1+e

]
.

e0—start void ratio; e—void ratio; k—permeability;γw—water density;γs—solid
density.

The consolidation and the considerable associated deformations of the tailings
body are accelerated by various measures taken during closure works, as described,
or anticipated by loading(intermediate covering) and drainage24 of the tailings body
(vertical drains; this will not be discussed further here. Oedometer tests are usually
used to determine k(e) in Eq. (5.8). It can be shown that for the respective tailings
ponds site-specific results are determined which show considerable differences.

24The radioactive water from the drainage of the tailings body is collected, and decontaminated in
a water treatment plant so that it can be discharged into the receiving water.



5.6 Definition of Long-Term Safety and Long-Term Stability 155

Fig. 5.27 Environmental monitoring

Possible effects on the multi-functional cover and on the settlement behaviour of
the tailings bodies, and thus on the long-term behaviour of the geotechnical environ-
mental structure, are shown here qualitatively, see also Fig. 5.27.

5.6.3 Long-Term Safety and Stability of Base Sealing
(ENW3)

In Germany, base sealings must be installed according to the state of the art or
selected as suitable geological barriers. For landfill construction, these are described
in a uniform federal quality standard and in a suitability assessment based on this
[58]; these requirements must be met when installing the suitability-tested building
materials, sealing components and sealing systems so that they comply with the
state of the art when installed. These performance criteria and evidence of suitability
could also be used for uranium tailings ponds. These apply to all kinds sealings
(Table 5.10).

Since base sealings have been not installed in the containments provided for the
deposition of uranium tailings coming from the SDAGWismut, appropriate counter-
measures must also be taken to counteract the possible spread of contamination in the
subsoil (loose rock body) and into the groundwater, and also in the storage process
with regard to long-term safety. This does not correspond to proof of long-term safety
and stability. When considering over what time period these countermeasures have
to work, it must be assumed that this must be done permanently, see also Table 5.7.
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Table 5.10 Performance and proofs of suitability assessment of seals made of mineral components
[58] LAGA Ad hoc-AG “Deponietechnik” (LAGA)—German laws

Criteria/effects Performance Proofsa

Thickness At least 0.50 m In scope of construction work

Tightness k-value-determination
according to DIN 18 130

Coefficient of permeability k:
k ≤ 5 × 10−10 m/s at a
pressure gradient of i = 30

Mechanical resistance Permanently stable at slope
inclination 1:3

Shear box test

Deformable up to 200 m
radius of curvature without
increasing permeability

Flexural tensile test

Hydraulically resistant
(erosion and suffosion
resistant)

Grain-size distributions

Stability Long-term durability:
(≥1000 years)

Based on the DepV in
accordance with relevant
GDAb recommendations for
a site-specific solution

Durability of the components
influencing the stability

Resistant against aggressive
Seepage water as a function
of pH value

Manufacturability The construction must be
possible and reproducible
under construction site
conditions with certainty

Test field

Other criteria (Note:
Compliance is not always
possible and necessary,
additional measures and
elements may be necessary,
e.g. temporary frost
protection)

System compatible Test field
Shearing tests

Frostproof, until sufficient
cover is achieved

Frost/thaw cycles, protective
measures

Environmentally compatible Compliance with legal
requirements; in case of using
of substitute construction
materials for landfills, it could
be resorted on requirements,
in accordance Part 3 DepV

aWhich proofs are necessary, are explained in the following points
bGDA means: Recommendations for geotechnical engineering of landfills and contaminated sites,
these are recommendations of the German Geotechnical Society (DGGT e.V.)
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• Countermeasures against contaminant escape from the tailings body/ mass
transfer models

Contaminants may migrate from the tailings body into the ground, and possibly
into the aquifer, if the base can be penetrated. On the one hand, the design of the
geotechnical structure makes it necessary to prevent the spread of contamination;
on the other hand, forecasts have to be made as to which spreads of contamination
may occur and which countermeasures can be taken. This may include construction
of underground galleries and associated collection wells. In addition there should
be a corresponding program of groundwater monitoring points and groundwater
production wells which may collect groundwater and pump it to a water treatment
plant or, if necessary, to be able to undertake large-scale dewatering and lowering of
groundwater. Also mass transport models are often used as prognosis tools.

Mass transport models are used in 2D and 3D variants to simulate the distribu-
tion of dissolved (pollutant) substances on the basis of a hydraulic model. For this,
the processes of convection, diffusion, dispersion, sorption, chemical reaction and
degradation are taken into account, depending on the complexity of the problem
and the data available. Mass transfer models can also be used to simulate historical
pollutant discharges as well as possible remediation scenarios including the moni-
toring of Natural Pollution Retention (MNA). For the numerical simulation of mass
transport processes in aquifers, a whole range of model systems are available. In
conjunction with pre- and post processing modules, the mass transport, the ongo-
ing hydrogeochemical processes, the development of the substance concentrations
in the groundwater, etc. can all be visualized and compared with the determined
measurement results further information may be found in Chaps. 6, 7 and 8.

Replica: Due to the lack of base sealing in the uranium tailings ponds at SDAG
Wismut, long-term safety of the closed ponds cannot be demonstrated since the
individual certificates (ENW3 and 4) can not be presented. It can be shown that over
long periods of time (permanently), pore water can reach the groundwater through
the base floor and in order to guarantee public safety must therefore be collected
and treated over an extremely long period of time. This is currently being done to
the extent necessary. However, it is very unlikely that it will be possible to shut
down water catchment and treatment before the end of this century because the
concentrations in the water catchment with radio-toxic elements will not allow this.
A comprehensive monitoring system, in particular a special measuring network for
groundwater and surface water, with a corresponding reporting regime, at Wismut
GmbH is indispensable over this period and part of the assurance of the long-term
safety of the uranium tailings stored.

As well as the possible escape of pore water through the floor of the tailings body
there remains a need to store the radio-toxic inventory contained in the tailings mass.
After the depletion of the pore water, a long-term safe surface seal should prevent
this residual inventory from being mobilized. A risk of mobilization remains due
to the inflow of groundwater. The foot of the tailings body must be prevented from
becoming saturated. By forming a settlement mound of the now “dry” tailings body,
the distance to the upper, free groundwater levelmay become so low that groundwater
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flows into the tailings body. This must bemonitored and inflow prevented. In extreme
cases, to avert damage it may become necessary to lower the ground water level by
pumping. The long-term safety assessment for the multifunctional surface seal need
not include this.

5.6.4 Monitoring

• Environmental monitoring, part of the closure of tailings ponds of uranium
ore processing

For long-term monitoring, only a few suggestions are made in this work. The task of
the surrounding monitoring, as part of the environmental monitoring, see Fig. 5.28,
is to measure the effects of the individual objects themselves and the remediation
measures carried out on the protected soil, air and water.

This applies not only to the period before and after the remediation, but also
during the remediation works. A distinction is made between basic and remediation
monitoring. In basic monitoring, the monitoring tasks necessary for successful con-
trol are summarized; these are carried out regularly at fixed measuring points and
according to defined methods independent of the remediation works. In addition, the
escapes and discharges of pollutants from the individual sites are measured. Basic

Fig. 5.28 Visualization of
the settlements of the tailings
body surface relative to the
tailings thickness at the time
of measurement [59]
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monitoring is intended as the basis for long-term monitoring, i.e. by continuing or
further developing of this programme, the surrounding situation is monitored until
the completion of remediation works in order to assess the remediation results. The
post-closure works and the long termmonitoring are not part of the basic monitoring.

Long-term monitoring is based on the basic monitoring. From the respective
results in connection with the development prognoses, the necessary network of
measuring points is set up. In due course, however, this network should be regularly
reviewed and adapted to the development of science and technology.

The remediation monitoring (accompanying monitoring) accompanies the
implementation of the remedial measures as a supplement to the basic monitoring.
The defining characteristic of the renovationmonitoring is its time limit. Remediation
monitoring also includes radiological monitoring of workers. Since 1991, Wismut
GmbH has provided environmental monitoring results to the public in the form of
environmental reports.

• Long-term monitoring—Part of the safety assessment of the geotechnical
environmental structure and the run-off protection (ENW 4)

The long-term monitoring of the stability analysis is on the one hand determined
by the method described under Sect. 5.5.2 of individual proofs, and on the other
hand by the underlying design variables for the tailings dam construction and the
multi-functional cover according to the examples at (5.4), (5.5), (5.6) and (5.7). On
the one hand, it is necessary to determine the time intervals at which sampling and
test procedures must be carried out, and on the other hand to define the methods
with which the determination of parameters should be carried out. Thus, the shear
strength parameters are usually determined from direct shear tests and from triaxial
tests (CU) in accordance with DIN 18,137. Using load-settlement tests (oedometer)
according toDIN 18,135, the appropriate deformation parameters can be determined.
The experiments are carried out taking into account the extraction depth of samples
or the overburden stress present in situ for the expected stress ranges.

A recurring difficulty is to transfer the values determined in the laboratory to
the respective engineering task being used. The tailings body consolidates further
following the addition of the multi-functional cover. The tailings body and the cover
form a coupled system, see Eq. (5.7). If the settlement differences between adjacent
parts of the tailings body are very large (large settlement gradient), this can also be
transferred to the cover. If there is such differential settlement the layers of the multi-
functional cover can become offset from one another or water penetration may take
place at the layer boundaries. As a result of such damage to the barrier system may
be damaged, resulting possibly in the development of radon exhalation pathways.
In contrast the use of geosynthetic separating layers can provide good protection,
see Fig. 5.11. The radon exhalation rates and the local dose rates are measured and
used to demonstrate the effectiveness, and thus the functionality, of the radon barrier
within the multi-functional cover.

The location-dependent settlements measured on the surface of the cover are the
sum of the settlement of the tailings body and the cover. Following the Boltzmann
axiom of Eq. (5.6):
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sg = stail + sabd (5.9a)

sg—on the surface measured total settlement;
stail—settlement of the tailings body;
sabd—settlement of the multi-functional cover.

In order to minimize the effects of consolidation on the cover, extensive predictive
calculations and accompanying monitoring for validation are necessary in order to
derive specifications for the design of the cover (see Fig. 5.15). Load fillings and sub-
areas of the intermediate cover take on the function of test fields. The following tasks
can be identified, which serve the purpose of guaranteeing and proving the barrier
effect of the multi-functional cover for the specified service life of the geotechnical
environmental structure. The list is not exhaustive:

– Measures to homogenise the settlements of the surface of the tailings body,
– Determination of a reliable prognosis for the long-term behavior of the tailings
body,

– Installation of a system with which the settlements of the cover can be reliably
determined over long periods of time, with corresponding evaluation routines,

– Installation of a network of radiological measuring points, for the detection of
inter alia radon exhalation rates, local dose rates, etc., with appropriate evaluation
routines and correlations to the deformation behavior of the surface of the cover,

– Detection of potential radon pathways, e.g. by suitable tracer tests in conjunction
with radiological measurements.

It appears advisable in areas of increased failure probability, e.g. during the tailings
dam construction, to install an early warning system that could be coupled with
elements of the above tasks. This will make it possible to identify weak zones and
slip surfaces, etc., and thus to obtain information on measures necessary to avert
hazards or to initiate more thorough investigation. Sites in the vicinity of residential
areas, agricultural and animal production, transitions to receiving waters etc. are
particularly worthy of protection. The installation of an early warning system is
particularly recommended in zones with increased seismic activity and an increased
number and duration of heavy rainfall events. Some suggestions already exist that
can contribute to a solution. Glötzl, R. and Lersow, M., see one way to suitably
join the mats-integrated Polymers Optical Fiber (POF) [60] and a stress measuring
station [61]. Themonitoring programme should also include radiological monitoring
of the site. This includes monitoring the functionality of the multi-functional cover
in minimizing the mobilization of radionuclides in the tailings body.

The cover of a tailings pond has various protective functions. It must ensure
that in the long term escapes of pollutants into the ambient air (“air pathway”), the
ground and surface water (“water pathways”) remain limited to an acceptable level
and encapsulated minerals are not exposed within the containment (“pathway of
minerals”). If the cover loses only one of these protective functions, then the overall
function of the containment is compromised. For the detection of chemical and bio-
logical substances, in particular of toxic and radioactive contaminants, development
of a suitable procedure is shown [35] (see Fig. 5.29).
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Fig. 5.29 Principle of a multifunctional geomat, © [35]

At Wismut GmbH, a local dose rate of ODL ≤ 0.15 μSv/h for radiation exposure
at the surface of the cover has been established for the assessment of the shielding
effect from the encapsulated radioactive minerals.

5.7 Consideration of Extraordinary Events—Worst Cases

Unpredictable and extreme events may affect the geotechnical environmental struc-
tures for long-term safe storage of the uranium mill tailings ponds of the SDAG
Wismut which could reduce the effectiveness of the final disposal construction, with
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the potential for release of significant quantities of radio-toxic pollutants into the
biosphere.

– Earthquakes of unprecedented magnitude
– Aeroplane Crash
– Terrorist interventions (explosions, bombs, etc.)
– Interventions from outside (drill holes, holes, etc.), so-called “human intrusion
scenarios”

– etc.

The third and fourth items on this list can be dangerous for the containment struc-
tures. Therefore, these should be deserving of particular attention. Matters relating
to the “human intrusion scenarios” are covered by elements of the German mining
code. The file (final documentation) of the abandoned mining areas (here Uranium-
Tailings ponds) with all relevant data should remain permanently in the register of the
responsible mining authority. This will hopefully exclude the possibility of human
interference in the containment structure over the long term.
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Chapter 6
Disposal of Radioactive Waste of Low
and Medium Radioactivity (Radioactive
Waste with Negligible Heat Generation)

The following sections are consistent with the classification of radioactive waste
previously set out in Chap. 2, Fig. 2.1 and also with the situation in Germany. The
reader will notice that there are relatively large differences between individual coun-
tries in the long-term safe and long-term safekeeping of this class of radioactive
waste. Comparing Germany to the USA, the differences are not only due to the dif-
ferent classification systems but also as a result of site-specific conditions. With low
population density and often dry climate in parts of the USA, such conditions allow
near-surface storage of this category of waste.

The US Radioactive Waste Classification System is set out in detail in various
regulations of the Code of Federal Regulations (CFR). There are twomain categories
of radioactive waste in the USA. Low Level Waste (LLW) and High Level Waste
(HLW), see Chap. 7. In addition, there are some special categories, such as waste
containing transuranic elements (TRUW), and spent nuclear fuel (SNF); see Chap. 7
for information on these wastes while waste from naturally occurring radionuclides
(NORM), is described in Chap. 5.

Only LLW will be discussed here. For LLW, near-surface disposal is prescribed
in the USA. In Germany, radioactive waste of low and medium radioactivity with
negligible heat generation is stored in deep geological strata, a clear difference.
However, the requirement for long-termsafety canbeproven for both types of storage.

To be classified as LLW the waste must have a maximum activity of 3700 Bq/g
of α-emitters with a half-life of more than 20 years.

Furthermore, for LLW, activity limits are specified for each individual β-emitter
and for the sum of radionuclides referred to below. For simplicity, only the limits of
the sums are given here. The figures in the regulations are in Curie per cubic meter
of waste. In order to make them comparable to the European standards limits must
be stated in Becquerel per gram, so these numbers have been converted. For this
purpose, a density of the waste of 2 g/cm3 was assumed, see also Chap. 3, Table 3.3

– For the sum of the short-lived nuclides Ni-63, Sr-90 and Cs-137 there is an upper
limit of specific activity of 8.9 to × 107 Bq/g.
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– For the sum of the long-lived nuclides C-14, Ni-59, Nb-94, Tc-99 and I-129 is an
upper limit of 9 × 105 Bq/g.

The examples for the remediation programs of other countries have been limited,
so that the reader has the opportunity to draw comparisons with appropriate site
specific projects and thus may also draw conclusions for site specific solutions or
there is the option to seek more information from international literature.

6.1 International Developments

According to the present classification, see Chapter 2, Low Active Waste (LAW)
is characterized by an activity A* < 1E+11 Bq/m3 and a mean decay heat Qmean∼= 200 W/m3; for medium radioactive waste (Medium Active Waste—MAW) the
corresponding numbers are activity A* = (1E+10 to 1E+15) Bq/m3 and decay heat
Q < 2 kW/m3. In addition it is noted that the heat generation during storage of the
inventory in underground cavities should be negligible, so that only a slight warming
of the surrounding rocks is to be expected.

In Germany, low-level and intermediate-level radioactive waste accounts for
around 90% of the total volume of radioactive waste. These wastes arise from the
operation and decommissioning of nuclear power plants, from research and industry
as well as from medicine, see Fig. 4.1, Chap. 4. Wastes may include, for example,
contaminated plant components, tools or laboratory equipment, protective clothing
from nuclear power plants, used filters, radiation sources from medical and other
engineering applications or radioactive chemicals and industrial process residues
requiring monitoring. For such waste, the German Federal Environment Ministry
(BMU) predicts a volume of just over 300,000 m3 by the year 2080. A possible
future volume of waste to be considered for removal into another final disposal site
and conditioning of Asse II wastes is not included, see Sect. 6.3.4.

Internationally Low- and Intermediate-level radioactive waste, LAW and MAW,
or limiting heat generation (Negligible Heat-Generating Waste—NHGW), are gen-
erally deposited in near surface repositories, i. a. only few meters below ground.

In a global comparison, only a few countries, such as Germany, have decided to
dispose of low- and intermediate-level radioactive waste in deep geological areas.
Generally, no retrieval is intended for these radioactive wastes. Final repositories
for low and intermediate level radioactive waste have been in operation in many
countries for many years.

• International overview

Finland

In Olkiluoto/Finland a repository for low- and intermediate-level radioactive waste
has been constructed, that is comparable to German sites. The Olkiluoto repository
is assigned to the nuclear power plant of the samename and is located on theOlkiluoto
peninsula on the west coast of Finland, see Chap. 7. After initial site investigations in
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Table 6.1 Nuclide inventory of repository Olkiluoto for low- and intermediate-level radioactive
waste, acc. [1]

Total activity [Bq] 4.2E+14

α-activity [Bq] 1.6E+10

Bestimmende Nuklide
up to 102/104/106 years

Cs-137, Ni-63 Ni-59 Ni-59

Waste volume [m3] 8500 Thereof: 4960 for LAW
and 3472 für MAW

Specific total activity [Bq/g] 24,700

Specific α- activity [Bq/g] 1

1980, construction began in 1988. In May 1992, the first waste was put into storage.
The operating license is valid until the end of 2051.

The repository consists of two separate cavities for separate disposal 60 to 100 m
deep in the crystalline rock. These is a silo for dry LAW from the maintenance of
the NPP and a silo for bituminized MAW. Each of these cavities is 34 m high and
has a diameter of 24 m. The storage capacity totals 60,000 m3. At the time of writing
approximately 9500 m3 have been used so far. The waste is stored in the form of
concrete cubes, each containing 16 barrels. For a waste volume of 8500 m3, the
inventory has been listed in [1], see Table 6.1.

If the activity from Table 6.1 is calculated for 300,000 m3, which is the storage
volume of the future German repository Schacht Konrad, a total activity of 1.48
E+16 Bq would be achieved.

France

The Centre de l’Aube repository for—short-lived radionuclides LAW-SL andMAW-
SL (SL stands for short-lived), is located in central France near the city of Soulaines-
Dhuys within the departments of Aube and Haute-Marne, see Chap. 7.

Since 1992, LAW-SL and MAW-SL have been stored near the surface on a con-
crete platform. The waste barrels and concrete containers are stacked in six layers.
The concrete platform is drained by small channels. When the final disposal is full, it
is sealed to become impermeable to water and covered with soil. It is to be monitored
for 300 years. Thereafter, the radioactivity of the inventory should have decayed to
the level of natural radiation, see Fig. 6.1. Monitoring in the post-closure phase is a
special feature and highly recommended for near-surface repositories.

The repository has a capacity of 1 million m3 and is equipped with its own com-
pacting plant. The plant was originally planned for operation up to 2040, with an
annual delivery volume of 30,000 m3. However, the quantities actually delivered are
well below the anticipated 30,000 m3 per year, so that an operating life of 60 years
is now expected, see [2]. The operation at the Center de l’Aube repository is essen-
tially automated and computer-monitored. For a waste volume of 1 million m3, the
following inventory may be found in [2] and is summarised in Table 6.2.
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Fig. 6.1 Time course of the nuclide inventory of the Center de l’Aube repository. Source [2]

Table 6.2 Nuclide inventory at the Centre de l’Aube repository, according to [2]

Total approved activity [Bq] 6.5E+17

α-Aktivity [Bq] 7.5E+14

Determining nuclides: LAW-SL and
MAW-SL

Co-60, Cs-137, Cs-135, Ni-63, Tc-99,
Sm-151, Pd-107, mAg-108, I-129, Cl-36

Approved waste volume [m3] 1.0E+06

Activity limit for α-emitters in the waste
packages

[Bq/g] 3.7E+03

If the activity fromTable 6.2 is calculated for 300,000m3,which is the storage vol-
ume of the future German repository Schacht Konrad, a total activity of 1.95E+17 Bq
would be achieved.

USA

In arid climates, near-surface storage of low- and intermediate-level radioactivewaste
is a common practice. As a typical example of disposal in trenches, can shown the
repository “Test Site” at the Clive location approximately 105 km north-west of
Las Vegas, Nevada, is shown in Fig. 6.2. The repository “Test Site” is designed to
accommodate radioactive waste Class A/LLW according to 10 CFR 61.55 [3], see
Table 6.3 and Chap. 3, Table 3.3. In this site, the containers of radioactive waste are
stacked in several layers on a prepared, usually concreted, surface a fewmeters below
ground level, see Fig. 6.2. They are often sealed with a cover (mostly concrete) and
then covered with earth. However, special sealing systems may also be developed.
This includes the use of geosynthetics. These are shown diagrammatically in Fig. 6.3.
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Fig. 6.2 Disposal area of
repository “Test Site”,
Nevada/USA

Table 6.3 Characteristics of Classes of LLW acc. Code of Federal Regulations, No. 10 CFR 61 §
55, [3], for storage by surface near final disposal sites

Radionuclide/Class
LLW—activity limits per
volume

Class A (Ci/m3) Class A (Bq/m3) Class B (Ci/m3) Class C (Ci/m3)

Total of all nuclides with less
than 5 year half life

700 2.59E+13 No limit No limit

Tritium (H-3) 40 1.48E+12 No limit No limit

Cobalt-60 (Co) 700 2.59E+13 No limit No limit

Nickel-63 (Ni) 3.5 12.95E+10 70 700

Ni-63 in activated metal 35 12.95E+11 700 7000

Strontium-90 (Sr) 0.04 0.148E+10 150 7000

Cesium-137(Cs) 1 3.7E+10 44 4600

Carbon-14(C) 0.8 2.96E+10 8

C-14 in activated metal 8 2.96E+11 80

Nickel-59 (Ni) in activated
metal

22 8.14E+11 220

Niobium-94 (Nb) in activated
metal

0.02 0.074E+10 0.2

Technetium-99 (Tc) 0.3 1.11E+10 3

Iodine-129 (I) 0.008 0.0296E+10 0.08

Alpha emitting transuranic
nuclides with a half life
greater than 5 years

10 nCi/g 370 Bq/g 100 nCi/g

Plutonium-241 (Pu) 350 nCi/g 12,950 Bq/g 3500 nCi/g

Curium-242 (Cm) 2000 nCi/g 74,000 Bq/g 20,000 nCi/g
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Fig. 6.3 Near-surface storage of LLW in the USA according to no. 10 CFR 61 [3]

The United States has the most experience in dealing with radioactive waste and
residues. In Table 6.4, are represented the quantities of LLW, which have been stored
at the four repository sites in the USA so far. Licensees may apply to an Agreement
State for periodic renewal of a license. The quantity which is stored there is about
three times greater than the total quantity of LAW and MAW with negligible heat
generation planned to be stored in the Konrad shaft repository. The stored activities
from the inventories differ insignificantly, see Table 6.7. The Clive/UT repository
contains the largest volume but the lowest activity because only LLW class A is
accepted.

Germany: Near-surface storage of radioactive residues

Table 6.4 LLW deposited at different sites in USA during the period 2005 to 2017, all data from
Low-Level Waste Disposal Statistics, U.S. NRC, April 24, 2018

Disposal
Facility

Volume (Cubic
Feet)

Volume (Cubic
meter)

Activity
(Curies)

Activity
(Curies)a

Andrews
Countya, c, TX

114,100,000 3230.952 422,718.000 1.564E+16

Barnwella, SC 265,948.000 7530.809 2,774,177.000 1.026E+17

Cliveb, UT 31,007,890.000 878,045.664 197,430.000 7.305E+15

Richlanda, WA 400,878.000 11,351.601 207,856.000 7.691E+15

Total 31,788,816.000 900,159.026 3,602,181.000 1.333E+17

aBarnwell, Richland, and Andrews County accept class A, B, and C waste
bClive accepts only class A waste
cAndrews County in operation since 2012
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Fig. 6.4 Above: modified scheme of lime-Walhalla lime—water treatment process (WBA); [4];
bottom left: the storage field of the dump 371/1 with deposited big bags before sealing of the field;
bottom right: Water treatment facility at Ronneburg. Source Figures bottom ©Wismut GmbH

A type of disposal site similar to the repository “Test site” Nevada/USA was devel-
oped by Wismut GmbH for treatment residues from their water treatment plants,
see Fig. 6.4. This is an example of the near-surface disposal of residues requiring
monitoring in Germany; the residues are being created in the remediation process
for uranium mill tailings ponds. A classification as used in the USA does not exist.
Substantial inventory activities are being disposed of in this way near-surface for the
long term.

Wismut GmbH operates water treatment plants for the decontamination of mining
waters at six locations downstream of their operating sites and thus ensures achieve-
ment of the protection goals for the receiving waters and aquifers used bymining, see
Table 6.5. For this purpose, site-specific process management systems were devel-
oped and installed at the water treatment plants. The plant for the treatment of mine
flood waters (AAF) at the Königstein mine has a pre-treatment in the form of a
separate uranium separation by means of ion exchange/precipitation. The resulting
uranium product is marketed. As an example: In 2014, 37.6 tonnes of uranium were
recovered using this process [5]. If the AAF is operatedwithout this separate uranium
separation, the concentration of Unat in the treatment residues will increase signifi-
cantly, resulting in a significant increase in the specific activity A* in the treatment
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Fig. 6.5 Shaft 1 of Konrad mine in the conversation phase - used for the transportation of personnel
and materials

residues. In general, it can be stated that the specific activities in the residues of
the water treatment plants of Wismut GmbH (particularly Königstein) will diminish
little in the future. This is due, on the one hand, to the consistently high levels of
radioactivity in the mine derived waters and, on the other hand, to the improved
methods of separation, particularly for uranium and Ra-226 in the water treatment
plants. Figure 6.4 shows the scheme of a water treatment with lime precipitation, as
used in the WBA Seelingstädt, see also [6, 7].

For the collection, transportation and final disposal of the residues from Table 6.5,
these are initially filled into “Big Bags” of 1 m3 volume and then transferred to a
temporary storage site. From there, the big bags are transported to the repository
site at the appropriate time. Special areas, mostly on dumps and on remediated
tailings ponds sites, are planned and approved as emplacement areas for radioactively
contaminatedmaterials. The base surface of the emplacement areaswill be concreted.
Thebig bagswill be stackedon the concreted areas. The emplacement areas arefinally
profiled, isolated and covered. Such sites then become final storage facilities for the
treatment residues, with radioactive inventories which are comparable to those at the
final disposal sites described here.

The storage location at waste rock dump Halde 371/1 in Schlema-Alberoda has
been formed as a basin with storage sections, which are separated from each other.
In Chap. 5, Fig. 5.1 right, the storage sections located in waste rock dump 371/1
are clearly visible. Since 2006, a pourable product from the residues of the water
treatment plants has beenmade from the residues of the water treatment plants; when
mixed with cement this product has very little water solubility. The material is then
transported in Big Bags to the prepared storage site, compacted and initially covered
with sand, see Fig. 6.4. The treatment residues from thewater treatment plants contain
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the main contaminants listed in Table 6.5. The very low uranium concentration in
waste from the water treatment plant Ronneburg is striking.

However, the specific activity values in the treatment residues from the AAF
Königstein appear critical. Looking at the radioactivity loads of Table 6.5 and taking
into account the daughter nuclides ofU-238,U-234,Th-230, an activity concentration
of A* > 3000 Bq/g can be calculated. If the AAF Königstein is converted to have
no uranium separation facility, the treatment residues for disposal will have activity
concentrations of A* > 4000 Bq/g. This should be viewed critically. Since the mine
flood waters still have to be treated over a very long period of time, it can be assumed
that the total amount of treatment residues to be shipped to the Schüsselgrund-Halde
will amount to more than 300,000 m3 and thus the storage volume of the repository
Schacht Konrad repository for low- and intermediate-level radioactive waste will be
insufficient.

Märten [7] has noted the following: “The special feature of the water treatment
plant Königstein … consists above all in the prior separation of uranium from the
flood water by means of ion exchange and the subsequent treatment to a usable
product (instead of the transfer of uranium in a precipitated sludge and disposal
into the waste rock dump at the site, which is very questionable for environmental
reasons).

Storage of radioactive material in the open air is not permitted in any state in
Western Europe. Even the outdoor storage of containers of radioactive material in the
open air is problematic because of the harsher weather conditions and the influence of
solar radiation which results in more aggressive corrosion of the waste container. In
Central Europe, the permanent outdoor storage of containers of radioactive material
is neither politically desirable nor legally permissible in any country.

Table 6.6 summarizes some examples of repositories for low and intermediate
level radioactivewaste in different countries. The diversity of the repository-concepts
in each country is clear.

6.2 Description of the Current Situation for the Long-Term
Storage of Low to Medium Level Radioactive Waste
(LAW, MAW) in Germany

There are two sites in Germany where low and intermediate level (LAW and MAW)
waste is deposited in geologically deep strata. One is the Morsleben Radioactive
Waste Repository (ERAM) in Saxony-Anhalt and the other is the Asse II mine near
Remlingen in Lower Saxony. These two sites exist from before the reunification of
Germany.

In 2016 with the “Act on the Reorganisation of the Organisational Structure in the
Field of Disposal of RadioactiveWaste” [8], the Federal Government reorganised the
responsibilities in relation to the disposal of radioactive waste. A Federal Company
for repository mbH (BGE), based in Peine/Lower Saxony, was founded [8]. This
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Table 6.6 Examples of storage of low and intermediate level radioactive waste worldwide/status:
2017

Country Location Type Status

Belgium Mol-Dessel, Province of
Antwerp

Near surface In operation

Denmark Location not specified Above ground
temporary storage

A repository designed
for a period of 100 years
is being tested

Germany Morsleben,
Saxony-Anhalt

DGR—rock salt Closed, approval
procedure
decommissioning

Konrad, Lower Saxony DGR—iron ore Approved, construction
(conversion)

Asse II, Lower Saxony DGR—rock salt Closed, operation for
keeping the mine open

Finland Loviisa, Uusimaa Cavern (granite) In operation (since
1997)

Olkiluoto; community
Eurajoki, Satakunta

Cavern (granite) In operation (since
1992)

France La Manche near La
Hague

Near surface Closed

L’Aube bei
Soulaines-Dhuys

Near surface In operation

Centre de l’Aube Near surface In operation until 2080

Great Britain Drigg not far from
Sellafield

Near surface In operation

Dounreay/Scotland
(County Caithness)

Near surface Closed, should be
cleared out

Japan Rokkasho Muri,
Präfektur Aomori

Near surface In operation

Canada Kircadine, Ontario In lime stone Approval stage

Sweden SFR Forsmark not far
from NPP Forsmark

In operation

Near surface/cavern
(granite)

Oskarshamn Near surface In operation

Ringhals Near surface In operation

Studsvik Near surface In operation

Switzerland Decision open until
2050/2060

In mudstone Location selection in
progress

Spain EL Cabril near Cordoba Near surface In operation, waste
retrievable

USA Exemplary

(continued)
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Table 6.6 (continued)

Country Location Type Status

Barnwell, South
Carolina

Near surface In operation

Richland, Washington Near surface In operation

Clive, Utah Near surface In operation

Andrews County, Texas Near surface In operation

Waste in 120 locations
in 39 federal states

aDGR—Deep Geological Repository

company assumes the tasks of Asse-GmbH, „Deutsche Gesellschaft zur Bau und
Betrieb von Endlagern für Abfallstoffe mbH“ (DBE) and the operator tasks of the
Federal Office for Radiation Protection (BfS). Furthermore, the law provides that the
state tasks of supervision and licensing in the field of nuclear technology, temporary
storage, site selection and repository monitoring are to be bundled in one authority—
the Federal Office for the Safety of NuclearWasteManagement (BfE). Thus, the BfE
became the central licensing and supervisory authority independent of the repository
operator. The states ofLowerSaxonyandSaxony-Anhalt remain thenuclear licensing
authority and remain responsible for the supervision of the Asse II mine, Konrad
repository and ERAM project. The responsibility of the state ends for the Shaft
Konrad repository with its commissioning, and for the Morsleben repository with
the conclusion of the ongoing planning approval procedure for decommissioning.

The BfS then concentrates on the state tasks of radiation protection and the moni-
toring networks for environmental radioactivity. This has to be taken into account in
the following section which describes the processes with historical accuracy. How-
ever, it should be noted that this no longer corresponds to the current organisational
structure for the disposal of radioactive waste.1 Moreover, the new organisational
structure for the disposal of radioactive waste still has to prove its efficiency. The
alignment and correlation with international processes is an ongoing task.

1The bibliographical references are difficult, in each case the BfS is marked as author, and the
literature produced by the BfS, even if the BfE has in the meantime taken over the tasks and thus
inherited the library estate of the BfS.
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6.3 Requirements and Their Implementation
for a Long-Term Safe and Long-Term Stable Storage

6.3.1 Limits of the Following Considerations

The long-term safety assessment of a repository for low-level radioactive waste also
aims to permanently prevent the escape of radionuclides from the inventory into the
biosphere. However, due to the situation described above, it is not appropriate to
present here a long-term safety record for the final disposal of radioactive waste.
Instead, reference is made to the available assessments (proofs) and this is evaluated.
This is because, inter alia:

– The choice of location and thus the type of final disposal has been made; in each
case storage in deep geological formations has been chosen,

– In the respective planning approval documents no information has been provided
regarding accessibility to the storage areas for the duration of operations as these
are unnecessary. Reversibility/retrievability/recoverability plays either no, or only
a minor role in the disposal concepts of the ERAM and the Konrad mine.

– The determination of a probability of failure is not available for any repository
site. Only deterministic methods were used.

– The classifying of the repository containers as a technical barrier in the multi-
barrier concept of a repository was not adopted. The contribution of the waste
matrix and the containers to the isolation of the radionuclides, and thus the lim-
itation of the release of the radionuclides from the waste matrix and from the
container into the effective containment zone, was not implemented in the repos-
itory concepts, see K. Kugel [9].

An integrated concept for low- and intermediate-level radioactive waste has not
been presented separately. In the approval documents to be submitted, this manifests
itself in a series of individual claims, some of which were further clarified within
the administrative procedure or were substantiated with incidental provisions. One
reasonmay be that Germany has not pursued the principle of one-repository-site. For
this reason, reference ismade to the concept of determining long-termsafety forHAW
presented under Sect. 8.4.3,which is largely applicable to low- and intermediate-level
radioactive waste and possibly will be applied in the respective planning approval
documents or in the safekeeping of stored waste at the Asse mine.

However, one advantage of the procedure outlined in 8.4.3 can be seen: the repos-
itory sites for low- and intermediate-level radioactive waste are located in different
host rocks:—rock salt, a ductile host rock, the ERAM and in an iron ore horizon
(coraloolite—sedimentary oolitic iron ore minette type)—see the Geological cross
section of the Konrad mine, at Fig. 6.6. In this way experiences with different host
rocks were gained.
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Fig. 6.6 Geological cross section in the area of the Konrad mine; Iron ore deposit, thickness of
(4–18) m with a clay barrier appr. 400 m thick. Source BfS [10]

6.3.2 Shaft Konrad/Repository Shaft Konrad—for LAW
and MAW with Negligible Heat Generation

In Germany, the disposal of radioactive waste comes down to a “two-repository-
solution” in deep geological formations. These are a repository for low- and
intermediate-level radioactive waste with negligible heat generation and a repository
for heat-generating, high-level radioactive waste. However, it is difficult to predict
future developments.

Shaft Konrad is a disused iron ore mine in Salzgitter/Bleckenstedt and is cur-
rently being converted into a repository for radioactive waste with negligible heat
generation. It was selected as the best possible site for the disposal and long-term
safe storage of radioactive waste with negligible heat generation, [11] by the Federal
Ministry of the Interior (1983). In accordance with the planning approval decision
of 22 May 2002, which finally confirmed the ruling of 26 March 2007, the mine
will be converted into a repository for low- to medium-level active waste, so that
a nuclear facility is created with a maximum storage capacity of 303,000 m3 for
“radioactive waste with negligible heat generation”. The disposal will take place at
depths between (800 and 1300) m.

In contrast to the ERAM and the Asse II mine, the Konrad mine will be expanded
according to a repository concept, operation, decommissioning and final storage;
these elements are listed in the planning approval documents, [12] published by the
Lower Saxony Environment Ministry as Planning Approval Decision, 2002. The
process will be optimised for normal operational and in the decommissioning phase.
Recent findings from repository research will be incorporated into the optimisation
procedure.
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The radioactive waste disposal requirements for the Konrad repository specify
the maximum activities of ten relevant radionuclides and two radionuclide groups
that can be stored at the end of the operational phase of the Konrad repository, see
Brennecke/BfS [13].

As already mentioned, Schacht Konrad is a disused iron ore mine in Salzgit-
ter/Bleckenstedt, see Fig. 6.5. It was selected as the best possible location for the
disposal and long-term storage of radioactive waste with negligible heat generation.2

At the time of selecting the Konrad shaft as the location for a repository for low and
intermediate level radioactive substances, the selection criterion “best possible loca-
tion” did not exist. This term also has no relevance to the long-term safety assessment,
because it only has to prove that a repository site will be secure in the long-term or
not. However, in the case of the Konrad site, there was a selection process, although it
did not consider the whole of Germany and may therefore be considered imperfect.
Decisive in the selection of Schacht Konrad were the extremely favorable hydro-
logical conditions in the Gifhorn trough, see Fig. 6.6. From a specialist point of
view, the location Salzgitter/Bleckenstedt is therefore considered to be suitable for
an installation for the reception and long term safekeeping of radioactive waste.

The Konrad mine will now be converted to the repository for the storage of a
maximum of 303,000 m3 of “radioactive waste with negligible heat generation” in
accordance with the planning approval decision. Thus, a facility for receiving this
radioactive waste will become available. The planning application was accompanied
by a geoscientific long-term safety forecast for a period of observation of at least
100,000 years. This long-term safety prognosis integrated the forecast of the stresses
of the shaft backfills, the drifts and shaft seals as well as the possible interactions
between rock, backfill material and solutions and gases.

Fig. 6.7 Representation of the dispersal paths in the area model for Schacht Konrad. Source BfS
[10]

2The increase in the temperature of the host rock caused by the decay heat must not exceed on
average �T ≤ 3 K.
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As part of the licensing procedure for the Konrad repository, it was found that
the Konrad mine is suitable for conversion to a repository for radioactive waste with
negligible heat generation, in particular because:

– The geo-mechanical conditions in the area of the chambers and the entire mine
workings should not cause any rock damage nor permit gas pressure build-up,

– The properties of the geological formations serve as barriers against the spread of
radionuclides (permeability, sorption behavior),

– A long-term seismic stability of the site can be predicted,
– Because the mine is exceptionally dry,
– etc.

The site characterization shows that above the storage fields the overburden rock
layers of claystone form exceptionally good and effective natural barriers against the
transfer of radioactivity into the biosphere (Fig. 6.6). Reference [10] describes the
site situation as follows:

The occurrence of iron ore does not occur anywhere at the earth’s surface and is covered over
a large area by a layer of up to 400 m thick of clayey rocks of the Lower Cretaceous. These
are overlain by several hundred meters of limestone of the Upper Cretaceous. The claystone
forms an effective natural (geological) barrier to the groundwater and thus prevents transfer
of contaminants to the biosphere.

The hydrology of the site is quite complex; the well water, triassic sandstone and
limestone formations (Keupersandstein, Upper Muschelkalk), which are found at a
depth of about 2000 m, are responsible for the deep-water movement around the
Konrad mine. These are located in the south of the mine, at an elevated topographic
level in the Salzgitter mountain range, at the surface, see Fig. 6.7. For the long-term
safety proof, fresh water conditions were assumed in the model calculations. Under
this boundary condition, which does not map the conditions in situ, an increased
hydraulic potential is identified, which leads to a small, northward movement of
water within the Coraloolith. The long-term safety analysis calculations showed that
evenwith this tendency to overestimate the permeability of rocks, thewater pathways
emanating from the mine workings can reach the biosphere at the earliest after about
300,000 a, and so long lived radionuclides from the inventorymay be safely stored on
this water pathway, see Table 6.5. This may lead to a potential radiation exposure of
the population, which in the long termwill remain well below the fluctuation range of
the natural radiation exposure of≤0.3mSv/a. The system of natural and geotechnical
barriers thus ensures that an unacceptable burden on the biosphere emanating from
the Schacht Konrad repository is unlikely to occur, even in the long term. The long-
term safety could thus be considered proven and resulted in the approval of the plan
for the Konrad mine repository, see [12] Lower Saxony Ministry of the Environment
(2002).

In order to achieve implementation of the approved plan for the construction of the
Schacht Konrad repository, a formulation of the so-called 3K criterion was crucial.
The 3K criterion means limiting the thermal impact of the host rock to 3° K at the
sidewall of the mine workings. It therefore follows that only radioactive waste with
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negligible heat generation may be stored there and thus the radionuclide vector of
the future inventory is largely prescribed.

The requirements for the radioactive waste destined for final disposal at the Kon-
rad repository include the maximum storable activities of ten relevant radionuclides
and two radionuclide groups at the end of the operating phase of the Konrad repos-
itory (Table 6.7), see Brennecke/BfS [13]. Since these radionuclides and radionu-
clide groups correspond to those set out in approval issued under water law, non-
compliance would also lead to a violation of the approval issued under water law,3

see [13] Accounting Standard (2010).

• Radionuclides H-3, C-14, I-129, Ra-226, Th-232, U-235, U-236, U-238, Pu-239
and Pu-241 and

• Radionuclide groups total-Alpha emitters and total-Beta-/Gamma emitters; see
Table 6.7.

The balance sheet of the activity values for radionuclides and radionuclide groups,
total α-emitters and total β/γ-emitters is stipulated in the approval decision for the
Konrad repository. The deviations in the activity data in Table 6.7, between the sum
values (total α-emitter and total β/γ-emitter) and the individual values are due to the
fact that the radionuclides from the Th-232 decay series and the U-238 decay series
in total α-emitters and total β/γ-emitters, see Chap. 2, Fig. 2.2. Any influence on the
radiotoxicity index (right column, Table 6.7) is low.

The comparisonwith the nuclear installationAsse II shows that the activity indices
are of the same order of magnitude, see Table 6.8.

According to the acceptance criteria, the conditioned containers, see [9], are to be
stored in storage chambers, whereby several storage chambers will form a storage
field. The storage fieldswill be located in the area of lowgrade iron ore that is partially
mined out, see Fig. 6.6. For the excavation of the storage fields (theoretically up to
nine units), six main levels are available at 800, 850, 1000, 1100, 1200 and 1300 m.
The Konrad shaft consists of two pits, Konrad I (about 1232 m deep) and Konrad II
(about 999 m deep).

Underground, the infrastructure, transport routes and a special ventilation system
for the storage operation will continue to be created and the two shafts rehabilitated
and converted. In parallel, the above-ground infrastructure will be advanced; this
includes items such as the construction of roads and railway connections as well as
building facilities for handling and checking the waste packages to be stored.

However, as the Konrad repository has not yet been completed and therefore is
currently without radioactive waste, the interaction of stored radioactive waste—
repository structures cannot be discussed here. From a specialist point of view,
Salzgitter/Bleckenstedt is a sufficiently suitable location for a facility for the recep-
tion of radioactive waste and for their final long-term safekeeping. The completion
date has been regularly extended. Currently completion is expected around 2030.

3The approval issued under water law is granted for a limited period of 40 years, [14].
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Table 6.8 ERAM: Radionuclide vectors of relevant radionuclides [15, 16]

Radionuclid Half-life in a Activity in Bq,
stored until
01.07.1991

Activity in Bq
reporting date:
30.06.2005

Activity in Bq
reporting date:
31.12.2013

Am-241 432.6 1.5E+11 2.2E+11 2.3E+11

Am-243 7.365 6.4E+05 9.5E+07 9.5E+07

Pu-239 2.41 × 104 6.2E+10 6.8E+10 6.9E+10

Pu-240 6563 5.8E+10 6.6E+10 6.6E+10

Pu-242 3.73 × 105 1.1E+06 1.2E+08 9.9E+07

Ra-226 1600 2.3E+10 3.9E+11 2.3E+10

C-14 5730 3.0E+12 3.4E+12 3.2E+12

Ca-41 1.03 × 105 1.8E+07 7.3E+07 7.3E+07

Co-60 5.27 6.4E+13 2.5E+14 5.4E+12

Cs-134 2.07 9.1E+12 8.3E+10 9.4E+09

Cs-135 2.0 × 106 1.5E+08 3.7E+08 3.7E+08

Cs-137 30.17 6.4E+13 1.4E+14 6.3E+13

Ni-59 7.5 × 104 6.1E+10 1.8E+11 1.8E+11

Ni-63 100.1 9.8E+12 1.8E+13 1.4E+13

Pu-241 14.35 1.6E+12 1.4E+12 9.0E+11

Ra-228 5.75 1.6E+12 8.2E+11 3.6E+08

Sr-90 28.7 4.6E+12 5.9E+12 4.8E+12

Am-242 m 141 5.4E+06 1.2E+08 2.3E+08

Stored Volume

Total: 36,754 m3 1.58E+14 4.21E+14 9.19E+13

The retrofitting would have taken about 22 years and will have provided much infor-
mation, some of which may be used for the construction of a repository for heat-
generating HAW, see Chap. 7. The planning approval assumes an operating period
of up to 80 years. During the post-operational phase (decommissioning phase), of
course, an optimization is also to be provided.

The company commissioned to operate the Schacht Konrad repository will accept
the radioactive waste for a fee. If the costs are calculated appropriately, the Konrad
repository should be cost neutral.
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6.3.3 Repository of Radioactive Waste—Morsleben (ERAM)

6.3.3.1 Description of the Location of the ERAM and the Inventory
to Be Stored

The Morsleben (ERAM) repository for radioactive waste has been developed at the
mine of the former Burbach-Kali AG, using the Bartensleben and Marie shafts. “In
Upper Allertal there is a salt deposit of 40–50 km in length and an average of 2 km in
width, which was developed at the end of the 19th century. Potash and rock salt were
mined here for about 70 years. The resulting mine is 5.6 km long and 1.7 km wide.
The Bartensleben mine was sunk to 522 m and the pit was laid out with four main
mining levels. Mining took place by the open stoping-method without backfilling
(Fig. 6.8).

This created cavities up to 120 m long with a width or height of up to 40 m.
The chambers used until 1998 for final disposal are located in the peripheral area
of the mine, see Fig. 6.9. The Marie shaft serves exclusively as the 2nd exit and the
ventilation shaft.” See illustration DBE TEC mbH.

A total of 36,754 m3 of radioactive waste and 6621 sealed radiation sources were
deposited on various levels and in various minefields. Due to the activity restriction,
the overall activity of the ERAM is relatively low.

The ERAM—the final repository for radioactive waste—was available from for
the disposal of low and medium radioactive waste 1971 in the former GDR. After the
reunification of Germany, it served for the reception of this waste from the reunified
Germany until September 1998, with some interruptions. Waste from the nuclear
power plants as well as waste from the fields of research, industry and medicine
were received for storage.

Following a re-evaluation in 2001, the BfS irrevocably renounced further storage
in Morsleben, as it was no longer acceptable in terms of safety.

Due to the activity restriction, the overall activity of the ERAM is relatively low.
The radionuclide vectors summarized in Table 6.8 contain only the radionuclides
which make the biggest contributions to the total stored activity:

Alpha-emitters: Am-241, Pu-239, Pu-240, Ra-226

Fig. 6.8 Arial photograph ERA Morsleben. Source BfS 2009
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Fig. 6.9 Overview of storage areas in ERAM. Source Federal Office for Radiation Protection [17]

Beta/Gamma-emitters: Cs-137, Co-60, Ni-63, Sr-90, C-14

According to [15] the total stored activity was appr. 4.21 × 1014 Becquerel,
the activity of alpha emitters was about 8.0 × 1011 Becquerel (reporting date:
30.06.2005), BfS [15].

In September 2005 the BfS4 submitted to the Ministry of Environment, Agricul-
ture and Energy (MLU) of the state of Saxony-Anhal a suite of design documents for
the decommissioning of the ERAM; these included plans, such as the decommission-
ing plan for the ERAM, and documents for the environmental impact assessment.
The procedure for plan approval has been in progress since then.

The long-term stable storage of radioactive waste is generally defined such that
these materials are deposited, isolated, so that any escape of toxic radioactive con-
taminants to the air-, water- and soil pathways into the biosphere, are only within the
socially and legally accepted limits. As can be seen from Fig. 6.10, the host rock, the
salts between the salt base and the cap rock present a maximum thickness between
400 and 600 m, with the salt table located at a mean depth of approx. 140 m. The
minimum thickness of cap-rock of the salt body is about 150 m [18] (Table 6.9).

Stabilization measures

As a former production facility, the mine structure is quite deep, especially in the
central part of the mine where many cavities were created by the excavation of salt.
Since these cavities had existed for a long time and some damage existed, it was
necessary to provide support to the surrounding rocks, see Fig. 6.10. In total, 27

4Ownership has been transferred to the BGE.
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Fig. 6.10 Schematic section through the backfilled and closed pit cavities of ERA Morsleben.
Source Federal Office for Radiation Protection [17]

Table 6.9 Compilation of the total activity Ai and the value of the activity indicator Ai/FGi (FG—
exemption limit according to Annex 4 Table 1 Sp. 2 StrlSchV) for the radiologically most important
radionuclides in the inventory of the Morsleben repository

ERAM (30.06.2005) ERAM (31.12.2013)

Radionuclid Half life FGi Ai Ai/FGi Ai Ai/FGi

[a] [Bq] [Bq] – [Bq] –

C-14 5700 1.0E+07 3.4E+12 3.4E+05 3.20E+12 3.20E+05

Co-60 5.3 1.0E+05 2.5E+14 2.5E+09 5.40E+12 5.40E+07

Ni-63 100 1.0E+08 1.8E+13 1.8E+05 1.40E+13 1.40E+05

Sr-90 28.5 1.0E+04 5.9E+12 5.9E+08 4.80E+12 4.80E+08

Cs-137 30.2 1.0E+04 1.4E+14 1.4E+10 6.30E+13 6.30E+09

Ra-226 1600 1.0E+04 3.9E+11 3.9E+07 2.30E+10 2.30E+06

U-234 250,000 1.0E+04 1.1E+09 1.1E+05 1.10E+09 1.10E+05

U-238 4.40E+09 1.0E+04 4.3E+08 4.3E+04 4.30E+08 4.30E+04

Pu-238 87.7 1.0E+04 k.A. 0.00 7.80E+10 7.80E+08

Pu-239 24,000 1.0E+04 6.8E+10 6.8E+06 6.90E+10 6.90E+06

Pu-240 6600 1.0E+03 6.6E+10 6.6E+07 6.60E+10 6.60E+07

Pu-241 14.4 1.0E+05 k.A. 0.00 9.00E+11 9.00E+06

Am-241 432.6 1.0E+04 2.2E+11 2.2E+07 2.30E+11 2.30E+07

Cm-244 18.1 1.0E+04 6.6E+09 6.6E+05 4.80E+09 4.80E+05

Summe 4.18E+14 1.72E+10 9.19E+13 7.72E+09

Sources [15, 16, 19]
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chambers of the central part were backfilled at a depth of 370–500 m, see Fig. 6.9.
For this purpose, entrances to the workings had to be closed using dams, see [20].

Hydraulically setting salt concrete is used for backfilling. These stabilizationmea-
sures prevent failure of the pillars and roofs, providing support for the layers between
two superimposed excavating chambers. However, the actual closure measures can
only commence once the plan has been approved.

Safety barriers Internationally, for final disposal of radioactive waste in deep
geological strata, multi-barrier concepts are often implemented in existing reposi-
tory projects, see Chap. 8. This is also provided for in the case of ERA Morsleben.
The long-term safety concept must consider the totality of the various barriers. Thus,
a distinction has to be made between the safety of the subsystems (individual compo-
nents) and the safety of the geotechnical environmental structure (repository). These
assessments must be coordinated. Within the safety barriers, the effective contain-
ment zone (ewG) is of particular importance. The effective containment zone is the
part of the repository which, in conjunction with the technical closures (shaft seals,
chamber sealing structures, dam structures, backfilling, …) ensures the embedding
of the waste and for which, based on geotechnical knowledge, a statement about the
long-term stability (integrity) of the repository is possible. The individual compo-
nents of the system are:

– Technical barriers (waste product, waste packaging—packages). In the case of the
ERAM, the repository containers are not designed as a technical barrier.

– Geotechnical barriers (backfill, sealing structures—filled and closed mine cavities
of ERA Morsleben), see Fig. 6.10.

– The effective containment zone (ewG) ensures the encapsulation of the waste.
Based on geotechnical knowledge, a statement about the long-term stability
(integrity) of the repository is possible. In the case of the ERAM an ewG has not
been designed. This is because the high excavation ratio already present means
the ewG will only work with limited effectiveness in accordance with the criteria

– Geological barriers (host rocks, dirt bed/overburden—site conditions for which
quantification of long-term properties is not possible). In the case of ERAM, the
geological barrier consists of rock salt. The dirt bed/overburden is characterized in
particular by the cap rock. The minimum cover of the salt body is about 150 m. In
the case of the ERAM, the effectiveness of the isolation is also limited by the rock
strata present in the Allertal structure and their barrier-effective characteristics
and, in particular, by the former use of the area as a salt mine, see Fig. 6.10.
The geological barrier at the site has different principles of effectiveness with
regard to restraining and delaying effects (safety functions):

– Retardation (delay)
– Retention (retention—isolation)
– Protection (protection—mechanical, chemical)
– Dispersion (dilution).

– The overall safety of the geotechnical environmental structure (repository) must
ensure the safe isolation of the stored radioactive waste, so that a escape of toxic,
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Fig. 6.11 Schematic geological SE-NW-section through the saline structure Allertal in the area of
the Bartensleben mine. Source Federal Office for Radiation Protection [17]

radioactive contaminants to the air, water and earth pathways into the biosphere is
avoided or is kept within the socially and legally accepted limits of pollution, see
[21].

Figure 6.11 shows a profile section in the area of ERA Morsleben. This profile
section shows that the overburden is not built up homogeneously but is traversed by
some discontinuities. TheMorsleben site can not be described as the best possible for
a repository of low and medium radioactivity waste with negligible heat generation.
The term barrier in a repository concept describes the geological conditions and/or
technical or geotechnical measures to impede or prevent the release of contaminants
of the waste into the biosphere, see [22].

The decommissioning of the Bartensleben and Marie, shaft involves insertion of
seals which isolate the mine shafts from the biosphere, see Fig. 6.12. The shaft seals
also function as geotechnical barriers, see also [23].

The long-term safety concept for the ERA Morsleben is based on the effects
of the installed technical and geotechnical barriers and on the sum of the resisting
and retarding effects of the geological barrier (effect of all geological layers of the
geological barrier) under the site-specific boundary conditions (e.g. former potash
and rock salt mines, at Bartensleben and Marie).

6.3.3.2 Costs

The total costs for the process are the responsibility of the federal government. The
fees collected for storage commenced after reunification until 1998 can be used to
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Fig. 6.12 Sealing plug of the Bartensleben and Marie shafts, used in decommissioning of the
ERAM, according to data from [17]

offset some costs. The costs for the orderly closure of a nuclear installation on the
basis of the pending planning approval may be up to 3.0 billion euro according to
reputable estimates.

6.3.3.3 Illustrative Considerations on the Long-Term Safety
Proof—The Post-closure Phase of the ERAM

A proof of long-term safety also appears as an analogy in Chap. 8. However, signif-
icant exemptions are to be granted because the storage was carried out in a former
potash and rock salt mine; also approval was granted under GDR law. Most of the
key security requirements for a repository system to be developed in Germany listed
in Chap. 8 cannot be subsequently introduced, because:

– the ERAM is an old mine,
– the former mine shows extensive effects of mining activity,
– the cavities already had displayed some damage,
– the support function of the surrounding rocks had already been impaired.

Currently, ongoing stabilization measures are being implemented. The actual clo-
sure measures can only be started after the plan has been approved. The central
safety requirement: “For an assumed observation period (detection period), it must
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be shown that only very small amounts of pollutants can be released from the repos-
itory.” The prerequisite for this is that the integrity of the isolating rock formation is
demonstrated and the risk of contaminant escapes from the repository can be assessed
and presented in the plan.

Considerably less than 1 million years can be set for the ERAM as the detection
or observation period since it can be shown that the activity of the stored inventory
after 10,000 years will have dropped to approx. A10,000 = 8E+11 Bequerel and after
100,000 years to about A100,000 = 5E+08 Bequerel.

The following statements on long-term behavior using the example of ERA
Morsleben can also be transferred in an exemplarymanner toChap. 8 because they are
generally valid where the host geology is rock salt. The long-term safety assessment
must show that the value of 0.3 mSv/a for the effective dose for an individual of the
population (stated in §47 of the StrlSchV for the operation of nuclear facility), is not
exceeded aa a result of the discharge of radioactive substances into the environment,
including in the period after closure of the ERAMorsleben. The safety criteria define
the final disposal of radioactive waste as a maintenance-free and indefinite disposal
of this waste. “Therefore, the decommissioning of ERA Morsleben will be carried
out in such a way that no control and monitoring program will be required after com-
pletion of all decommissioning measures”, see [17]. Paragraph 55 (1) no. 5. Federal
mining law (BBergG) requires that sufficient care be taken to protect the current land
surface so that, in the long term, there can be no particular subsidence on the surface
which may have unacceptable effects on the protected materials. A long-term safety
assessment for a repository mine in saline rock, consists of considering:

(a) the stability of the partially backfilled and closed mine workings, the influence
of the convergence of the saliferous rock and the influence, and in particular the
convergence, on the deformations (subsidence and possibly uplift) of the terrain
surface. The item to be looked for is that any possible subsidence on the earth’s
surface as a result of the convergence of the remaining cavities in the former
mine is to be limited.

(b) evidence that in the post closure phase radionuclides enter the biosphere due
to transport processes which can not be completely excluded, which lead to
individual doses exceeding the values of § 47 StrlSchV (an inadmissible radia-
tion exposure or contamination of persons, material goods or the environment is
excluded or limited to a minimum). The threshold is≤0.3 mSv/a as the effective
dose of an individual from the population.

• Exemplary proof of the robustness and integrity of the repository structure
(ENW 2) and the individual barriers of the multi-barrier system (ENW 3)

This proof is to be reproduced here as an example, the process presented can
also be applied to other repository structures where the host rock is “salt”. This not
claimed to be a complete proof. According to (a) the prognosis of the stresses of the
shaft backfillings, the drifts and shaft closures as well as the interactions between
rock, backfill material and possibly upcoming solutions and gases is carried out using
geomechanical and fluidmechanicalmodel calculations. The determined stress states
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are compared and evaluated with the given safety criteria, the permissible stress and
deformation states, the distances to the limit states and failure states. The outcome
is presented from the operator‘s perspective in such a manner that the admissibility
of the decommissioning procedure may be reasonably assured.

– Temporal changes of the stated variables were included in the considerations.
This implies that a parameter variation in the predicted range is included in the
calculations.

– According to the project proponent, “salt concrete” is primarily used as the mate-
rial for the backfilling measures, consisting of: binding agent (cement), concrete
additives (rock flour, hard coal fly ash or similar), aggregates (salt breeze, quartz
sand or similar), mixing liquid (water, salt solutions) (a), see [17].

– The stresses that occur can lead to contaminant distribution pathways should be
avoided by introducing appropriate countermeasures.

– According to the project proponent, a magnesia concrete is used as the building
material for the closure dams (dam structures), which is produced from the follow-
ing basic materials: binder (magnesium oxide), aggregates (quartz sand, anhydrite
powder), concrete admixtures (microsilica), superplasticizer; Mixing liquid (mag-
nesium chloride solution). The magnesia concrete also has an immobilizing effect,
but also has a tendency to corrode, see [17].

The following geotechnical tests and assessments must be carried out and sub-
mitted to the licensing authority:

– Reliability and confidence limits of the stated variables and their temporal changes,
– The geomechanical model calculations determined temporally for non-constant
stress conditions according to the given safety criteria, the permissible stress and
strain conditions, the distances to the limit and failure states as well as the com-
parisons and evaluations,

– The fluid dynamicsmodel calculations determined, temporally variable flowpaths,
whether and how fluids can penetrate to reach the stored waste containers and
whether andhowanydispersal of possibly leaked radionuclides from the repository
structure would flow and what amount of radioactivity could thereby escape into
the biosphere.

In order that the decommissioning procedure can be justified, it must be shown
that the specified protection objectives can be achieved with a high probability of
reaching the required safety standard. This is done using the sensitivity analysis and
probabilistic analysis described in Chap. 8.5 and Fig. 6.13. The sensitivity analysis
is used to analyze the reliability and confidence intervals of the stated variables
as well as the boundary conditions; these are fed into a calculation procedure that
will determine which results are to be expected for any specified input values. For
this purpose, the sensitivity analysis determines the dependence of the result on any
change of the input values. This indicates those input values to which the result reacts
most sensitively. With the sensitivity and uncertainty analysis, the input values and
boundary conditions are specifiedmore precisely, the confidence in them is increased
and thus the statements of the calculations are verified. Verbal assessments may also



6.3 Requirements and Their Implementation for a Long-Term Safe … 195

Fig. 6.13 Mechanical behavior of salt from laboratory tests. Source According to the BGR—
Federal Institute for Geosciences and Natural Resources, [24]

be helpful. When designating the long-term safety for the ERAM repository mine,
the ultimate aim is to identify the possible solution and assess the influence of the
uncertainties, so that the licensing authority feels able to issue the planning approval.
Reference is made to Chap. 8.

There is a need to prove the stability of the mine workings to be closed, the drifts
and shaft seals of the ERAM and the influence of the convergence of the in situ
salivary rock and residual cavities and the resulting impact on the enclosure of the
waste containers and the stability and possible subsidence of the ground’s surface.
At this stage one must fall back on the laws of salt mechanics.

For example, the mechanical behavior of rock salt, as with all polycrystalline
solids, depends on the crystal properties and grain boundary behavior. The extent to
which the mechanical behavior is determined more by processes inside the grain or
by interaction between the grains depends to a large extent on the effective stress, the
temperature and the grain size. Characteristic of salt rocks is their ability of creeping;
that means under load the rocks may significantly deform plastically in a time-
dependent manner. The plastic and viscous deformation components resulting from
the creep cannot be clearly separated experimentally. They are therefore summarized
for visco-plastic deformation.

To obtain firmly grounded knowledge about the time-dependent inelastic defor-
mation behavior from the acting stresses and the temperature, requires a considerable
number of different laboratory tests and investigations on simple underground struc-
tures at the site, since any scratching of the rock (geological barrier) must be largely
excluded. The results and the described behavior of the salt type are always site spe-
cific [25]. Extensive investigations are available for the ERAM. These are considered
in [17].
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In salt cavern mining for example, the prediction of the convergence- and load-
bearing behaviour of heavily loaded load-bearing elements, dependsmainly on taking
into account the progressive behaviour of thematerial as a consequence of themining
operations; deformation resulting from load-transfers is determined by the operating
period, varying from a few years to a few decades. For this purpose, material models
in the transient area were required that enabled reliable predictions and statements
regarding the development of stability over time. However, underground disposal of
radioactive waste (as in ERAM or in the planning of repositories) requires forecasts
over several millennia, usingmaterial models which enable stationary creep behavior
to be described. Initially only the undamaged rock body is considered as the geo-
logical barrier. However, this can be damaged by mining operations as for example
at ERAM and/or by inflow of solutions and may thus show a completely different
mechanical behavior, in terms of bearing capacity and consequently the development
of pathways. Questions about the impermeability of the saline barrier or the stability
of a supporting element cannot therefore be answered conclusively without knowing
the state of deformation and damage in addition to the stress state, see ERAM. The
possibility of mending existing crack structures should be noted here, see Fig. 6.13.

The complexity of the task also includes themodeling of the geotechnical barriers,
here the backfilling (salt grit backfilling) and various construction options for dam
structures. The material models for the backfilling are significantly different from
those of the rock body. On the basis of the existing model approaches, a continuous
development resulting in today’s complexmaterialmodels has occurred. In the course
of this development, a growing understanding of the deformation phenomena and
-mechanisms is reflected, see Fig. 6.13.

The required material parameters are obtained from laboratory tests and from
the recalculation (benchmark calculations) of stress-controlled creep tests and
deformation-controlled strength tests from the laboratory as well as simple under-
ground structures, see Figs. 6.12 and 6.13. They are initially valid for a specific type
of salt.

The following phenomena, described by most of the material laws for a salt
type with a uniform variable set, have been included in this comparison, also see
requirements for the rock salt geological barrier,

– transient creep after stress increases and -reductions,
– stationary creep,
– development of volumetric deformation (loosening/dilatancy),
– development of damage,
– fracture and creep fracture,
– post peak behaviour and residual strength,
– influence of different differential stresses (loads),
– Influence of the confining pressure (in laboratory tests)/the minimum principal
stress (underground), as well as

– Influence of moisture on the deformation.

The functional requirements of rock salt and of the backfilling material, as
derived and described in [26, 27], are summarized as follows, see also [28]:
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– mechanically stabilize the natural geological barrier,
– transmission of the decay heat of the heat-generating waste into the host rock (not
applicable for the ERAM),

– reduction of the cavity volume in the mine workings,
– have a high initial density and be installable flush to the gallery roof,
– take over a long-term sealing function like the host rock.

The theoretical basis for the description of the mechanical behavior is described
in [29, 30]. The starting point for the material behavior contained in this chapter is
the additive decomposition of the rate of the strain tensor, see Eq. (6.1).

ε̇
(
T , σ̂ , σ 0, η

) = ε̇el

(
T , σ̂ , σ 0, η

) + ε̇vpl

(
T , σ̂ , σ 0, η

) + ε̇ th(T ) (6.1)

ε̇ (,σ̂ , 0, ): Rate of total strain tensor;
ε̇el

(
T, σ̂ , σ0, η

)
: Rate of elastic part of total strain tensor;

ε̇vpl

(
T, σ̂ , σ0, η

)
: Rate of the viscoplastic part of total strain tensor;

ε̇th(T ): Rate of thermal part of total strain tensor; : Temperature;
σ̂ : von Mises-equivalent stress; σ0: medium stress; η: Porosity.

Within the general context according to Eq. (6.1), the strain rate of the respective
barrier (rock body, backfilling, dam structure) can be determined under the respective
site conditions, which also applies to rock salt—carnallitite as in the ERAM.

At present, there is no physical reasonedmodeling of rock salt creep that would be
scientifically substantiated and accepted worldwide. Nevertheless, a phenomenolog-
ical model proved from an early stage to be very successful, and that is widely used as
a Norton model. To specify this approach for the respective conditions encountered,
requires considerable adaptations in order to develop a material- and site-specific
material model; this consists of a multitude of different tests and post calculations
(benchmark calculations)to be derived, in order to determine the required material
parameters under the existing boundary conditions and the existing time dependence.
The Norton approach proves to be limited as it is obviously unsuitable for correctly
detecting a very large temperature and voltage range. For the site conditions at ERAM
(rock salt, carnallitite), a large number of triaxial experiments have been run at higher
hydrostatic pressure and higher temperatures. To fit the experimental data, a dou-
ble Norton approach was used, see also Hunsche and Schulze [31]. With the model
propagated by the Federal Institute for Geosciences and Natural Resources (BGR)
as a power approach for stationary creep with dislocation climb as decisive defor-
mation mechanism, see context Eq. (6.2), the conditions of the ERAM are described
adequately.

ε̇cr =
(
AS,1 · exp

[ −Q1

R · T
]

+ AS,2exp

[ −Q2

R · T
])

·
(

σeff

σ0

)ns

(6.2)

ε̇cr – creep rate, AS,i—preexponential factor in power approach; Q1 = 42 kJ
mol ; Q2

= 113 kJ
mol , nS = 5; σ0 = 1,0 MPa
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σeff—effective stress, see Fig. 6.10, here σeff = √
3 · �σ ; Q—activation energy;

nS—stress exponent in power approach; R—general gas constant; R =
83,144,621 kJ

mol K
5

From the creep behavior Eq. (6.2) one can determine the convergence of a cavity
filled with salt grit in the rock salt. The salt grit blown into the cavity initially has an
initial porosity:

n = Vp

V with n—porosity; Vp—pore volume; V—total volume (e.g. of backfill-
ing).

This is usually set to n0 > 0.4. Over time, this becomes smaller and decreases
within the cavity from the top to the bottom. Due to the convergence of the rock
salt (cavity), the salt grit is finally compacted so that the porosity of the salt grit
coincides with that of the surrounding rock formation and the containers located in
the emplacement areas are surrounded by rock salt. The detection of the relative
temporal change of the cavity volume takes place with the aid of the convergence
rate, which takes place as temporal change of the void volume via the differential
Eq. (6.3).

d

dt
V (t) = −K̇ · V (t) (6.3)

with K—convergence:

K (t) = V0 − V (t)

V 0

In addition to the general description of the convergence behavior of rock salt,
two dependencies of the convergence rate must be pointed out here:

– The convergence rate depends on the cavity geometry. Therefore, the convergence
approaches require different parameter values when used on drifts and chambers.
For the individual emplacement areas of the ERAM, see Fig. 6.9, these were to be
determined, and

– Low moisture contents of about 0.4% by weight, -% [32] can drastically reduce
the supporting effect of the backfilling. This is also done with special reference to
the Asse II mine, see Chap. 6.3.4.

The influence of temperature on the rate of convergence is given by Eq. (6.2).

5Uncertainty is 9.1 × 10−7, to be taken into account in probabilistic long-term safety proof.
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6.3.4 Closure of a Nuclear Facility According to § 9a Atomic
Energy Act (AtG)—Asse II Mine

6.3.4.1 Description of the Location Situation

The Asse II mine, see Fig. 6.16, in the municipality of Remlingen-Semmenstedt in
the district of Wolfenbüttel in Lower Saxony is a 100 year old potash and salt mine at
the southern tip of the Asse- mountain range. The mine was mined in the Zechstein
salt of the Leash (Na3) and Staßfurtserie (Na2) in an approximately 8 km long saddle,
which trends from NW to SE. The vertical section in Fig. 6.17 shows in the center of
the mine, that the south flank with an angle of approximately 70 degrees is tipping
more strongly than the northern flank. The rock salt field on the southern flank was
excavated in the immediate vicinity to the southern overburden. On the upper levels,
the rock salt barrier to the overburden has only a minimal thickness of about 10 m.
It is clear that the mine workings were directly influenced by the construction of
the Buntsandstein and Muschelkalk mines within the Triassic rocks; whose tectonic
disturbances can also be seen in Fig. 6.14 (Fig. 6.15).

The salt table is about 300 m below the terrain surface. At the salt table, easily
soluble minerals are dissolved (sub-corrosion) leaving behind insoluble and poorly
soluble constituents and transformation products, such as clay and gypsum. These
form the cap rock.

Not discussed here are the disputes that are often fueled by political and with
tendentious “scientific” statements and presentations about the condition of the Asse
mine. Rather we consider the mine’s location and its suitability for long-term safe,
long-term stable disposal of the LAW and MAW. The long-term safety assessment
is set out at Chap. 8. Additional statements on salt mechanics can be found in
chapter 6.3.3.3 (ERA Morsleben).

The Asse mine is classified as an installation according to § 9a AtG, but it is not
a repository. The costs for the entire process are borne by the federal government.

Fig. 6.14 Stress-controlled creep test. Source According to the BGR, [24]
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Fig. 6.15 Behavior of the deviatoric creep strain εdevwith time: primary creepphase (1); secondary;
stationary creep (2); tertiary creep phase (3); final failure by breakage

Fig. 6.16 Asse II mine,
winding machine house and
winding tower Source M.
Lersow

According to reputable estimates, these may add up to 6 billion euros. The final
project costs will depend on the final option for the waste disposal that is selected
for implementation.

• Geomechanical situation

The excavation of the panels on the southern flank (Fig. 6.17) was drilled on 13
levels with a total of 131 excavation chambers. In most cases panels on one level
are arranged side by side in direction of strike and there are 9 mine workings. A
standard mine working is 60 m long (strikewise), 40 m wide (crosswise) and 15 m
high. Between the mine workings pillars exist that are normally 12 m wide, with the
exception of the 20 m wide pillar between the mine workings in rows 4 and 5.

The vertical roof thicknesses6 between the mine workings above the 700 m level
amount to about 6 m, between the 700 and 725 m level about 8.5 m and between

6Roof—mining term for the false ceiling between two chambers in a mine.
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Fig. 6.17 Vertical cross section of Asse II in the center of the mine with the panels on the southern
flank, in the core of the salt anticline and on the northern flank/legend next to it. Source BfS 2010
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the 725 and 750 m level about 14 m. The panel has a dimension of approximately
650 m in the strike direction and 275 m in the vertical direction, see Fig. 6.15. The
panels in rock salt and carnallitite are, for the present scheduled to be operating as a
nuclear facility according to § 9a, without additional support measures (backfilling),
IfG [33].

Such bearing systems are referred to as yielding. They react with creep defor-
mations, dilatant softening as well as local fracture processes on the acted ground
stresses, see Eqs. (6.1–6.3). From these processes, the pillar and contours of the
roofs are first detected and the excess of the bearable stresses must be absorbed by
the better supported core zones (higher minimum pressure fixing). If, due to soft-
ening and local cracks, the pillar and roof cores lose load-bearing capacity, further
load is transferred to adjacent pillars and in the end, to the borders of the panels
(bearing systems). This geomechanical behavior (bearing systems) can be found in
many panels excavated in the evaporite rock.

The ongoing stress rearrangement processes across decades are very complex.
Extensive in situ measurements, which have been installed in the Asse II mine since
the 1980s, demonstrate the stress rearrangement processes. It could thus be shown,
that, as a result of the stresses relocated from the mine, excesses of strength occur
with subsequent repercussions on the southern flank, see Fig. 6.18. The upper levels
of the southern flank are too close to the southern, low-strength and strongly fractured
overburden and thus pose a danger for the formation of pathways.

Especially in the region of the horizontal displacement maximum of the southern
flank most of the roof is completely broken (only outer rings of roofs still exist), see
Fig. 6.19 and the pillars are crossed by a multitude of cracks.

Due tomodel calculations of the Institute of RockMechanics GmbH, IfG [33], the
load-bearing system of southern flank system is in a limited state of dilatant softening
with effects on the immediate overburden, which also lead to local fracture processes.
The model calculations, however, cannot replace a comprehensive and coordinated
system of in situ measurements, inspections and laboratory studies. This is also
shown by the many catastrophic scenarios derived from such model calculations,
none of which have occurred.

From the rock mechanics point of view, the ongoing softening process of the
supporting elements in the mine workings on the southern flank required a complete
backfilling of all remaining open excavations. This process is largely completed and
is constantly being supplemented.

Due to the, geologically speaking, very short periods, based on the introduced
backfilling, significant backfilling pressures have not yet built up. In order to offer
some support, all the roofs should be topped up; due to the relatively high porosity
and the beginning of the settlement of the backfilling due to the dead weight, there
were relatively large roof clefts. Also, the roof clefts filling is largely completed and
can be permanently supplemented if necessary. However, an immediate effect cannot
be expected, see Eqs. (6.1–6.3). However, this no-load absorption of the backfilling
can still be achieved. The supporting effect is detectable by the digressive tendency
of the compression rates of pillars as well as the decreasing microseismic activity in
the mine workings.
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Fig. 6.18 Location of the panels in the mine workings of the Asse II mine. Source IfG [33]

Since 2009, the operator of the Asse II mine has initiated a series of preven-
tive measures to stabilize the mine workings and protect the emplacement chambers
through residual cavity backfilling and construction of sealing structures that notice-
ably improve the geomechanical and hydrological situation directly and sustainably.
There is currently no immediate danger from the geomechanical situation, which
will allow for the time needed to develop the best closure technology for the final
disposal solution for the radioactive waste stored in the Asse II mine.
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Fig. 6.19 Remains of a
broken roof, mine workings
row 7 south flank,
photograph 2003. Source IfG
[33]

Since 1988, groundwater from the overburden or dirt bed has been entering the pit.
Most of the inflowing waters are collected. Part of it in the so-called “lye handling”
which are temporarily stored and after measurement cleared and discharged from the
mine to the mineMariaglück. The accumulated saline solution volume has gradually
increased since 1988 and, according to Michel [34], input flow currently stands at
around 80 m3 per week. Due to existing overburden displacements, local fracture
processes, the low overburden distance of the upper levels of the southern flank, the
low stability and heavily fractured overburden and the large number of pathways, a
reliable forecast on the amount and rate of the inflowing groundwater is currently not
possible. This is surprising because a number of methods (e.g. tracers) are known
that would allow volumes to be measured and tracked.

Part of thewater inflow enters the deeper areas of themine, soaks the emplacement
chambers and emerges as contaminated lye at the 750 m level. Contaminated salt
solutions are in the level of the 2nd southern pilot drift on the 750 m level and, since
1988, in a water sump in front of chamber 12.

Based on the assumption of only a limited residual capacity in the middle region
of the southern flank and an increase in the inflow of groundwater, model calculations
have indicated that the shaft will probably become flooded. However, it should be
pointed out that reliable statements are not yet available and therefore this thesis
shouldbe classified (without clarificationof the data) as a scenariowith low likelihood
of occurrence, as long as the operation of the system according to the approved
criteria continues as planned. Should it become necessary, additional water could be
recovered through the mine’s pumping boreholes and, if necessary, released into the
receiving waters via a water treatment plant. For this purpose, pumping boreholes
would have to be drilled at a suitable location.

In 2007, the IfS had “shown” in a model calculation (prognosis without any
interventions) that, as a result of the softening- and fracture processes that have
been going on for decades, there will be an increasing loss of bearing capacity from
2014. Quite apart from the fact that these are model calculations that do not allow
such detailed time data, the following reactions from this statement are typical for
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the approx. past 50 years of Asse II mine. All that is proved is that there can be
an increase in displacement rates of overburden. Although the IfS had limited this
statement itself Quote: “Immediately after this year, however, no collapse of the
mining field is derived, but the calculation shows, acc. the target of a degressive
deformation process, the ability to forecast is limited.” As the year 2014 began there
was a lot of activity related to this question.

However, this process has something positive. According to the view expressed
here, the precautionary and emergency planning of the BfS for the Asse II mine com-
bined with transparency measures has contributed significantly to calm the situation
among the citizenry, but with no hurry to achieve progress.

This “tangible emergency” is also reflected in the overall planning for emergen-
cies. The BfS defines emergency planning as the totality of all planning with regard
to emergencies with the goal:

• the limitation of beyond-design-basis events, that means reduction of the proba-
bility of occurrence,

• improving the design of the Asse II mine, d. H. reduction of the probability of
occurrence of unforeseen events, and

• minimizing the consequences of beyond-design-basis events—inside and outside
the plant.

See BfS: “Evaluation of the fact-finding procedure and the approach for the
Retrievability”; As of April 27, 2016.

The emergency planning provided a strong message to the concerned community
and is associated with the implemented planning of emergency measures, such as
securing the building materials and media supply, provision of the necessary mate-
rial resources for building material production and backfilling, e.g., the delivery of
MgCl2-rich solution for the counterflood and a sufficiently strong pumping system
to be able to transfer the water from the mine in the event of a fault. Emergency pre-
paredness, i.e. the ability to immediately implement the emergency measures should
be established in the original planning of the BfS in 2016; currently the year 2024
has been adopted.

• Geo-hydrological situation

The structure of the Asse is separated from the regional hydraulic system by deep
trough structures.On the one hand, the permeability of the regional aquifers decreases
significantly with depth. Furthermore, the groundwater has an increasing salt min-
eralization with depth and is therefore significantly heavier in the deeps than near-
surface groundwater which has low mineralization. Both effects hinder the regional
groundwater flow, so that the influence of the regional hydrological system on the
local conditions of the Asse is very small.

The groundwater moves along discrete pathways with properties of jointed
aquifers. The local conditions represent a pronounced alternation of aquifers and
aquitards. Significant groundwater-conducting horizons in the immediate vicinity of
the mine facility are located in the dumped overburden and in shell limestone. Due to



206 6 Disposal of Radioactive Waste of Low and Medium Radioactivity …

karstification, the Röt anhydrite in the area of the salt table can also be considered as a
potential aquifer. Important local groundwater ladders are found in the clayey-marly
strata of the pelitic Röt-series 2–4 in the southern flank and the low-permeability
strata of the Lower and Middle Buntsandstein in the northern flank, see Fig. 6.20.
Disturbances and rock-mechanical stresses increase the integral permeability of the
groundwater overhead conductor. Due to the geomechanical deformations in the
southern flank, it can be assumed that there is a rock formation (shearing deforma-
tion area) which is heavily affected by shear stress and extends from the salt flank
to the Lower Muschelkalk. In this rock formation, the integral permeability can be
significantly increased, despite the clayey layers, so that pathways exist between the
salt flank and the Muschelkalk, see Fig. 6.20.

The permeability of the pathways decreases significantly with depth. The ground-
water has an increasing salinity with depth. In the southern flank of the salt anticline,
water enters the Muschelkalk and moves predominantly parallel to the structure.
Along the shear deformation area or fault zones, saline solutions can penetrate the
low-conductivity overlapping pelitic Röt-series and reach the salt flank. From the
dumped overburden and the cap rock groundwater flows to reach the salt table. The
flow paths at the salt table are in hydraulic contact with the Röt anhydrite, through
which the saline solution on the southern flank of the salt anticline can penetrate up
to the shear deformation area, see Fig. 6.17.

In summary, it can be said, that the groundwater moves in the area of the Asse
predominantly not at depth, but near the surface and parallel to the Asse-mountain
range. Water probably enters the mine via the aquifer “dumped overburden”, plaster
cap and the “Röt anhydrite”. The mine itself is practically a deep discharge point.
But it is also possible that water flows through the lower Muschelkalk into the Röt
anhydrite, because in this layer, which normally dams the water, some places are
broken, see Fig. 6.20. Further, see [33, 36, 37].

• Summary of the location description

– Studies have shown that groundwater can penetrate into the crest up to the salt
table and into the salt flank up to the southern flank. Other groundwater conducting
layers in the Muschelkalk can be hydraulically connected to the flank of the salt
anticline via disturbances,

– The salinity of the groundwater increases with the depth, in the depth range of the
Asse II mine is NaCl—rich saline solution,

– In the area of the Asse II mine, permeability has increased in tectonically precon-
ditioned and mechanically disturbed rock formations,

– Currently, radioactivity can not escape into the rock against the existing ground-
water flow. Danger for humans and environment exists then, if the mine should
flood in an uncontrolled manner. As long as the operation of the plant continues as
planned in accordance with the approved criteria (precautionary measures), this
scenario is unlikely.

– Uncontrolled flooding does not necessarily lead to the mobilization of radioactive
substances; which source term can arise in this case and which discharges path this
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may possibly take are currently pure speculation, since no reliable investigations
are required to be made.

• Stored radio-toxic inventory in the Asse II mine

Between April 7, 1967 and December 31, 1978, a total of 125,787 containers of low-
level and medium-level radioactive waste (LAW andMAW) were stored on different
levels in various chambers, see Fig. 6.21. This corresponds to a volume of approx.
47,000 m3.

The radioactive waste is located in rock salt chambers in the core of the salt
anticline, in depth levels of 750 and 725 m, and in depth levels in the southern flank
at 750 and 511 m. In total there are 13 emplacement chamber—zones: emplacement
chamber 8on the 511m level; ones: emplacement chamber 7on the 725m level and11
emplacement chambers on the 750m level. 1293 of the stored containers are declared
as medium radioactive waste (MAW) in 200 litre barrels, the remaining containers
contain low-level radioactive waste (LAW). According to the admission declaration,
the total activity of the stored waste was 2.11E+05 Ci or 7.81E+15 Bq. The mid-
level radioactive waste (MAW) accounted for 1.36E+05 Ci (5.03E+15 Bq), the low-
level radioactive waste (LAW) and the lost concrete shieldings with 7.52E+04 Ci
(2.78E+15 Bq) being the Total activity declared. The total inventory activity listed
in Table 6.10 is larger. This is due to replication of some radionuclides. For further
information see [36, 37].

According to Gerstmann [38], the total radioactivity of the radioactive wastes
deposited in the Asse mine was 8.35E+15 Bq β/γ emitters and 0.12E+15 Bq α emit-
ters as at reporting date: 01.01.1980. As at reporting date: 01.01.2003 this inven-
tory had decreased to 2.84E+15 Bq β/γ emitters, but by replica the inventory of
α-emitters had grown to 0.18E+15 Bq. The highest levels of activity were reported
as at reporting date: 01/01/2003 for Pu-241 (1.05E+15 Bq), Ni-63 (0.75E+15 Bq),
Cs-137 (0.56E+15Bq) and Sr-90 (0.32E+15Bq), see Table 6.10. The inventory listed
in [38] contained 11.6 kg of plutonium, 102 tonnes of uranium, 87 tonnes of thorium,
and about 5.5 g of radium-226. See the decay curve Fig. 6.22.

This radioactive inventorymust be isolated.Currently, radioactivity can not escape
from the emplacement chambers of the Asse II mine into the rock formation against

Fig. 6.21 MAW-barrel
cone, storage on the 511 m
level (emplacement chamber
8). Source Michel [34]
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Table 6.10 Radionuclide vector at various reporting dates in the Asse II mine, acc. [38] Gerstmann
(2002) and [16] K-MAT 14 (2015)

Asse II
(01.01.1980)

Asse II
(01.01.2003)

Asse II
(01.01.2005)

Asse II
(31.12.2013)

Nuklide Half life [a] Ai [Bq] Ai [Bq] Ai [Bq] Ai [Bq]

C-14 5700 3.86E+12 3.85E+12 3.82E+12 2.60E+12

Co-60 5.3 2.66E+15 1.29E+14 0.99E+14 1.10E+13

Ni-63 100 8.82E+14 7.52E+14 7.40E+14 2.60E+14

Sr-90 28.5 5.67E+15 3.25E+14 3.10E+14 2.00E+14

Cs-137 30.2 9.45E+14 5.56E+14 5.30E+14 3.60E+14

Ra-226 1600 2.02E+11 2.00E+11 2.00E+11 2.00E+11

U-234 250,000 1.33E+12 1.33E+12 1.33E+12 1.40E+12

U-238 4.40E+09 1.26E+12 1.26E+12 1.26E+12 1.30E+12

Pu-238 87.7 4.38E+13 3.65E+13 3.63E+13 9.20E+12

Pu-239 24,000 1.92E+13 1.92E+13 1.90E+13 4.50E+13

Pu-240 6600 2.23E+13 2.22E+13 2.20E+13 5.10E+13

Pu-241 14.4 3.21E+15 1.05E+15 9.69E+14 1.30E+15

Am-241 432.6 2.69E+13 9.58E+13 9.94E+13 2.40E+14

Cm-244 18.1 4.56E+12 1.89E+12 1.75E+12 8.00E+11

Sum α 1.20E+14 1.78E+14 1.81E+14 3.49E+14

Sum β/γ 1.34E+16 2.82E+15 2.65E+15 2.13E+15

Sum 1.35E+16 2.99E+15 2.83E+15 2.48E+15

Fig. 6.22 Decay curve of the Asse inventory acc. Table 6.10
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the existing groundwater flow (mine workings). It can be assumed that an activ-
ity of approximately 3.0E+13 will still be present after an observation period of
10,000 years.

6.3.4.2 Site Concept of the Long-Term Safety of the Asse II Mine

In 2007, Helmholtz Zentrum München (HMGU), a 100% subsidiary of the fed-
eral government, presented a closure concept for the Asse II mine as the operator
after a plan for the final closure was requested. The closure concept was politically
contentious. However, the decision was under some time pressure, since the geome-
chanical stability of the mine structure seemed assured for only a few years. From
today’s perspective, this approachwas completely unacceptable. Initially, theHMGU
had considered three “concepts”:

1. Closure of the mine without the introduction of a protective fluid,
2. Closure of the mine with introduction of a protective fluid,
3. Retrieval of radioactive waste.

In its closure concept, theHMGUcame to the conclusion that “onlywith the intro-
duction of a protective fluid can the safe retention of of radioactive waste against the
biosphere be ensured” HMGU [35]. The HMGU claimed that the closure concept
met the basic requirements of the state of science and technology and had no alter-
native. The closure of the plant should be carried out as soon as possible, since only
a limited residual bearing capacity of the southern flank was given.

The closure concept of the HMGU formulated the basic requirements for the
closure of the facility:

– Sufficient and fastest possible support of the load-bearing system
– Protection of carnallitite against solutions from the overburden and
– Secure boundary conditions for long-term forecasts.

A long-term safety assessment has not been included in the closure concept of
the HMGU, other than the hypothesis: Long-term protection of the carnallitite can
be achieved by introducing a saline solution that becomes almost in chemical equi-
librium with carnallitites and the hydrostatic pressure (equilibrium) of the protective
fluid in the mine workings at the same time provides sufficient support of the overall
system.

The missing long-term safety evidence and a lack of a safety check of the mine
facility, considering beyond-design solution inflows into the mine workings are to
be expected, This led to reasonable doubts that the protection goal is achievable with
the presented closure concept, both in limiting the external dose rate and preventing
large-scale contamination of the groundwater body.

On 1 January 2009, the BfS took over the operator function of theAsse IImine and
rejected the closure concept of the HMGU. For its part, the BfS awarded contracts
for the development of closure options for the Asse mine. Since then three closure
options have been developed and presented:



6.3 Requirements and Their Implementation for a Long-Term Safe … 211

– Option: relocation of waste into deeper stratas of Asse

The radioactivewastewill be kept in themine structure, in deeper, newly excavated
cavities. The barrels are to be removed and safely packed for transport. Subsequently,
the cavities are sealed for the long-term.

– Option Retrievability

Materials in the underground area prepared for final disposal as radioactive waste,
are taken from the Asse II and put into a prepared and approved repository. The long-
term closure of the repository is part of the permit.

– Option complete backfilling of the mine facility

The radioactive waste remains at the current location. The mine facility is com-
pletely backfilled and secured and is to be closed safely in the long term.

After submission and presentation of the closure options, the BfS has examined
the options in an options comparison, BfS [36], stating that only the option for
retrievability can be demonstrated in a long-term safety assessment. The option
retrievability was considered a preferred option. Thus, the BfS has subsequently
submitted 3 location concepts for the options, see Fig. 6.20.

The German Bundestag (DBT) dealt with the Asse and the comparison of options
while maintaining a possible spontaneous failure of the mine workings and came to
the conclusion that the option of retrievability is without alternative.

It also enacted an “Act to Accelerate the Retrieval of Radioactive Waste and the
Decommissioning of the Asse II Mine”, which came into force on April 24, 2013.
In it, the Asse mine is classified as a nuclear facility according to AtG § 9a. The
Act amends § 57b AtG “Operation and decommissioning of the Asse II mine” in
which: (2) “The mine facility must be shut down immediately. For further opera-
tion until decommissioning, including the retrieval of radioactive waste and related
measures, a plan of procedure for approval according to § 9b is not required. The
decommissioning should preferably take place after the retrieval of the radioactive
waste. The retrieval must be discontinued if its implementation is not justifiable to
the population and employees for radiological or other safety-related reasons.”

In this way the DBT has selected the option “retrieval and the fastest possible
decommissioning”. It is interesting that for the retrieval option no planning approval
procedure should be necessary and exceptions are provided for radiation protection
regulations, with the justification of the time pressure! There should be no time
pressure, but there is an absolute need for comprehensive transparency.

However, due to the extensive precautionary measures introduced, combined with
an emergency plan and a considerably expanded public participation, some realism
seems to be coming into play. Thus, the federal environment ministry states that
there will be no retrieval before 2030. In the meantime, it has also been determined
that the Schacht Konrad repository will not be available to take the radioactive waste
of the Asse, and the planned repository for HAW as a possible location will also
be excluded. Thus, the year 2030 for the retrieval is completely unrealistic. Unless
one would prefer a transitional storage, this is proposed in Chapter 7. However, this
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includes the transport of these radioactive wastes. Extensive transport should not be
planned or at the worst minimized in repository projects. In any case, the retrieval
poses a high radiological risk for the operating personnel and possibly also for the
population in the vicinity of the Asse II mine.

In the meantime, expert opinions on the evaluation of the comparison of options
are available, according to the ESK, ESK [37] and the Working Group “Options
Comparison”, AGO [39]. These come to the following statements (excerpt):

– The comparison of options is based on a partially insufficient level of knowledge;
– Lack of reliable data for assessing the radiological and chemotoxic consequences
of uncontrollable groundwater ingress (environmental impact of unmanageable
solution inflow);

– For the option retrieval, there is currently no final disposal possibility. There is
only the principle of hope that a suitable final disposal option can be found in
Germany;

– The time requirement assumed for the options in each case appears to be of little
resilience in the view of the working group “comparison of options”;

– Preliminary long-term safety estimates only assume that the long-term safety proof
for the Schacht Konrad repository is not significantly affected by the additional
Asse waste; the storage in Schacht Konrad is meanwhile rejected, an alternative
is not shown;

– Safety in the operating phase has priority;
– The retrieval option did not take into account the radiation expositions of the
employees.

Quotation ESK [37]: “Even though the radiation exposure of personnel and the
population arising from a retrieval of the Asse II mine can not currently be estimated
as reliable; the ESK points out that in order avoidance of hypothetical dose values as
conservative calculated in the future, if the waste were to remain in the Asse II mine,
real radiation exposure to a considerable extent in the coming decades would have
to be accepted for the operating personnel if the waste were to be retrieved from the
Asse II mine. Also for people around the facility, additional real radiation exposure
would result from direct radiation and higher emissions.”

As a result of these assessments, the BfS is now carrying out a fact finding study,
see Fig. 6.23, which was launched in 2012 and where three holes 750-m deep were
drilled into chamber 7, see Fig. 6.17, with the following result:

– No risk of explosion due to gases produced;
– Radioactivity levels in both chamber 7 and in its environment correspond to the
current state of knowledge;

– It was possible to determine the exact position of the closure structure, the chamber
ceiling and the walls;

– Fact-finding in the current form takes too much time.

Furthermore, no radioactive discharges from the inventory ofwasteswere detected
in the environmental monitoring. There is no increased radioactive contamination
in the vicinity of the Asse II mine in the Wolfenbüttel county. This emerges from
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Fig. 6.23 Fact-finding,
drilling site with preventer.
Source M. Lersow

an interim report submitted by the Agricultural Exploration- and Research Insti-
tute (LUFA) North-West and the Braunschweig district office to the Lower Saxony
Chamber of Agriculture. The environmental monitoring and the permanent disclo-
sure of the determined data is an essential project of public participation and therefore
mandatory.

6.3.4.3 Scenarios/Outlook

When and how the long-term safe storage of radioactive waste takes place is, from
the local point of view, currently unclear. It seems clear, however, that the available
data on the inventory can no longer be doubted and can be used for work on con-
ceptual plans. Asse GmbH currently keeps the mine workings open and carries out
safety measures for the stability of the mine facility and of averting a danger due
to mining. Permanent surveillance, precautionary measures and emergency plans
exclude, from the view point of the author, spontaneous failure and worsening of
the rock-mechanical and hydrological conditions. This is also due to the fact that
in the vicinity of the mine two more shafts exist, Asse I (the mine had to be aban-
doned in July 1906 due to flooding) and Asse III (the shaft was drilled from 1911 to
1921, and the workings was finished in 1924). Both shafts have been “flooded” for
decades - filled with water there is a stable state of hydrostatic tension. Convergence
will not take effect under such conditions. Under these conditions, the likelihood
of an irresponsible increase in the present risk situation is very low. A mechanical
spontaneous failure is to be expected to have very low probability.

Based onMichel [34] 2013, the following description of the condition of the Asse
II mine can be given:

• The 2010 comparison of options is without foundation;
• A flooding of the Asse II mine facility is the probable development; flooding
should be assumed as a worst case scenario in a review;
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• Upon entry of an uncontrollable solution inflow, which results in an evacuation
from the mine, the introduction (counter-flooding) of MgCl2-rich solution, the
pneumatic pressurization of the mine workings during the counterflood of the
mine workings is proposed as an option;

• The submitted assessment of the potential radiation exposure in the vicinity of the
Asse II mine, is approximate only, interspersed with technical errors and is too
conservative, see Küppers et al. [40].

• The entry of uncontrollable solution inflows corresponds to the scenario “beyond-
design-basis” inflow rates of brine solutions from the over burden during the oper-
ational phase, see Chap. 8. There must be a robust estimation of the potential
radiation exposure in the operational and post-operational phases. A modeling of
the overburden has not beenmade. The proposed propagation paths are speculative.

• Based on current knowledge robust assessments of workers’ real exposures and
real and potential population exposures during the retrieval are not possible. An
estimation of the real exposures of the workers and the real and potential exposures
of the population is also missing in the presented option: retrieval. Such data are
fundamental for its evaluation;

• We recommend an iterative procedure to model the radiological consequences of
a possible Asse II mine flooding in the various options.

Following the assessment of R. Michel, all previously existing site specific mod-
els have to be re-evaluated, based on the information resulting from the fact check
data. It can be stated that a careful consideration of the options for handling the
radioactive waste stored in the Asse, see Table 6.10, based on robust data, the tech-
nologies available, the burden on operating staff and possibly the outgoing dangers
to the environment, allows the possibility of finding the best solution for the existing
conditions. There is no cause for extreme hurry, even if the integrity of the mine
workings is limited, see [41, 42].

Despite the assessment that the retrieval option is devoid of any specialist basis,
the considerations on the option to return are further advanced by the Asse GmbH
and facts created.

Since there is currently no repository site for the waste from the Asse II mine and
it is not yet clear where and when such a facility can be found, one has to deal with
the problem of the radioactive waste to be transported to the surface. A planning
contract for the underground tasks was awarded in 2015. When dealing with the
radioactive waste transported to the surface, the problem of intermediate storage
is touched on. An interim storage facility at the site with a conditioning system is
favored by the authorities, but not by the affected population. The discussion was
conducted without a robust assessment of the real exposures of the workers and the
real and potential exposures of the population. It is recommended to connect this
discussion with the transitional storages for HAW-HGW. This creates transparency
and takes the suspicion of a one-sided determination. Such a discussion pre-supposes
that an assessment of the real exposures of the workers and the real and potential
exposures of the population would be presented.
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For the retrieval and transport, including the entire supply of fresh air (mine
ventilation) and the material transport, a separate recovery shaft is required. For
this purpose, exploratory drilling from the surface and from the underground side
have already been undertaken to establish the possible connection of various levels
to the recovery shaft. It is recommended to include the drillings in the emergency
planning in such a way that these can also be expanded as production wells should
there be an emergency of “inrush of water”. In the case of uncontrollable solution
additions, these production wells would also have the possibility of introducing
(counterflushing) MgCl2 -rich solution, optionally also the pneumatic pressurization
of themineworkings. If core drillings are carried out, then amodel can be constructed
using the data obtained.

There is a comprehensive environmental monitoring network set up which
includes the following sampling activities: gamma local dose rate (ODL); Gamma
dose; Aerosol activity; Soil samples; Grass samples; Water samples.

The Agricultural Exploration- and Research Institute (LUFA) North-West and
the Braunschweig district office of the Lower Saxony Chamber of Agriculture are
presenting the results of additional environmental monitoring in annual reports. The
results of the additional environmental monitoring in the area of the Asse II mine
confirm that an activity contribution of theAsse IImine is not recognizable or demon-
strable. Together with the fact check, the data situation improves noticeably, so that
this can allow a robust assessment of the radiological consequences of a scenario
“beyond-design-basis inflow rates” of brine solutions from the overburden, see [43].

The option of retrieval must be further detailed. Thus, the consequences of a
retrieval, in particular of the radiological situation, for the staff and the population
have not yet been demonstrated enough. The feasibility of this option is thereby
decisively determined, in addition by the final disposal site and the costs. The current
“Perspectives” for the Asse II mine are summarized in Fig. 6.24, supplemented by a
non-time limited operation for retaining the mine, with production wells and water
treatment.

From the point of view of the author, the opportunity should be seized to gather as
much data as possible, which can be made available when considering final disposal
in Germany as a whole. The creation of a comprehensive database in which all
available, evaluated and verified data, e.g. for final disposal in the host rock “rock
salt” (carnallitite), can be put together and made available to the public is long
overdue.

This also includes, if possible, opening an emplacement chamber and examining
the condition of the containers. In order to gain reliable data, the Asse II mine
should be instrumented for the entire time of “operation for keeping the mine open”
and possibly beyond so that reliable data on the behavior of the repository after
decommissioning can be collected and thus scientifically evaluated.

Because a scenario “beyond-design-basis inflow rates” of the of brine solutions
from the overburden for the mine facility Asse II cannot be ruled out, there is a
particular need for research on solution transport in the mine workings. Chapter 8
deals with solution transport in the mine workings and radionuclide transport into the
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Fig. 6.24 Asse II mine facility; currently known site specific concepts

biosphere and its implications for a long-term safety assessment. However, an inves-
tigation of this site specific problem has so far been almost completely omitted for
the Asse II mine, including the generating of necessary parameters. The description
of solution transport in the mine workings also requires a description of the geo-
chemical environment likely to develop in the storage areas and in the mine structure
generally, taking into consideration solubility limits, retardation and sorption.

In Küppers e al. [40] in 2011, is a recalculation of the effects of a “beyond-design-
basis inflow rates” in the Asse II mine which was made after the flooding concept of
the HZMU was available. Because of the short comings and the unrealistic scenario
description, Michel [34] has already dealt with it. It should be noted here that a
“squeezing out” of solution from the mine workings over a long period of time is not
to be expected, which is why this scenario currently has no priority.

The scenario of the escape of brine solutions from the overburden and the nec-
essary instructions for remedial action are compiled below as an example, see also
Chap. 8.5.2.
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6.3.4.4 Szenario “Beyond-Design-Basis Inflow Rates” of the of Brine
Solutions from the Overburden

• Formation of a radionuclide source term in the mine workings

In Chap. 8, it is shown how in general the dissolved radionuclides in the solution
can be transported in the mine workings by three different effects. These are solution
transport through pressure gradients, exchange processes, dispersion and diffusion.
In addition, a diffuse radionuclide transport takes place, which is driven by existing
concentration gradients of the radionuclides, see Chap. 8 and Eqs. (6.4), (6.5), (6.6).

Diffusive radionuclide stream JD:

JD = −D(T ) · A · ϕ · ∇c (6.4)

Convective solution transport; solution exchange stream:

QT,C = g · k · β

8 · ν
H 2B

�T

�L
− g · k

8μ
H 2B

�pC
�L

(6.5)

Advective solution stream:

Q = k · A
μ

∇ p (6.6)

In order to be able to realistically describe this solution transport for the Asse II
mine, the following parameters must be determined:

C—Molar concentration in mol m−3; ∇c—concentration gradient of radionuclide
Unit for JD for example [JD] = mol m−2 s−1

k—Permeability of backfilling
μ—dynamical viskosity of solution
ν—kinematic viskosity
β—coefficient of thermal expansion of backfilling
D(T)—Diffusion coefficient at the temperature T in the solution
	—Porosity of backfilling
B, H, L—width, height, length of transport pathway

The entire radionuclide transport results from the superimposition of all partial
processes: transport by forced solution movement, convective exchange processes
and diffusion, Eqs. (6.4), (6.5), (6.6). These processes are very different from each
other, so that an analytical treatment of the super imposition is not possible. Exten-
sive experiments can be found in Klaus-Peter Kröhn (GRS) et al. [44]. However,
a sensitivity analysis and uncertainty considerations cannot be dispensed with here
either. In order to be able to describe the solution transport realistically, the following
investigations need to be carried out:
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– Release of radionuclides from the waste container,
– Retention of radionuclides in the mine workings; sorption and retardation,
– Solubility limits of the solution,
– Dissolution and reprecipitates of sealing structures,
– For gas formation due to stored biological residues;Measures to limit the formation
of gas, possibilities of removing gas-forming substances (metal, wood, plastics).

• Mass transport modeling for the overburden

To be successful the transport modeling in the overburden requires a sufficiently
accurate description of the groundwater flow. An overburden map is currently not
available and must be constructed.

The radionuclide stream which passes from the mine workings to the overburden
forms the basis for consideration. The modeling on the basis of the equations quoted
in Chap. 8 Eqs. (8.33–8.35) can be considered sufficiently secured. The groundwater
flow is assumed to be laminar. For modeling, the fluid mass is balanced locally
(i.e., within a volume element) and for the entire model area, see Eq. (8.33). For
density-driven flows, the mass of the dissolved salt, Eq. (8.34) and/or the amount
of heat are also simultaneously balanced. Equation (8.34), is omitted in the case of
a non-density-driven flow, see Chap. 8.6.3. The structure and the properties of the
overburden must be described in detail. In addition to the dilution of the radionuclide
current, the sorption properties of the flow through overburden play an essential role
in achieving a robust assessment of the radionuclide transport into the biosphere.

• Possible radiological effects in the biosphere

In order to determine the radiological effects of an uncontrollable solution release
to the biosphere, the transfer of radionuclides within the biosphere has to be mod-
eled. Also, a person or a group of people is to be defined, including their living
habits, for which the effects are to be determined (critical group). For examples,
see Gellermann [45]. There are substantial research achievements for the evaluation
of the different location models. However, these require robust assessments of the
radionuclide currents in the model areas.

However, a different assessment should be mentioned here, which should be con-
sidered in connection with the evaluation of possible radiation exposures in the
vicinity of repository structures. This concerns the radiation exposure of reference
persons of the general population (critical group) shown in Fig. 6.25.

The calculated radiation exposure of the critical group is correlated with figures
from the Epidemiological Cancer Registry of Lower Saxony (EKN), which showed
that in the “joint municipality” of Asse between 2002 and 2009 about 10 additional
cases of leukemia and about 8 additional cases of thyroid cancer were observed.
The rating alone speaks for itself. Although these are model calculations and there
is no statistical evidence, a connection to the Asse II mine is practically produced
directly here. The discharges of radioactive substances with the exhaust air from
the Asse II mine and the environmental monitoring has resulted in no measurable
concentrations in the environment. Even with an extremely conservative modeling of
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Fig. 6.25 Radiation exposure according to General Administrative Regulation to § 47 of Ger-
man Radiation Protection Ordinance (AVV) (With the introduction of the new radiation protection
legislation in Germany in 2019, the AVV will also be revised.) determined in 2013, see Michel [34]

the potential radiation exposure of the population around the Asse II mine, negligible
annual doses below the region’s natural radioactivity are reported. Of course, there
must be a comprehensive, monitoring and evaluation of the radiological situation in
the vicinity of the Asse II mine, but there is no cause for concern at this time.

It is also a task of these presentations here to handle carefully the radiological
consequences of a final disposal of radioactive material. Therefore, a connection to
the residues from uranium ore extraction and treatment in Saxony and Thuringia
should be produced and checked for any unequal treatment of similar situations of
hazards under the same legal regulations.

In the territory of Saxony and Thuringia, after the Second World War, uranium
ores were extensively mined in the regions of Aue and Koenigstein in Saxony and
Ronneburg in Thuringia; operations were undertaken by the reparation enterprise
called SAG Wismut and later by SDAG Wismut. SDAG Wismut was at the time
the largest uranium producer in the world. And the GDR, as a country, historically
ranked third place in the list of uranium-producing countries and still occupies the
5th place in today’s ranking. During the entire operating period about 230,000 tons
of uranium ore were mined. The Federal Office for Radiation Protection has records
of the radiation exposures of the workforce of the SDAG Wismut in the Wismut
uranium miners cohort study, Schnelzer et al. [46]. The, the radiation exposures of



220 6 Disposal of Radioactive Waste of Low and Medium Radioactivity …

the professional radon loaded miners of the SDAG Wismut have been scientifically
evaluated and analyzed. Based on a stratified random sample of all employees using
existing wage- and salary-payroll records from the register of the SDAG Wismut,
data were extracted for all cohort members. It has been possible to extract infor-
mation on personal data and on the work records of the Central Reception Office
Wismut (ZeBWis) of the German Social Accident Insurance (DGUV), which then
become the basis of scientific evaluation. A cohort was formed with about 59,000
members available. The applicable documents were from the residents’ registration
offices and public health offices or the former pathology archive of the SDAG Wis-
mut. In summary: In the early years of SAG Wismut virtually every radiation and
occupational protection procedure was missing, also the radon and quartz fine dust
exposures were very high. The working conditions gradually improved from 1954
with the founding of SDAG Wismut and by about 1971 had reached international
standards. Up to 5492 lung cancers and 14,531 silicosis cases of former Wismut
employees were recognized as occupational diseases. After the reunification of Ger-
many between 2008 and 2011, a further 3696 cases of lung cancer and 2720 cases
of silicosis were added to the statutory accident insurance, see Schnelzer et al. [47].
Figure 6.26 shows the cumulative exposure of exposedWismut uraniumminer cohort
members. From the underlying figures it can be seen that the cumulative exposure
between 1989 and 1991 increased slightly (about 2.2 mSv/a). In December 1991,
the state-owned redevelopment company Wismut GmbH was founded, which has to
eliminate the legacies of the SDAG Wismut in such a way that the endangerment

Fig. 6.26 Average annual cumulative exposure to radon daughters (RnFP) in WLM (The Working
LevelMonth (WLM) is a historical unit specifically used in uraniummining.OneWLMcorresponds
to an exposure of 1.3× 103 mega electron volts of potential alpha energy per litre of air over a period
of one working month (170 h).), external gamma radiation in mSv and long-lived radionuclides
(LRN) in kBqh/m3. Source [47]
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of the affected population is largely excluded. It is inadmissible and misleading to
attribute all the 6416 registered cases of lung cancer and silicosis cases registered by
the German Social Accident Insurance between 1991 and 2011 to Wismut GmbH.

However, what must be ascertained is that, especially in the first years of Wismut
GmbH, there was an increased risk of cancer for exposed persons, but this had
decreased significantly by 2017. Figures 6.27 and 6.28 document the remediation
success. In particular, the long term safety guarantee of the uranium mill tailings
ponds of the SDAG Wismut must be based on a guardian-principle (stewardship)
because of the lack of base sealing in the containment.

Fig. 6.27 Evolution of radioactivity in leaked water at the water measuring points

Fig. 6.28 Gamma dose rates on a remediated area before and after remediation. Source Second
Joint Convention 2006/Lersow, M.
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Extensive long-term environmental monitoring ensures that escaping contami-
nants and the radionuclide flux via the water pathway are collected and sent to
a water treatment plant and finally discharged into the receiving waters, see also
Figs. 6.27 and 6.28.

As a guideline for radiation exposure for remediated areas, Wismut GmbH has
established a gamma dose rate ODL < 0.15 μSv/h.7

The conclusion to be drawn here is that a comparison of the radioactive inventories
of the uranium mill tailings ponds of SDAG Wismut and the final deposition sites
for radioactive waste in a plant acc. § 9a AtG also enables a real risk assessment and
comparison to be made between the locations and in particular the representations
relative to the Asse II mine.

6.4 Comparative Considerations on the Radionuclide
Inventory of the Asse II Mine Facility and the ERA
Morsleben to the Tailings Ponds of the Wismut GmbH

6.4.1 Comparison of Activity Inventories

In Table 6.11 some parameters for the radioactive inventory of the Wismut tailings
ponds are compiled. In all of these facilities, the Th-232 decay chain plays no role
in the radiological considerations. The complete radionuclide inventory results if the

Table 6.11 Radionuclide vector of theWismut remediation project “Tailings Ponds” (the inventory
of pore water is neglected here) see also [48]

Tailings
Impoundment

Culmitzsch A Culmitzsch B Trünzig A Trünzig B Helmsdorf Dänkritz I

Unat in solids
(t)

4800 2200 1500 700 5000 1000

Unat in solids
(TBq)

122 56 38 18 127 25

Ra-226 in
solids (TBq)

790 240 130 50 550 40

Ra-226 im
Porenwasser
(mBq/l)

… 5000 … 2300 … 630 N.A. 500 … 2000 N.A.

Unat im
Porenwasser
(mg/l)

0.3 … 3.9 1.0 … 16.5 1 … 19 1 … 20 2 … 30 10 … 85

∑
(TBq) in

solids
912 296 168 68 677 65

70.15 μSv/h is approximately 1.31 mSv/a, if a person were permanently one year at one place. This
is completely unrealistic, so this conversion should not be done.
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daughter nuclides of the U-238 and U-235 decay series are taken into account. As a
result, the physical activity inventory is about 10 times larger than the radionuclide-
related inventories.

The tailing ponds of SDAG Wismut will be closed to be stable in the long term.
The main barrier is a multifunctional surface cover, see also Chap. 5. Neglected
in the compilation of Table 6.11 is the radioactivity contained in the pore water of
the uranium mill tailings mass. This share of total activity is only low. The hazard
assessment assumes that the pore water exits via the base floor of the uranium mill
tailings ponds. The effects of the lack of base sealing are extensively discussed in
Chap. 5.

The physical activity inventory of the uranium mill tailings ponds of SDAGWis-
mut is compiled in Table 6.12. Here reference is made to the exemption limits (FGi)
acc. Table 1, Annex 4 StrlSchV.

For the existing plants in Germany acc. § 9a AtG, where low- and medium-active
(LAW and MAW) waste is stored in geologically deep layers, the inventories for
the respective key data relating to the FGi are summarized in Table 6.13. On the
one hand for the radioactive waste repository Morsleben—ERAM in Saxony-Anhalt
and on the other for the Asse II mine facility near Remlingen in Lower Saxony. The
inventory and the radionuclide composition (radionuclide vector) in the two plants
according to § 9a AtG are sufficiently well documented, K-MAT 14 [16].

The activity potential of the ERAM is significantly lower than that of the Asse
II mine. If the number of nuclides where the half-life—is less than 100 years, the
radiotoxicity quotient Ai/FGi of the activity inventory of the ERAM has decreased
to approx. 1.0E+08.

In view of the very different radionuclide composition, the radioactive inventory
of the ERAM and the Asse II mine are not directly comparable to that of the Wismut
Tailings ponds. In order to be able to compare the activity inventories of the tail-
ings ponds and the facilities according to § 9a AtG, the activity inventories for each
radionuclide have been related according to StrlSchV (Annex 4, Table 1, Column 2)
and on the exemption limit of the total activity. The sum of these ratios across all
radionuclides gives a dimensionless activity index, which characterizes the radiotox-
icity of the total inventory, since the radiological hazards of single nuclides above
the respective exemption limit are taken into account.

The results of such an evaluation are summarized in Tables 6.10 and 6.11. It
has been taken into account that Unat compiles in terms of activities as follows:
238U/234U = 1.0, 235U/238U = 0.046. In addition, in terms of the 230Th activity,
it is noted that for the daughter nuclides of uranium, 230Th/226Ra is about 1 and
231 Pa/227Ac is about 0.046. Tables 6.10 and 6.11 make it clear that the inventories
of Wismut tailings and the Asse, when evaluated according to this simple radio-
logical indicator, are comparable. However, there are differences in the mobility of
radionuclides. The mobility of radionuclides in the tailings ponds inventory is sig-
nificantly higher than in the repositories for radioactive waste with negligible heat
generation. In addition, the pore water contained in each tailings mass provides a
transport medium, which in nuclear facilities acc. § 9 AtG is largely kept away from
the stored radionuclides. Without a transport medium (water, air) radionuclides can
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Table 6.13 Compilation of the total activity Ai and the values of the activity indicator Ai/FGi
(FG—Exemption limit according to Annex 4 Table 1 Sp. 2 StrlSchV) for the radiologically most
important radionuclides in the inventory of the Asse II mine facility and in ERA Morsleben

Disposal
plant/nuclide

Half-life
period [a]

FGi [Bq] Asse II (31.12.2013) ERAM (31.12.2013)

Ai [Bq] Ai/FGi [–] Ai [Bq] Ai/FGi [–]

C-14 (β−) 5730 1.00E+07 2.6E+12 2.6E+05 3.20E+12 3.20E+05

Co-60 (β−) 5271 1.00E+05 1.1E+13 1.1E+08 5.40E+12 5.40E+07

Ni-63 (β−) 100.1 1.00E+08 2.6E+14 2.6E+06 1.40E+13 1.40E+05

Sr-90 (β−) 28.79 1.00E+04 2.0E+14 2.0E+10 4.80E+12 4.80E+08

Cs-137 (β−) 30.17 1.00E+04 3.6E+14 3.6E+10 6.30E+13 6.30E+09

Ra-226 (α) 1602 1.00E+04 2.0E+11 2.0E+07 2.30E+10 2.30E+06

U-234 (α) 245,500 1.00E+04 1.4E+12 1.4E+08 1.10E+09 1.10E+05

U-238 (α) 4.468E+09 1.00E+04 1.3E+12 1.3E+08 4.30E+08 4.30E+04

Pu-238 (α) 87.74 1.00E+04 9.2E+12 9.2E+08 7.80E+10 7.80E+08

Pu-239 (α) 24,110 1.00E+04 4.5E+13 4.5E+09 6.90E+10 6.90E+06

Pu-240 (α) 6563 1.00E+03 5.1E+13 5.1E+10 6.60E+10 6.60E+07

Pu-241 (β−) 14.35 1.00E+05 1.3E+15 1.3E+10 9.00E+11 9.00E+06

Am-241 (α) 432.2 1.00E+04 2.4E+14 4.4E+09 2.30E+11 2.30E+07

Cm-244 (α) 18.10 1.00E+04 8.0E+11 8.0E+07 4.80E+09 4.80E+05

Sum α 3.49E+14 6.12E+10 4.72E+11 8.88E+08

Sum β/γ 2.13E+15 6.91E+10 9.13E+13 6.84E+09

Sum 2.48E+15 1.30E+11 9.18E+13 7.72E+09

Sources K-MAT 14 [16]

not escape from the containment into the biosphere. This also applies to the solid tail-
ings mass, which is protected by a multifunctional surface sealing especially against
seepage water, see Chap. 5.

For long-term predictions, it is also important to note that the activity of uranium
tailings hardly changes over a period of 1000 years (the radionuclide Th-230 has a
half-life of about 80,000 years). However, the activity index of the Asse inventory
amounts to about 4.4E+10 in 100 years and in about 1000 years decreases it to about
2.4E+10. The different requirements for geotechnical environmental structures—
repository structures—for long-term safe storage of radioactive waste and residues
from uranium ore processing in Germany cannot be justified from the activity inven-
tories.
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6.4.2 Comparison of the Long-Term Safety Concepts of ERA
Morsleben with Residue Storage Facilities
from Uranium Ore Processing

6.4.2.1 Summary of the Long-Term Safety Closure Concept of Tailing
Ponds from Uranium Ore Processing

The concept for the long-term safe and stable custody of the tailings ponds of SDAG
Wismut is set out extensively in Chap. 5 and is listed here only as a summary for
comparison. The basis is a multi-barrier concept consisting of the following main
elements:

• Dam construction, cover (encapsulation), base sealing as geological barrier and/or
as technical barrier, water collection andwater treatment as well as the diversion of
purified water into the receiving water (if discharge values of pollutant concentra-
tions are maintained), planting and vegetation, monitoring system; (Multi-barrier
system with long-term monitoring).

Both the dam structures and themulti-functional covers are constructed as techno-
genic loose rock bodies whose classification is possible over the entire loose rock
body. Nevertheless, the material parameters of the functional elements (mineral,
geosynthetic, etc.) of the technogenic loose rock bodies are stated variables and thus
time-dependent. Also, aging during the period of observation cannot be ruled out.

The geotechnical environmental structure of the tailings ponds of SDAGWismut
must be operated with the missing base seal and according to the guardian-principle
for a long time. The escape of radioactive and toxic contaminants can enter the
biosphere via the soil-, water- and air pathways (gas- fluid- and solid phases of the
loose rock body). A discharge via the water pathway is collected in a controlled
manner and fed to the water treatment plant, cleaned and delivered in compliance
with water-legal exemptions in the Vorflut. Water treatment is part of the security
system for the long-term safety of tailing ponds from uranium ore processing. For
the monitoring of the water pathway, in addition to a corresponding groundwater
monitoring system, a network of wells and groundwater measuring points, with
production wells to lift groundwater is required.

In order to prevent uncontrolled escapes of contamination from the tailings body
and considering the groundwater conditions at the site, the groundwater level, can
be lowered in the area of the tailings pond by means of production wells. This
will establish a defined safety distance between the tailings body and the highest
groundwater level, and help to prevent or/and limit contamination transfers into the
groundwater body.

The proof of the long-term stability of the multi-functional cover of a tailings
pond should be designed for a period of 1000 years. An assessment value for the
radiation exposure of ODL ≤ 0.15 μSv/h, has been established by Wismut GmbH
for their own use.
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There may be a risk of subsequent human intervention in the encapsulation. Such
“human intrusion scenarios”, must be prevented, this includes securing the surround-
ing area. A follow-up remediation and after-care provision is possible at any time and
should form part of the long-term security system. Damaged points will be indicated
in particular by increasing radon exhalation rates. The scenario of an: aircraft crash
is not considered but should also remain manageable here, because only a small part
of the total area would be likely to be affected and it is expected there would only be
low spontaneous emissions of radioactivity.

The record (final documentation) of the abandoned mining site with all relevant
data remains in the register of the relevant mining authority. The time of removal of
the site from supervision is part of the long-term safety system for the geotechnical
environmental structure and is approved or denied by the competent mining authority
on application.

The parameters of the geotechnical environmental structures for long-term safe,
long-term stable storage of the tailings ponds of SDAG Wismut have been summa-
rized in Table 6.14.

6.4.2.2 Summary of the Long-Term Security Concept for Long-Term
Storage of LAW and MAW

The long-term safe storage of this radioactive waste is extensively covered in this
chapter. Table 6.15 summarizes themain parameters of the geotechnical environmen-
tal structures, as installations according to § 9 a AtG for the long-term safekeeping
of LAW and MAW in Germany (according to the current situation). A comparison
of Tables 6.14 and 6.15 shows the main differences for the safekeeping of uranium
tailing ponds of SDAGWismut and LAW and MAW in Germany, with the appropri-
ate applicable laws and regulations. This is also reflected in the risk evaluation and
assessment of outgoing hazards.

The current decommissioning scenario inGermany for repositories for radioactive
waste subject to monitoring stipulates that “after completion of all decommissioning
measures no control and monitoring program is required”. However, for the ura-
nium mill tailings ponds with the guardian principle their long-term security will be
guaranteed.

With the specification of an extremely longobservation period for long-term safety
in the final disposal of radioactive waste subject to supervision, the impression of a
high level of safety is to be conveyed.However, long-term safety is independent of the
given observation period and depends solely on the parameters of the Geotechnical
Environmental Structure as an installation according to § 9 a AtG.

The “geological” observation period for the long-term safety of a repository
encounters scientific limits, insofar as it has to involve variables of the geotechnical
environmental structure. Since these variables are time-dependent, extrapolation of
themeasurement results from time series of a few decades tomore than 100,000 years
is generally not permitted. However, one effectmay be achieved by such an approach.
Potentially it may fuel fears and uncertainties with the side effect that long-term safe
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storage of this waste is not controllable. The experiences show something else and
indicate to the community, for social acceptance, that the responsible and proper
handling and long-term safe storage of radioactive residues is achievable.

Aquick decommissioning is not recommended in any case. The immediate closure
of a final disposal on the principle of “Close your eyes and hope for the best!” also
carries the message that parties want to “get rid” of the radioactive waste and shift
the problem to subsequent generations as soon as possible. Subsequent generations
should be given the opportunity to intervene as they are affected anyway, because of
the longevity of the radioactive waste.

References

1. Vieno, T; Nordman, H; Taivassalo, V; Nykyri, M: Post-closure safety analysis of a rock cavern
repository for low and medium level waste. Radioactive Waste Management and the Nuclear
Fuel Cycle 1993, Vol. 17(2), pp. 139–159.

2. André Rübel; Ingo Müller-Lyda; Richard Storck: „Die Klassifizierung radioaktiver Abfälle
hinsichtlich der Endlagerung“; GRS – 203 ISBN 3-931995-70-4; Dezember 2004.

3. U.S. Government: Code of Federal Regulations No. 10 CFR 61 § 55: Waste classification. U.S.
Government, Washington 2001.

4. Glombitza, F. et. al.: Verfahren zur Fassung, Ableitung und Reinigung bergbaulich kon-
taminierter Grundwässer; Herausgeber: Landesamt für Umwelt, Landwirtschaft und Geologie
- Freistaat Sachsen; EU-Ziel 3 Projekt VODAMIN.

5. M. Paul et al: Water Management – a Core Task of the Wismut Remediation Programme;
Mining Report 151 (2015) No. 6; p. 5008–518.

6. Bundesministerium für Wirtschaft und Technologie; 20 Jahre Wismut GmbH, Sanieren für die
Zukunft, 2011.

7. Märten, H: Neueste Trends zur aktiven Wasserbehandlung und Anwendungsbeispiele; 57.
Berg- und Hüttenmännischer Tag 22. und 23. Juni 2006; Technische Universität Bergakademie
Freiberg Institut für Geologie; Wissenschaftliche Mitteilungen 31 (proceedings), S. 14 – 22;
Freiberg 2006; Hrsg: B. Merkel, H. Schaeben, Ch. Wolkersdorfer, A. Hasche-Berger.

8. Gesetz zur Neuordnung der Organisationsstruktur im Bereich der Endlagerung, vom 26. Juli
2016; Bundesgesetzblatt Jahrgang 2016 Teil I Nr. 37; S. 1843 ff.

9. Karin Kugel, Kai Möller (Hrsg.): Anforderungen an endzulagernde radioaktive Abfälle (End-
lagerungsbedingungen, Stand: Februar 2017) - Endlager Konrad - Bundesamt für Strahlen-
schutz, BfS-Bericht SE-IB-29/08-REV-3, Salzgitter, 10.02.2017.

10. https://www.endlager-konrad.de/Konrad/DE/themen/endlager/eignung/geologie/geologie.
html.

11. Bundesministerium des Innern (1983): Sicherheitskriterien für die Endlagerung radioaktiver
Abfälle in einem Bergwerk; GMBl. 1983.

12. Niedersächsisches Umweltministerium: Planfeststellungsbeschluss für die Errichtung und den
Betrieb desBergwerkesKonrad in Salzgitter alsAnlage zurEndlagerung fester oder verfestigter
radioaktiver Abfälle mit vernachlässigbarer Wärmeentwicklung vom 22. Mai 2002.

13. Brennecke, P.; Steyer, St.: Endlager Konrad - Bilanzierungsvorschrift für Radionuklide/
Radionuklidgruppen und nichtradioaktive schädliche Stoffe; BfS; SE-IB-33/09-REV-1; Stand:
07. Dezember 2010.

14. Gehobene wasserrechtliche Erlaubnis zur Einleitung von Niederschlagswasser, Grundwasser
und Abwasser aus dem Endlager für radioaktive Abfälle, Schacht Konrad 2, in Ober-
flächengewässer, Niedersächsisches Umweltministerium, Planfeststellungsbeschluss Konrad,
Anhang 3.

https://www.endlager-konrad.de/Konrad/DE/themen/endlager/eignung/geologie/geologie.html


232 6 Disposal of Radioactive Waste of Low and Medium Radioactivity …

15. BfS: Radionuklidvektor der relevanten Radionuklide Stichtag 30.06.2005 – ERAM.
16. K-MAT 14; Gemeinsames Übereinkommen über die Sicherheit der Behandlung abgebran-

nter Brennelemente und über die Sicherheit der Behandlung radioaktiver Abfälle- Bericht der
Bundesrepublik Deutschland für die fünfte Überprüfungskonferenz, Mai 2015.

17. BfS: Stilllegung ERA Morsleben, Plan zur Stilllegung des Endlagers für Radioaktive Abfälle
Morsleben, Salzgitter, 15.09.2009.

18. Geologische Bearbeitung des Hutgesteins über der Allertal-Salzstruktur, BGR, http://www.
bgr.bund.de/DE/Themen/Geotechnik_vor20090101/Geologische_Bearbeitung_Hutgestein_
Allertalstruktur.html.

19. BMUB: Programm für eine verantwortungsvolle und sichere Entsorgung bestrahlter Brennele-
mente und radioaktiver Abfälle (Nationales Entsorgungsprogramm) August 2015.

20. BfS 2009 - Stilllegung ERA Morsleben, Plan zur Stilllegung des Endlagers für Radioaktive
Abfälle Morsleben, Bundesamt für Strahlenschutz, Salzgitter, 15.09.2009.

21. Projekt ERA Morsleben. Hydrogeologische Standortbeschreibung und Modellgrundlagen.
Teile 1 - 3.- Bearbeiter: Langkutsch, U., Käbel, H., Margane, A. & Schwamm, G., Verfahren-
sunterlage P 070, 1998.

22. Langzeitsicherheitsnachweis für das Endlager für radioaktive Abfälle Morsleben (ERAM);
Stellungnahme der Entsorgungskommission vom 31.01.2013.

23. Brasser, T.; Droste, J.: Endlagerung wärmeentwickelnder radioaktiver Abfälle in Deutschland
- Anhang Endlagerstandorte -; Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH;
Anhang zu GRS-247; ISBN 978-3-939355-22-9; Braunschweig/Darmstadt; September 2008.

24. BGR: https://www.bgr.bund.de/DE/Themen/Endlagerung/Methoden/Labor/salzmechan_
fortgeschrittene.html.

25. Günther, R.-M.: Erweiterter Dehnungs - Verfestigungs – Ansatz, Phänomenologisches
Stoffmodell für duktile Salzgesteine zur Beschreibung primären, sekundären und tertiären
Kriechens, Dissertation zum Dr.-Ing., TU Bergakademie Freiberg, Fakultät für Geowis-
senschaften, Geotechnik und Bergbau, 10-2009.

26. Leuger, B., Staudtmeister, K., Zapf, D.: The thermo-mechanical behavior of a gas storage
cavern during high frequency loading. In: Mechanical Behavior of Salt VII, Tijani, M., Berest,
P., Ghoreychi, M., Hadj-Hassen, F. (Editoren), S. 363–369, ISBN Print 978-0-415-62122-9,
2012.

27. Popp, T., Salzer, K., Schulze, O., Stührenberg, D.: Hydro-mechanische Eigenschaften von
Salzgrusversatz - Synoptisches Prozessverständnis und Datenbasis. Memorandum, Institut für
Gebirgsmechanik (IFG), Bundesanstalt für Geowissenschaften und Rohstoffe (BGR): Leipzig,
30.05.2012.

28. Peiffer, F., McStocker, B., Gründler, D., Ewig, F., Thomauske, B.,: Havenith, A., Kettler, J.:
Abfallspezifikation undMengengerüst. BasisAusstieg aus derKernenergienutzung (Juli 2011).
Bericht zum Arbeitspaket 3, Vorläufige Sicherheitsanalyse für den Standort Gorleben, GRS-
278, ISBN 978-3-939355-54-0, Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH:
Köln, September 2011.

29. ITASCA: FLAC3D: Fast Lagrangian Analysis of Continua in 3 Dimensions - Manuals. Users
Guide. 3. Edition, Version 3.1, ITASCAConsultingGroup Inc.:Minneapolis,Minnesota, USA,
2006.

30. Backhaus, G. (1983), Deformationsgesetze, Akademie-Verlag, Berlin
31. Hunsche, U., Schulze, O.: Das Kriechverhalten von Steinsalz. In: Kali und Steinsalz, Band 11,

Heft 8/9, Dezember 1994.
32. Salzer, K., Popp, T., Böhnel, H.: Investigation of the Mechanical Behaviour of Precompacted

Crushed Salt in Contact to the Host Rock. NF-PRO Deliverable 3.5.6, 2007.
33. Gebirgsmechanische Zustandsanalyse des Tragsystems der Schachtanlage Asse II, Institut für

Gebirgsmechanik GmbH, 2007.
34. Rolf Michel; Strahlenexpositionen bei der Stilllegung der Schachtanlage Asse II, 18. Sommer-

schule für Strahlenschutz der LPS, Berlin 2013.
35. Entwicklung und Beschreibung des Konzepts zur Schließung des Schachtanlage Asse,

Helmholtz-Zentrum – München, 2008.

http://www.bgr.bund.de/DE/Themen/Geotechnik_vor20090101/Geologische_Bearbeitung_Hutgestein_Allertalstruktur.html
https://www.bgr.bund.de/DE/Themen/Endlagerung/Methoden/Labor/salzmechan_fortgeschrittene.html


References 233

36. BfS 2010; Optionenvergleich Asse Fachliche Bewertung der Stilllegungsoptionen für die
Schachtanlage Asse II; urn:nbn:de:0221-201004141430, Jan. 2010.

37. Entsorgungskommission (ESK) 2010, Stellungnahme zu Fragen des BMU zur möglichen
Rückholung und Konditionierung von radioaktiven Abfällen aus der Schachtanlage Asse II;
Bonn, 07.04.2010.

38. Dr. U. Gerstmann (2002), H. Meyer, M. Tholen; Abschlussbericht: Bestimmung des nuklid-
spezifischen Aktivitätsinventars der Schachtanlage Asse, August 2002, GSF – Forschungszen-
trum für Umwelt und Gesundheit, see also http://www.greenpeace.de/fileadmin/gpd/user_
upload/themen/atomkraft/GSF_Bericht_nuklidspezifisches_Aktivitaetsinventar.pdf.

39. Arbeitsgruppe „Optionenvergleich“; Projektträger Karlsruhe – Wassertechnologie und
Entsorgung (PTKA-WTE) am Karlsruher Institut für Technologie (KIT); Stand:
29.04.2010; http://docplayer.org/4705847-Bundesamt-fuer-strahlenschutz-bfs-arbeitsgruppe-
0ptionenvergleich.html.

40. Küppers, Ch., et. al.: Neuberechnungen zu den Auswirkungen eines auslegungsüberschreiten-
den Lösungszutritts in der Schachtanlage Asse II- Weiterentwicklung der radioökologischen
Modellierung; Darmstadt, 2011.

41. Kock, I.: Integritätsanalyse der geologischenBarriereBericht zumArbeitspaket 9.1 -Vorläufige
Sicherheitsanalyse für den Standort Gorleben; Gesellschaft für Anlagen- undReaktorsicherheit
(GRS) mbH; GRS – 286; ISBN 978-3-939355-62-5; Dezember 2012.

42. Minkley, W.: Integrität von Salzgesteinen und praktische Relevanz für die Verwahrung von
Salzkavernen; Twente University, Enschede, 27. Oktober 2015.

43. Evaluierung der Faktenerhebung und der Vorgehensweise zur Rückholung; Bunde-
samt für Strahlenschutz, Asse-GmbH; Salzgitter, den 27. April 2016; http://www.bfs.de/
SharedDocs/Downloads/Asse/DE/IP/stellungnahmen/150415-evaluierung-faktenerhebung-
vorgehensweise-rueckholung.html.

44. Klaus-Peter Kröhn (GRS), et. al.: Restporosität und -permeabilität von kompaktierendem
Salzgrus-Versatz, REPOPERM - Phase 1; September 2009.

45. Gellermann, R.: Schachtanlage Asse II Radioökologisches Modell zur Berücksichtigung der
gekoppelten Migration von Tochternukliden; FUGRO-HGN GmbH – 2010.

46. M. Schnelzer et. al., The German UraniumMiners Cohort Study (Wismut cohort), 1946–2003;
Technical Report; BfS - February 2011.

47. M. Schnelzer et. al., Berufliche Exposition und Mortalität in der deutschen Uranbergarbeit-
erkohorte, ASU Arbeitsmed Sozialmed Umweltmed 49 | 10.2014.

48. M. Lersow (2006), P. Schmidt; The Wismut Remediation Project, Proceedings of First Inter-
national Seminar on Mine Closure, Sept. 2006, Perth, Australia, p. 181 – 190.

49. Lersow, M.; Gellermann, R.: „Sichere Verwahrung von Rückständen aus der Erzaufbereitung,
insbesondere aus der Uranerzaufbereitung – Ein Überblick“, Geotechnik, Sonderheft 2013, S.
67–79, Herausgeber: Deutsche Gesellschaft für Geotechnik e.V., Essen; ISBN 978-3-943683-
18-9.

50. Schulz, H. et. al.: Entwicklung einer Messmethodik zur Bestimmung der Radonquellstärke
großer Flächen und Bewertung der Radondämmwirkung von Abdeckschichten; Bundesminis-
terium für Umwelt, Naturschutz und Reaktorsicherheit; Bonn – 2003.

http://www.greenpeace.de/fileadmin/gpd/user_upload/themen/atomkraft/GSF_Bericht_nuklidspezifisches_Aktivitaetsinventar.pdf
http://docplayer.org/4705847-Bundesamt-fuer-strahlenschutz-bfs-arbeitsgruppe-0ptionenvergleich.html
http://www.bfs.de/SharedDocs/Downloads/Asse/DE/IP/stellungnahmen/150415-evaluierung-faktenerhebung-vorgehensweise-rueckholung.html


Chapter 7
Final Disposal of Radioactive Waste
with High Radioactivity
(Heat-Generating Radioactive Waste)

The radioactive wastes with high radioactivity (HAW) are those which are relatively
low in volume worldwide, but represent over 90% of the total radioactivity held in
wastes. The decay of radionuclides produces significant quantities of heat, which
makes direct transport into a safe deposit impossible. High-level radioactive waste
is characterized according to the IAEA classification, [1], see Fig. 2.1, by having a
specific activity of A > 1014 Bq/m3, typically: 5 × 1016 to 5 × 1017 Bq/m3, with a
specific decay heat of 2 KW/m3 ≤ Q ≤ 20 kW/m3.

In order to enable a comparison of repository sites, it is first necessary to refer
to a legal and regulatory framework, as this is the only way to make geotechnical
environmental structures comparable. Even if the authors refer in the following to
the German regulations as a matter of priority, it is in any case necessary to make a
comparisonwith the legal and regulatory frameworkof theUSA.The authors are keen
to emphasise this point because, on the one hand, the USA has the world’s greatest
experience in dealing with radioactivity and, on the other hand, it is in the USA that
by far the largest quantities of radioactive waste and residues are generated annually.
These materials arise from the peaceful and military uses of nuclear energy. Thirdly,
because the USA uses a different classification of radioactive waste to Germany. This
is due to tradition and because in the USA the need for classification arose earlier,
before the IAEA announced a classification, see Table 7.1.

According to the World Nuclear Association [3], the IAEA and the US Nuclear
Regulatory Commission (NRC), approximately 12,000 tonnes of high active waste
(HAW) are produced annually, primarily from commercial energy production.
According to the US Department of Energy (DOE), it is estimated that approxi-
mately 390,000 tonnes of HAW are currently awaiting disposal worldwide, of which
about 90,000 tonnes are HAW in the USA. The US government’s nuclear weapons
program has produced 14,000 tonnes of spent nuclear fuel and high-level radioac-
tive waste, C [4]. Also according to the DOE approximately 3000 tons are added
annually. However, this corresponds to less than 0.5% of the total radioactive waste
and residues, see Chap. 1, Fig. 1.2. A detailed overview is not available from the
IAEA, as the reports of the individual member states are not standardised and often
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Table 7.1 Subclasses of low-level waste according to the US NRC and definitions of material
designations that qualify waste classifications, according to [2]

High-Level Waste (HLW) Definition

Spent Nuclear Fuel (SNF)a Nuclear Spent Fuel (SNF): irradiated commercial
reactor fuel
Reprocessing Waste: liquid waste from solvent
extraction cycles in reprocessing. Also the solids into
which liquid wastes may have been converted
Note: The Department of Energy (DOE) defines HLW as
reprocessing waste only, while the Nuclear Regulatory
Commission (NRC) defines HLW as spent fuel and
reprocessing waste

Low-Level Waste (LLW) Class Definition

Class A Low levels of radiation and heat, no shielding required to
protect workers or public, rule of thumb states that it should
decay to acceptable levels within 100 years

Class B Has higher concentrations of radioactivity than Class A and
requires greater isolation and packaging (and shielding for
operations) than Class A waste

Class C Requires isolation from the biosphere for 500 years. Must be
buried at least 5 m below the surface and must have an
engineered barrier (container and grouting)

Greater than Class C This is the LLW that does not qualify for near-surface burial.
This includes commercial transuranics (TRUs) that have
half-lives >5y and activity >100nCi/g (3.7 kBq)

Material Designation definition

Transuranic Material (TRU) (TRU)
Material containing or contaminated with elements
that have an atomic number greater than 92

Contact Handled (CH) (CH)
Materials or packages with a surface exposure rate
<200 mR/h (2 mSv/h) may be handled without
shielding for radiation workers

Remote Handled (RH) (RH)
Materials or packages with a surface exposure rate
>200 mR/h (2 mSv/h) must be handled remotely for
protection of radiation workers. Individual sites may
have upper limits, as well

Hazardous Waste
(Mixed Waste, MW)

(Mixed Waste, MW)a

Waste that contains both hazardous material, regulated
under RCRA by the EPA, and radioactive material,
regulated under the AEA and its by the NRC or DOE,
is called mixed waste. There are high-level mixed
wastes, low-level mixed wastes, and TRU mixed
wastes (DOE treats all of its TRU waste as mixed
waste. EPA has not yet determined whether SNF will
be designated as mixed waste

aUS EPA has not yet determined whether SNF will be designated as mixed waste
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Table 7.2 Basis of storage of HLW in USA acc. [5], Table 1.5.1-1. Summary of Repository Inven-
tory

Type of waste Estimated number of canisters Tonnes of heavy metal

Commercial SNF and HLW
(West Valley)

~221,000 assemblies
~7500 TAD canisters
275 HLW canisters

63,000

HLW ~9300 canisters 4667

DOE SNF ~2500 to ~5000 canisters 2268

Naval SNF ~400 canisters 65

Total – 70,000

incomplete. Table 7.2 gives an overview of the composition of the HAW and the
associated activities.

As there is only one classification for Low Level Waste and High Level Waste
(HLW) in the USA, see [6], High LevelWaste would include all materials above Low
Level Waste, class C. In the USA, the High Level Wastes are closely related to the
physical characteristics of the IAEA classification. However, this is not sufficient for
practicable use forHLW.Therefore, in theUSA, a definition has been enforced, and is
quoted from US NRC https://www.nrc.gov/waste/high-level-waste.html as follows:

High-level radioactive wastes are the highly radioactive materials produced as
a byproduct of the reactions that occur inside nuclear reactors. High Level Wastes
take one of two forms:

• Spent (used) reactor fuel when it is accepted for disposal
• Waste materials remaining after spent fuel is reprocessed legally implemented and
thus applies as a basis for HLW management:

Spent Nuclear Fuel (SNF) is used fuel from a reactor that is no longer efficient in creating
electricity, because its fission process has slowed. However, it is still thermally hot, highly
radioactive, and potentially harmful. Until a permanent disposal repository for spent nuclear
fuel is built, licensees must safely store this fuel at their reactors.

Reprocessing extracts those isotopes from spent fuel that can be used again as reactor fuel.
Commercial reprocessing is currently not practiced in the United States, although it has
been allowed in the past. However, significant quantities of High-Level radioactive Waste
(HLW) are produced by the defense reprocessing programs at Department of Energy (DOE)
facilities, such as Hanford, Washington, and Savannah River, South Carolina, and by com-
mercial reprocessing operations atWestValley, NewYork. Thesewastes, which are generally
managed by DOE, are not regulated by NRC. However, they must be included in anyHigh-
Level radioactive Waste disposal plans, along with all high-level waste from spent reactor
fuel, see Fig. 1.2.

Because of their highly radioactive fission products, high-level wastes and spent fuel must
be handled and stored with care. Since the only way radioactive waste finally becomes
harmless is through decay which for high-level wastes can take hundreds of thousands
of years; thus the wastes must be stored and finally disposed of in a way that provides
adequate protection of the public for a very long time.

For radioactive wastes containing mixtures of radionuclides, in [6] it is necessary
to use a calculation rule, in which the total concentration is to be determined as the

https://www.nrc.gov/waste/high-level-waste.html
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sum of fractions. The results are used for the classification of the radioactive waste,
see Table 7.1.

The waste forms to be disposed of are categorized as follows:

• Commercial SNF—Spent Nuclear Fuel (SNF)
• HLW—High-Level Radioactive Waste (HLW)
• DOE SNF
• Naval SNF.

This also shows the difference to the HAW accruing in Germany, because in
the USA about 17% of the total high-level waste arises from the nuclear weapons
program, i.e. from military purposes. These High Level Wastes are assigned to the
DOE, while those from civilian use are under the supervision of the US NRC. The
above-mentioned High Level Waste from civilian and military use are to be stored
together in a repository—Yucca Mountain—for long term safety.

The construction of a repository for High Level Waste is based on the Nuclear
Waste Policy Act of 1982. In this context, the amount of high level waste to be
disposed of is also stipulated. The deposit capacity was given as 70,000 tons. Among
this total are 63,000 tonnes of spent fuel from commercial nuclear power plants, the
remainder is spent fuel assemblies from military used reactors and vitrified high-
level radioactive waste from military used reprocessing facilities of the Department
of Energy (DOE), see Table 7.2.

The planning for the Yucca Mountain repository in Nevada, USA, provides for a
storage capacity of approximately 77,000 tonnes ofHighLevelWaste, see Sect. 7.4.1.
Whether or not Yucca Mountain will be designed to accommodate the ongoing High
Level Waste cannot be predicted at this time. There is currently no need for action
because of the necessary cooldown period for the waste.

In the US, military use of radioactivity generates waste, containing the so-called
transuranic elements (TRUW), which does not fall into the classification of High
Level Waste. These are listed as a special category of transuranic elements, inter-
nationally known as long-lived intermediate level waste. These wastes, also known
as “mixed waste1”, are jointly overseen by the US EPA Environmental Protection
Agency and the New Mexico Environment Department.

The series of transuranic elements, having an atomic number (AN) > 92, begins
with neptunium (AN 93). In addition to the element plutonium (94), which is impor-
tant for nuclear fission, Americium (95), Curium (96), Berkelium (97), Californium
(98), Einsteinium (99), Fermium (100), Mendelevium (101), Nobelium (102) and
Lawrencium (103) as well as all other heavy elements also belong to the transuranic
elements.

According to [7], transuranic elements are waste (TRUW)withmore than 100 nCi
alpha-emitting transuranic isotopes per gram of waste (3700 Bq/g) with a half-life
of more than 20 years.In 1979, following successful surface exploration work, the
US Congress approved the Waste Isolation Pilot Plant (WIPP) as an underground
research and development laboratory to demonstrate the safe disposal of transuranic

1The DOE designates all TRU waste as mixed waste.
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Table 7.3 Final form radionuclides. Site: Argonne National Laboratory, according [7, 8, page 51]

Isotope Typical concentration (Ci/m3) Isotope Typical concentration (Ci/m3)

Am-241 7.59E+09 Pu-244 7.33E+03

Am-243 2.72E+08 Sr-90 5.03E+09

Cm-244 3.67E+10 Th-229 2.12E+04

Cs-137 6.29E+09 Th-230 1.40E+05

Np-237 1.09E+07 Th-232 1.09E+05

Pu-238 3.47E+08 U-233 5.62E+06

Pu-239 4.03E+09 U-234 9.18E+07

Pu-240 1.87E+09 U-235 1.02E+05

Pu-241 7.96E+09 U-236 9.88E+02

Pu-242 2.23E+07 U-238 2.74E+06

waste (TRUW) and mixed waste (MW) from US nuclear weapons production, see
Sect. 7.4.1. The 10WIPP-tracked radionuclides are: (241Am, 238Pu, 239Pu, 240Pu,
242Pu, 233U, 234U, 238U, 90Sr, and 137Cs). Table 7.3 shows an example of the
site—Argonne National Laboratory—accepted waste at the Waste Isolation Pilot
Plant (WIPP)/NewMexico/USA repository. This waste is not within the remit of the
Nuclear Regulatory Commission (NRC) but within the remit of the DOE. For the
WIPP the operating phase is planned until 2033. A possible total of 176,000 m3 of
radioactive waste is to be stored, see [7].

Overall, it can be stated that in theUSA there is a very tightly and clearly organised
supervisory and licensing system for the produced radioactive waste, which assigns
the tasks to the US EPA and the US DOE, with the involvement of the supervisory
and licensing authorities of the respective federal state. In the USA, a definition of
CPR has been established that can be implemented by law and thus serves as the basis
for CPR management, which is subject to the objective: “Because of their highly
radioactive fission products, high-level wastes and spent fuel must be handled and
stored with care. Since the only way radioactive waste finally becomes harmless
is through decay, which for high-level wastes can take hundreds of thousands of
years, the wastes must be stored and finally disposed of in a way that provides
adequate protection of the public for a very long time”.

Both the US EPA and the US NRC publicly disclose the details of the handling
of the radioactive waste and residues generated, the repository planning and the
generated data obtained. The transparency is appropriate to the task and may also
provide guidance for other countries.

In addition, theUSAhas the largest and longest experience in handling radioactive
waste and residues, especially with high-level waste. It should therefore be sensible
to consider incorporation of the experience gained in the USA into one’s own con-
siderations. It is unlikely that there will be an international solution for the storage of
radioactive waste, in particular for HLW (HAW), since the waste is subject to provi-
sions of the Treaty on the Non-Proliferation of Nuclear Weapons (Non-Proliferation
Treaty—NPT).
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Most countries have decided to keep their HLW (High Active Waste—HAW) in
deep geological formations and under an arrangement using a multi-barrier system.
The search for suitable geological formations depends on the overall geological
situation in the individual countries. While in Germany three suitable geological
formation are available: Salt rock, crystalline rocks and clay formations. However,
the Scandinavian countries can resort only to crystalline formations. This makes it
clear that in addition to the different definitions of CPR in the individual countries, it
should also be taken into account that the suitability of different host rock formations
is linked to their availability in the individual countries.

The earth is not created to be a repository. Thus, the individual host rock formations
have various defects, whichmust be compensated for by amulti-barrier concept. This
obviously means that only by the inclusion of geotechnical and technical barriers at a
planned repository site can a long-term stable Geotechnical Environmental Structure
be established, especially for HLW. There are quite a number of host rocks which
are in principle suitable for creating a safe geotechnical environmental structure,
but usually only in connection with other barriers, in particular the final disposal
containers. The attribute “best possible” in terms of a long-term safe and stable
repository may be considered by some to be devoid of all sense. However, the US
authorities also use this attribute.

The first to respond to this constraint—existing and appropriate host rock for-
mation(s) and the need to reconcile geotechnical and technical barriers—are the
Scandinavian countries of Sweden and Finland. Thus safe repository systems can
be developed in different geological formations. The term “sure” is not tied to a
repository formation. This clearly shows that the selection of a repository site is by
no means only subject to the geological situation. Selection means that one has to
decide between at least two repository systems.

It is therefore a question, if a geotechnical environmental structure, taking into
account the existing site-specific conditions, is to be developed; that the socially
specified protection goal is achieved; the final disposal of radioactive waste and
residues is designed in such a way, in particular for HLW (HAW), that harmful
effects of the waste on humans and the environment are prevented in the long term.
That means, transfers and spread of radionuclides from the radio-toxic inventory
of the repository in the biosphere can only be tolerated within socially and legally
acceptable limits.

It should be noted that the boundaries accepted by society differ between individ-
ual countries. However, the IAEA provides a general orientation.

First of all, is the assessment ofAmericans to agree: Since the onlyway radioactive
waste finally becomes harmless is through decay, which for high-level wastes can
take hundreds of thousands of years.

It is therefore important to find a place where this decay can take place without
any impairment, or only to the extent permitted. That means one has to monitor the
geotechnical environmental structure and its immediate surroundings, over a very
long period of time. The scope and boundaries of the surveillance area are initially
set but must be adjusted and updated from time to time based on the interpretation
of the available measurement results and observations.
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However, what can generally be stated is that when radioactivity escapes from
the inventory of the geotechnical environmental structure, only a limited area is
influenced around the site. The receiving municipality is thus affected in two ways
by a repository built in its area of responsibility:

– that a repository building is built in the district of amunicipality first causes damage
to the image of the area

– and in the event of a worse case, the receiving municipality and its inhabitants also
bear the consequential damage to property, goods and health.

From the authors’ point of view, it is imperative that both the affected municipal-
ities and their citizens must be fully involved in all phases of final disposal. In every
case one should reach an agreement. Anyone who serves overriding social inter-
ests in this way, especially if consequential damage cannot be completely ruled out,
must also be adequately compensated for it. This justifies both technical and social
long-termmonitoring. However, this also answers the question of why, even in states
where there is a friendly climate for nuclear energy, there may still be considerable
regional resistance to a repository site.

7.1 High-Level Radioactive, Heat-Generating Waste to Be
Disposed of in Germany

In addition to the description of the radioactive inventories, this chapter discusses the
existing repository solutions for highly radioactive waste, based on the description of
the situation in Germany. Alongside the choice of the repository site, the repository
concept and the interaction of the geological, geotechnical and technical barriers
is also the task of ensuring the long-term security between the various scenarios.
Reference is also made to the special significance of monitoring with environmental
and healthmonitoring and this is discussed in context. However, detailed descriptions
of long-term safety and monitoring are reserved for Chaps. 8 and 9.

The disposal of radioactive waste is considered to be a major economic and envi-
ronmental issue worldwide, but even the IAEA cannot say exactly what amount of
radioactive waste is stored where. The IAEA-led list of repositories contains nearly
all of the world’s under construction, in operation, as well as closed and closed
repositories for low, medium and high level radioactive wastes. This is a consid-
erable volume of material. However, the completeness of the list cannot currently
be guaranteed because the declaration of a repository to the IAEA takes place on a
voluntary basis and not all countries have submitted reports on their facilities.

According to theWorld Nuclear Association (WNA), 12,000 tonnes of high-level
radioactive waste are produced worldwide every year. Highly radioactive waste in
Germany primarily consists of fuel elements from German nuclear power plants and
waste from the reprocessing of fuel elements from German nuclear power plants (for
example, vitrification of highly active fission product solutions), which is conditioned
in France and England. Internationally, highly radioactive waste from the military
use of nuclear energy is still to be added to the list.
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Chapter 2, Fig. 2.1 shows in the classification presented there that highly active
waste (HAW) develops a decay heat of (2–20) kW/m3 and a specific radioactivity
of >1.0E+14 Bq/m3, see [9, 10]. Internationally and relevant to the final disposal
is the distinction: SL—short lived (short-lived); ML—medium lived (medium) and
LL—long lived (durable).

In Germany one is able to state the quantity of HAWsufficiently precisely because
of the defined exit from the production of electricity by nuclear fission. The BMU
regularly updates the balances of final radioactive waste in the National Waste Man-
agement Program. A summary of all available findings and the results of the previous
investigations as well as all radiologically relevant data are summarized in the “Pre-
liminary Safety Analysis Gorleben” (VSG) [11].

VSG serves as a planning basis for the final disposal of heat-generating radioactive
waste—Heat GeneratingWaste (HGW). The radioactive waste of approx. 29,030 m3

reported in this report is distributed as follows in 2075:
Total activity of about 6.2 × 1019 Bq

• spent fuel from power reactors (about 5.3 × 1019 Bq)
• vitrified high-level radioactive fission products and feed clarification sludge [vit-
rified waste (CSD-V)] from reprocessing (about 9.0 × 1018 Bq)

The total activity of α-emitters anticipated in 2075 is approximately 6.4 × 1018

Bq

• From this spent nuclear fuel from power reactors (about 6.2 × 1018 Bq)
• Of which HAW-canisters (CSD-V) (about 2.0 × 1017 Bq)

The fuel elements are structured differently depending on the reactor type. They
consist of individual fuel rods. A fuel rod is a long sturdy metallic shell (tube)
surrounding a nuclear fuel. Typically, the nuclear fuel consists of many sintered
tablets (pellets) containing enriched uranium dioxide, possibly also plutonium diox-
ide (MOX fuel = mixed oxide fuel element). The pellets are introduced into the fuel
rods. A coil spring presses on top of the pellets and holds them firmly together in a
column. At the end, the fuel rods are sealed with an end cap. Typically, a number of
fuel rods are bundled together to form a fuel assembly. A fuel rod is considered to
be burned if it can no longer be used effectively to generate energy. At this time the
fuel should be replaced. The remaining fraction of fissile uranium-235 in spent fuel
averages about 0.8–0.9% and is thus not much greater in concentration than natural
uranium as obtained from mining (0.71% U-235).

The mined uranium (uranium ore) is first processed into “Yellow Cake”, see
Chap. 5. The uranium has therein only a technical purity and exists in its natural
isotopic composition (about 99.3% U-238 and 0.7% U-235). In order to use the
uranium in the reactor, the proportion of U-235 must be increased from 0.7% to
between 3 and 5%; at much higher purity.

An increase in burnup to less than 0.5% U-235, as possible today, resulting in
less heat-producing HAW. In the past, spent fuel was often shipped to France (WAA
La Hague) and England (WAA Sellafield) for reprocessing. However, since July 1
2005, transport to reprocessing plants (WAA) are no longer permitted by law in



7.1 High-Level Radioactive, Heat-Generating Waste … 243

Germany. Since then, only direct final disposal has been pursued. In addition, waste
from reprocessing which was produced up to 2005 must also be disposed of.

In Table 7.4 summarizes spent fuel data and how they may be used in criticality
calculations. The Nuclide Inventory of Spent Fuel elements, Table 7.4, which is
ultimately to be stored, depends on:

• the reactor type
• the initial enrichment of U-235 or Pufiss and
• degree of Burn-up.

Table 7.4 Characteristic data of nuclide inventories used for criticality calculations; from [9]

Fuel
elementa

Enrichment %
U-235 e.g. %
Pufiss

Burn-
up
(GWd/t
SM)

Decay
time
(years)

wt%
U-235

wt%
Pufiss

wt%
Putotal

wt%
U-238

wt%
any
other

du40a1e2 3.6%
U-235

40 100 0.78 0.58 0.95 97.53 0.74

du55a1e2 4.4%
U-235

55 100 0.67 0.65 1.14 97.19 1.0

Burn-up: in Gigawatt-days per metric tons Heavy metal (GWd/t HM); Pufiss—(Pu-239 + Pu-241);
Putotal—(Pu-238 + Pu-239 + Pu-240 + Pu-241 + Pu-242 + Am-241)
a(German) name: du – PWR – fuel (uranium dioxide); 40—Burn-up in GWd/t HM; a1e2—decay time,
here 1 × 102 a

Table 7.5 Heat output for irradiated nuclear fuel in dependence from the decay time acc. [11]

Time after
discharge

Heat output [W/tHM]

Type of reactor/type of spent fuel element

PWR/UO2
Burn-up 55
GWd/tHM

PWR/MOX
Burn-up 55
GWd/tHM

BWR/UO2
Burn-up 50
GWd/tHM

BWR/MOX
Burn-up 50
GWd/tHM

0 2.80E+06 2.80E+06 2.00E+06 2.00E+06

5 3.40E+03 7.10E+03 2.90E+03 5.70E+03

10 2.20E+03 5.50E+03 1.90E+03 4.40E+03

15 1.80E+03 5.00E+03 1.60E+03 3.90E+03

20 1.70E+03 4.60E+03 1.40E+03 3.60E+03

30 1.40E+03 3.90E+03 1.20E+03 3.00E+03

40 1.20E+03 3.50E+03 9.90E+02 2.60E+03

50 9.80E+02 3.10E+03 8.30E+02 2.30E+03

60 8.40E+02 2.80E+03 7.10E+02 2.10E+03

70 7.30E+02 2.60E+03 6.10E+02 1.90E+03

80 6.40E+02 2.40E+03 5.40E+02 1.80E+03

90 5.70E+02 2.20E+03 4.70E+02 1.60E+03

100 5.10E+02 2.10E+03 4.20E+02 1.50E+03
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The spent fuel elements will be transported to an intermediate storage facility
using Castor containers and current technology. However, this can only happen when
the spent fuel has cooled to a temperature that makes transport in Castor containers
possible. For this reason the materials remain in “cooldown” in the decay tank of the
reactor. Decay time (cooldown)—in nuclear technology—refers to the period spent
fuel has to stay in the cooling pond before it generates so little heat that it is allowed
be transported using the Castor. The cooldown is not described here by a half-life,
since it is a mixture of many different radionuclides, see Chap. 2.

All interim storage2 facilities in Germany are designed as dry storage facilities
in which transport and storage containers loaded with irradiated fuel elements or
vitrified high-level radioactivewaste are stored. InGermany there are 12 intermediate
storage sites at the nuclear power plant sites and 4 off site storage facilities (Ahaus,
Gorleben, Jülich and Rubenow). The capacity in the interim storage facilities in
Germany is sufficient to accommodate all accumulating HAW until 2075. However,
it may become critical due to the 40 years operating license for the interim storage
facilities, which expires at all interim storage facilities around 2050.

On the basis of the “Act on the Reorganisation of Responsibility in NuclearWaste
Management” [12], the federal BGZ Company for Interim Storage mbH, located in
Essen, was founded. From 2019, BGZ mbH will be responsible for the 12 interim
storage facilities at the sites of the German nuclear power plants (NPP) and from
2020 also for the twelve interim storage facilities with low and intermediate level
radioactive waste from the operation and decommissioning of the NPPs. In Germany,
the Federal Government is thus responsible for the interim storage of all radioactive
waste subject to monitoring. NPP operators are left with only decommissioning and
dismantling. Interim storage facilities should be part of a repository concept.

The spectrumof thedecayheat ofHAWisgiven as (2–20) kW/m3, seeChap. 2.The
heat generation of radioactive waste, see Table 7.6, is relevant for disposal (effective
containment zone—ewG), because the heat effect on the host rock leads to changes.
Changes occur due to the thermal expansion of the rock and the resulting stresses.
During cooling, the reverse process takes place, but the decline is slower than the
build-up of tension during heating. As a consequence, cracks may form due to stress
build-up and degradation, and new pathways may form, see [13]. New pathways can
also arisewhen heat causes temperature-related changes in rock properties ormineral
changes, see [14]. However, the heat development of final-stored HAWmust not lead
to a reduction in the insulating capacity of the geological barriers of a repository
system, e.g. by the thermally induced stresses or by changes in barrier properties.
In order to avoid such disadvantages, the heat effect of the waste packages on the
host rock and the total heat load introduced into the repository must be limited. This
also includes a limitation of the contact temperature based on the host rock in the
repository. In [15] a limitation of the contact temperature to 200 °C is recommended
where the host geology is rock salt. For the host rocks mudstone and granite, lower
contact temperatures (100 °C in each case)must be defined, as these conduct heat less

2The official designation reads: “Interim storage facility for heat-generating radioactive waste and
spent fuel elements”.
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Table 7.6 Fission products of fuel elements [16]

Fission products of medium term life time (0.3% of inventory)

Fission product T1/2 in a Q in keV Decay by

Eu-155 4.76 252 βγ

Kr-85 10.76 687 βγ

Cd-113m 14.10 316 β

Sr-90 28.90 2826 β

Cs-137 30.23 1176 βγ

Sn-121m 43.90 390 βγ

Sm-151 90.00 77 β

Fission products of long term life time (0.1% of inventory)

Fission product T1/2 in 106 a Q in keV Decay by

Tc-99 0.211 294 β

Sn-126 0.230 4050 βγ

Se-79 0.327 151 β

Zr-93 1.53 91 βγ

Cs-135 2.3 269 β

Pd-107 6.5 33 β

I-129 15.7 194 βγ

4% U-235 Enrichment at time of loading
Burn-up 45 GWd/t HM
Q—released energy

well than rock salt, and changes in properties take place even at lower temperatures.
Compliance with these temperature limits can be achieved by an appropriate deposit
concept. Influencing factors are above all the decay times of the fuel elements and
vitrified HAW, the spatial and temporal deposit patterns as well as the arrangement
of the boreholes or the emplacement chambers and their distances between them,
see Table 7.5 with Fig. 7.1.

Possible effects of heat generation on geological barriers’ insulation capacity,
significantly greater protective measures to reduce the heat-induced stress of the
rock, and possible impairment of the barrier function of low permeability host rock
by gas pressure build-up, will not only affect the site selection. The establishment
of temperature limits for contact temperatures of the host rock also has an influence
on the design of the repository, such as barriers and the dimensions of emplacement
chambers.

The radionuclide vector of spent fuel rods has alpha-emitting nuclides with some-
times very long half-lives (Np-237, Pu-238, Pu-239, Pu-240, Cm-243 and Cm-244).
These are included in Table 7.4 under Other. In the case of direct final disposal and
for the proof of the safety of storage for very long periods, legally enshrined over one
million years, the radionuclides with a long half-life play an important role. With
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Fig. 7.1 Heat output of fuel for different types of fuel elements and burn-up in dependence of the
decay time, according Table 7.5 and [11]

regard to the long-term safety of a repository, in addition to radiotoxicity, the mobil-
ity of radionuclides is of particular importance. The proportion of fission products in
the inventory is summarized in Table 7.6 and gives an indication of the heat release.

7.2 Comparative Contemplations on Stored Radionuclide
Inventories in Repository Constructions (Geotechnical
Environmental Structures) in Germany

The activity inventory of repositories of HGHAW differs from that of the previously
described inventories of Asse and ERAM not only by the much higher activity, but
also in the completely different composition and heat generation resulting from the
decay process of the nuclides involved. So for example evidence of subcriticality is
required to show that “self-sustaining chain reactions are excluded in both probable
and less likely developments.” [17].

In addition to the two sites in Asse, ERAM, where low and medium-active (LAW
and MAW) waste is stored in geologically deep layers, the Konrad mine is currently
being converted into a repository for radioactive waste with low heat generation, see
Chap. 6.

In addition, there are large facilities with residues of the former uranium ore
processing, inwhichmaterials are also kept according to radiation protection aspects.



7.2 Comparative Contemplations on Stored Radionuclide Inventories … 247

The task for the future is also to find for LAW and MAW of the Asse mine facility
as well as long-term final disposal possibilities of HG HAW from NPPs.

Although the legal framework for these cases varies greatly, it is useful to illus-
trate the problems, with which to compare the radioactive inventories existing in the
aforementioned waste categories. However, such a comparison encounters difficul-
ties since very different radionuclides dominate in the waste categories. Since the
physical size of the activity is easily measurable but is not very meaningful in terms
of the potentially associated hazards, different parameters are devised to compare
inventories. So can for example the computational doses resulting from a complete
consumption of the waste (“ingestion”) are determined. The doses thus obtained are
completely fictitious and can be manipulatively misused by conversion to “cancer
deaths”. Therefore, another indicator is used here. By the activity inventories Ai for
each radionuclide i are related to the exemption limit of the total activity (FGi) of the
respective radionuclide according to StrlSchV (Appendix 4 Table 1 column 2), so a
dimensionless ratio results is defined. The sum of these ratios across all radionuclides
yields a dimensionless activity index capable of characterizing the overall inventory
of activity inventories of different composition. The radiological hazard of single
nuclides is taken into account as an orientation beyond the respective exemption
limit of single nuclides.

In addition, weighting for hydrochemical mobility would be useful for assessing
radioactivity with regard to long-term safety during disposal.

In the release of radionuclides, the processes in play include: container corrosion,
decomposition of the waste matrix, entry into solution of pollutants, sorption pro-
cesses and radioactive decay The radionuclides behave differently with mobilities
varying according to their chemical properties. All release processes can only occur
in aqueous systems, see Chap. 8. However, since there are no binding data sets for
weighting according to hydrochemical mobility, indicators that take into account
hydrochemical effects are currently subjectively influenced and therefore not very
suitable for general comparisons. Thus, the mobility of inventories resulting from
the hydrochemical mobility of the individual radionuclides is disregarded. Mobility
alone cannot describe the spread of radionuclides into the biosphere. In addition to
the isolation capacity of the ECZ, this also includes the pathways in overburden and
waste rock, etc.

Table 7.7 shows spent fuel data from pressurized and boiling water reactors (PWR
+ BWR) and waste from reprocessing (CSD-V and CSD-C) at the end of the oper-
ational phase (here defined to start in 2075) of a repository [18] and a calculation of
activity indicators to weight the radioactivity with regard to the long-term safety of
a repository.

If the repository is put into operation in 2035 and has an operational life of
40 years, the date 2075 represents the earliest possible date for the completion of
the storage of all heat-generating radioactive waste in a repository in Germany. The
information given in [18] inventories of spent PWR and BWR fuel elements are
based on burn-up rates of 55 and 50 GWd/tHM (gigawatt days per metric ton of
heavy metal). Inventories of waste inventories are based on burnup and activation
bills for burnup of 33 GWd/tHM (uranium oxide fuel with a 3.5% enrichment in
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Table 7.7 Half lifes, Exemption limits (FGi), Activity inventories Ai [Bq] and radiotoxicity indi-
cators Ai/FGi [–] of spent fuel elements and waste from reprocessing at end of the operational phase
of a German HAW repository (here defined start in 2075) acc. [18]

Isotope T1/2 [a] PWR +
BWR [Bq]

CSD-V/C
[Bq]

SUM [Bq] Exemption
limit FGi
(Bq)

Sum
Ai/FGi

C-14 5.73E+03 3.15E+14 1.22E+14 4.38E+14 1.00E+07 4.37E+07

Cl-36 3.00E+05 9.07E+12 3.92E+12 1.30E+13 1.00E+06 1.30E+07

Se-79 6.50E+04 2.53E+13 8.53E+12 3.38E+13 1.00E+07 3.38E+06

Sr-90 2.91E+01 8.47E+18 1.87E+18 1.03E+19 1.00E+04 1.03E+15

Tc-99 2.13E+05 7.74E+15 2.64E+15 1.04E+16 1.00E+07 1.04E+09

I-129 1.57E+07 1.65E+13 4.97E+12 2.14E+13 1.00E+05 2.15E+08

Cs-135 2.30E+06 2.66E+14 8.21E+13 3.48E+14 1.00E+07 3.48E+07

Cs-137 3.00E+01 1.44E+19 2.89E+18 1.73E+19 1.00E+04 1.73E+15

U-232 7.20E+01 1.82E+13 7.96E+09 1.82E+13 1.00E+03 1.82E+10

U-234 2.45E+05 8.04E+14 9.30E+11 8.05E+14 1.00E+04 8.05E+10

U-238 4.47E+09 1.12E+14 9.11E+10 1.12E+14 1.00E+04 1.12E+10

Np-237 2.14E+06 2.39E+14 6.30E+13 3.02E+14 1.00E+03 3.02E+11

Pu-238 8.78E+01 2.12E+18 1.97E+15 2.12E+18 1.00E+04 2.12E+14

Pu-239 2.41E+04 1.65E+17 4.10E+14 1.66E+17 1.00E+04 1.65E+13

Pu-240 6.54E+03 3.72E+17 1.21E+15 3.73E+17 1.00E+03 3.73E+14

Pu-241 1.44E+01 4.70E+18 2.84E+15 4.70E+18 1.00E+05 4.70E+13

Pu-242 3.87E+05 2.32E+15 2.14E+12 2.33E+15 1.00E+04 2.32E+11

Am-241 4.33E+02 3.05E+18 1.54E+17 3.20E+18 1.00E+04 3.20E+14

Am-242m 1.52E+02 9.80E+15 8.31E+14 1.06E+16 1.00E+04 1.06E+12

Am-243 7.39E+03 2.96E+16 2.76E+15 3.24E+16 1.00E+03 3.24E+13

Cm-244 1.81E+01 5.63E+17 1.16E+16 5.74E+17 1.00E+04 5.75E+13

Cm-245 8.51E+03 1.18E+15 2.41E+13 1.20E+15 1.00E+04 1.20E+11

Cm-246 4.73E+03 2.11E+14 3.41E+12 2.14E+14 1.00E+03 2.14E+11

Sum 3.39E+19 4.94E+18 3.88E+19 3.82E+15

uranium-235) and assumed uranium separation factors of 0.998 and Plutonium of
0.994 within the reprocessing process. Recent studies on measured inventories of
vitrified waste from the reprocessing plant (WAA) in La Hague, [18] show that the
real and calculated inventories do not always coincide. In particular, for the volatile
elements such as iodine and chlorine, the real values are considerably lower.

The data from the 20 radionuclides with the highest values of the activity indicator
are listed in Table 7.7. Table 7.7 shows that the highest levels of activity indicated in
all activity inventories considered here are from Cs-137 and Sr-90. However, both
radionuclides decay relatively quickly due to their half-life of about 30 years and are
less important for long-term considerations. Of the long-lived radionuclides, Pu-239,
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Pu-240 and Am-241 are among the most important 10 radionuclides of LAW/MAW
and HAW.

If the radionuclides of the HAWs that have less than 100 years of half-life are also
deleted from consideration, then 11% of the activity inventory of the fuel elements
and 3% of the activity inventory of the reprocessing residues remain, but which get:
22% of the activity indicator of fuel rods and 4% of the activity indicator of waste of
reprocessing. The activity index relevant for long-term considerations in Table 7.4
is reduced to 7.44E+14.

The following considerations are intended to show that due to the radiotoxicity
of the various types of radioactive waste and residues on the one hand, very different
requirements for the Geotechnical environmental structures—repository construc-
tions derived, on the other hand, the site-specific disposal solutions presented here
cannot be justified with the radioactive inventories deposited there.

For the Konrad mine facility, the maximum storage activities can be used for
comparison, see Table 7.8. If one also ignores the nuclides H-3 and Pu-241, which
are not relevant for long-term safety of the repository, the activity index of shaft
Konrad changes to 2.01E+11.

The balancing of the activity values for radionuclides and radionuclide groups,
total α-emitters and total β/γ-emitters is stipulated in the plan approval decision for
the shaft “Konrad” repository. The deviations in the activity data in Table 7.8, see
also Chap. 6, between the sum values (total α-emitter and total β/γ-emitter) and the
individual values are due to the fact that the radionuclides from the Th-232 decay

Table 7.8 Maximum deposited activities (radiotoxicities) of relevant radionuclides and radionu-
clide groups at the end of the operational phase of the shaft “Konrad”-repository, see [19] Brennecke
et al.

Radionuclide/Radionuclide
group

Half life [a] FGi [Bq] Activity [Bq] Radiotoxicity [–]

H-3 12.3 1.00E+09 6.0E+17 6.00E+08

C-14 5700 1.00E+07 4.0E+14 4.00E+07

I-129 1.60E+07 1.00E+05 7.0E+11 7.00E+05

Ra-226 1600 1.00E+04 4.0E+12 4.00E+08

Th-232 1.40E+10 1.00E+04 5.0E+11 5.00E+07

U-235 7.00E+08 1.00E+04 2.0E+11 2.00E+07

U-236 2.30E+07 1.00E+04 1.0E+12 1.00E+08

U-238 4.40E+09 1.00E+04 1.9E+12 1.90E+08

Pu-239 24,000 1.00E+04 2.0E+15 2.00E+11

Pu-241 14.4 1.00E+05 2.0E+17 2.00E+12

Total α-emitters 1.5E+17 2.20E+12

Total β/γ-emitters 5.0E+18 6.41E+08

Summe – – 5.15E+18 2.20E+12

Source [20] Brennecke/Steyer (SE-IB-33/09-REV-1)
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series and of the U-238 decay series in total α-emitter and total β/γ-emitter, see
Chap. 2, Fig. 2.2. The influence on the radiotoxicity index (right column, Table 7.8)
is low.

The comparison to the nuclear installation Asse II shows that the activity indices
are of the same order of magnitude, see Table 7.9.

Table 7.9 shows activity indicators for the Asse and the ERAM based on the
published data on the radionuclide inventory of Asse [22] and ERAM: [21]. The data
show that the Asse II mine has an overall higher inventory of radionuclides than the
approvedMorsleben repository. Based on the activity index calculated here, theAsse’
inventory of 1.50E+11 is almost 20 times larger than that of the ERAM (7.72E+09).
If one eliminates the radionuclides from the balance sheets, which have less than
100 years half-life (see column half life (T1/2) in Table 7.9) and which make only
a negligible contribution to the inventory after 1000 years, then the reduced Long-
term, relevant inventory activity index of the Asse becomes 7.98E+10 and that for
the ERAM becomes 9.87E+07. A calculation of activity indicators with the above
called approach for the inventories of Wismut tailings ponds (see Table 5.5, Chap. 5)
is shown in Table 7.10. In order to derive a standardised activity index from the data

Table 7.9 Compilation of the overall activity Ai and the values of the activity indicator Ai/FGi
(FG—Exemption limit according to Annex 4 Table 1 column 2 StrlSchV) for the radiologically
most important radionuclides in the inventory of the Asse II mine and in the ERA Morsleben

Nuclide Half life [a] FGi [Bq] Asse II (31.12.2013) ERAM (31.12.2013)

Ai [Bq] Ai/FGi [–] Ai [Bq] Ai/FGi [–]

C-14 5700 1.00E+07 2.60E+12 2.60E+05 3.20E+12 3.20E+05

Co-60 5.3 1.00E+05 1.10E+13 1.10E+08 5.40E+12 5.40E+07

Ni-63 100 1.00E+08 2.60E+14 2.60E+06 1.40E+13 1.40E+05

Sr-90 28.5 1.00E+04 2.00E+14 2.00E+10 4.80E+12 4.80E+08

Cs-137 30.2 1.00E+04 3.60E+14 3.60E+10 6.30E+13 6.30E+09

Ra-226 1600 1.00E+04 2.00E+11 2.00E+07 2.30E+10 2.30E+06

U-234 250,000 1.00E+04 1.40E+12 1.40E+08 1.10E+09 1.10E+05

U-238 4.40E+09 1.00E+04 1.30E+12 1.30E+08 4.30E+08 4.30E+04

Pu-238 87.7 1.00E+04 9.20E+12 9.20E+08 7.80E+10 7.80E+08

Pu-239 24.000 1.00E+04 4.50E+13 4.50E+09 6.90E+10 6.90E+06

Pu-240 6.600 1.00E+03 5.10E+13 5.10E+10 6.60E+10 6.60E+07

Pu-241 14.4 1.00E+05 1.30E+15 1.30E+10 9.00E+11 9.00E+06

Am-241 432.6 1.00E+04 2.40E+14 2.40E+10 2.30E+11 2.30E+07

Cm-244 18.1 1.00E+04 8.00E+11 8.00E+07 4.80E+09 4.80E+05

Sum α 3.49E+14 8.08E+10 4.72E+11 8.88E+08

Sum β/γ 2.13E+15 6.91E+10 9.13E+13 6.84E+09

Sum 2.48E+15 1.50E+11 9.18E+13 7.72E+09

Sources K-MAT 14 [21] and Gerstmann [22]
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Table 7.10 Radionuclide inventories ofWismut Tailings ponds, normalized to the exemption limits
(FGi), Lersow and Gellermann [23]

Tailings
Pond

FGi [Bq] Culmitzsch
A

Culmitzsch
B

Trünzig
A

Trünzig
B

Helmsdorf Dänkritz
I

Ai/FGi Ai/FGi Ai/FGi Ai/FGi Ai/FGi Ai/FGi

U-238+ 1.00E+04 1.22E+10 5.60E+09 3.80E+09 1.80E+09 1.27E+10 2.50E+09

U-234 1.00E+04 1.22E+10 5.60E+09 3.80E+09 1.80E+09 1.27E+10 2.50E+09

Th-230 1.00E+04 7.90E+10 2.40E+10 1.30E+10 5.00E+09 5.50E+10 4.00E+09

Ra-
226++

1.00E+04 7.90E+10 2.40E+10 1.30E+10 5.00E+09 5.50E+10 4.00E+09

U-235+ 1.00E+04 5.56E+08 2.55E+08 1.73E+08 8.21E+07 5.79E+08 1.14E+08

Pa-231 1.00E+03 3.60E+10 1.09E+10 5.93E+09 2.28E+09 2.51E+10 1.82E+09

Ac-227+ 1.00E+03 3.60E+10 1.09E+10 5.93E+09 2.28E+09 2.51E+10 1.82E+09

Ra-223+ 1.00E+05 3.60E+08 1.09E+08 5.93E+07 2.28E+07 2.51E+08 1.82E+07

Sum 2.55E+11 8.15E+10 4.57E+10 1.83E+10 1.86E+11 1.68E+10

in Table 5.6, Chap. 5, it was taken into account that Unat is composed as follows
with regard to activities: 238U/234U= 1.0, 235U/238U= 0.046. In addition, for the
daughter nuclides of uranium, 230Th/226Ra is about 1 and 231 Pa and 227Ac have
about 0.46 of 230Th activity. The standardized radionuclide inventories in Table 7.10
result from these data. Table 7.10 makes it clear that the inventories of Wismut
tailing ponds and Asse assessed by this simple radiological indicator are comparable.
However, there are differences in the mobility of radionuclides. The hydrochemical
mobility of radionuclides in the tailings ponds inventory is significantly higher than
in radioactive waste repositories with negligible heat generation, see Chap. 5.

Mobility is not the only factor that describes the spread of radionuclides into
the biosphere, but also the insulation capacity and the pathways that develop in the
geotechnical environmental structure must be considered.

It is also important for long-term statements that the activity of tailings hardly
changes over a period of 1000 years (the radionuclide Th-230 has a half-life of
80,000 years). In Chap. 5, it was further demonstrated that even with the escape of
all pore water from the tailings body, this has little effect on its radiotoxicity. This
makes it clear that the existing site-specific disposal solutions cannot be justified
with the respective radioactive inventory deposited there.

A summary of the activity inventories of all waste or residues considered here is
given in Table 7.11. In addition, the activity indicator per 1 million Bq (MBq) of the
respective radionuclide mixture was given in this table.

However, the decisive difference between the inventories of LAW/MAW and
HAW is the radioactivity and radiotoxicity per unit volume (see Table 7.12). Only at
high concentration of activity in a small volume, the radiation energy of the radioac-
tive decays at the HAW leads to a significant increase in temperature. The hazard
potential is highlighted when the comparison is made with the natural radioactivity
of a soil.
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Table 7.11 Long-term safely to be stored activity inventories and associated radiotoxicity, mea-
sured as an activity indicator for various inventories of radioactive waste or residues

Final disposal
facility

Reporting date Activity (Bq) Activity
indicators
(Radiotoxicity)

Activity
indicators per
MBq

HAW (Table 7.4) Prognosis 2075 3.88E+19 3.82E+15 3.82E+09

Konrad
(Table 7.5)

Prognosis 2080 5.15E+18 2.20E+12 2.20E+06

Asse II
(Table 7.6)

31.12.2013 2.48E+15 1.50E+11 1.50E+05

ERAM
(Table 7.6)

31.12.2013 9.18E+13 7.72E+09 7.72E+03

Culmitzsch A
(Table 5.6)

Adopted
31.12.2000

1.94E+15 2.55E+11 2.55E+05

Table 7.12 Comparison of volume-related activities and activity indicators for different inventories
of radioactive waste or residues

Volume (m3) Activity per
volume (Bq/m3)

Activity indicator
per m3

Remarks

HAW (2075) 29,000 1.34E+15 1.32E+11 Volume acc. [11]

Konrad (2080 300,000 1.71E+13 6.67E+06 Volume acc. [24]

Asse (2013) 47,000 5.28E+10 3.19E+06 Volume
specification =
package gross
volume

ERAM (2013) Appr. 40,000 2.30E+09 1.93E+05 36,753 m3 solid
or solidified
waste and 6,621
sealed sources

IAA Culmitzsch
A adopted 2000

6.1E+07 3.18E+07 4.18E+03 Volume acc. [23]

Soil/Earth crust 1.57E+06 134 Presumation:
U-238 s =
Th-232 =
40 Bq/kg;
density 1.6 t/m3

7.3 Stand of the Long-Term Safe and Long-Term Stable
Disposal of HAW in Germany

For a long time in Germany, the prevailing opinion regarding the location search
for a repository for high-level radioactive waste was that it should be stored in deep
geological strata, and that particularly suitable host rocks would be saline, although
these have high solubility inwater and low sorption capacity. By sorption ismeant the
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Table 7.15 Characteristics ofWIPPaccording to [25]; https://www.nap.edu/read/5269/chapter/3#9

Characteristica CH-TRU RH-TRU

Total anticipated activity (Ci), all isotopes 7,840,000d 165,000d

Design capacity of WIPP (m3) 168,500 7080

Total anticipated volume of WIPP (m3) 110,000 27,000

Average activity WIPP TRU waste (Ci/m3)b 46.8 143

Average activity of anticipated volume (Ci/m3)c 71.6 37.8

aNot shown are minor concentrations of many other isotopes
bThe Ci/m3 values shown here derive from the total activity (Ci) and the design capacity of the
WIPP repository (m3). By comparison, the average activity of U.S. spent fuel high level waste is
140 × 103 Ci/m3 (10-year-old waste) and 140 × 102 Ci/m3 (100-year-old waste). See Roddy et al.
[26]
cThe Ci/m3 values shown here indicate the ratio of total activity in curies (Ci) to the total anticipated
volume (m3) of waste to be shipped to WIPP
dValue see Table 7.14

Table 7.16 Total thermal
power of DOE spent nuclear
fuel at a specified time;
according to [5]

2010 2030

Heat output (W) Heat output (W)

Nominal Bounding Nominal Bounding

7.18 × 105 1.25 × 106 4.67 × 105 8.54 × 105

retention, here of radionuclides. Clsy in particular has a high sorption property, the
ability to bind radionuclides to the surrounding rock and thus to delay and mitigate
a release.

The characteristics of salt domes that stand out for the disposal of HAW are:

– Salt domes can have a very homogeneous structure, have an extremely lowporosity
and thus develop a very good barrier effect,

– Salt domes have a high specific thermal conductivity,
– Due to the convergence of excavated storage areas, the stored containers are com-
pletely enclosed in the salt dome over time, which is assessed as an additional
securing element.

For repository-relevant properties of potential host rocks, see Table 7.21.
The authors consider the accentuation of the host rock salt rock critical because

these areas are particularly vulnerable to accidental/deliberate human intrusion in a
repository, see Chap. 8; FEP—Features, Events, Processes. In Germany, salt domes
are prospective areas of deposits inwhich human activities: drilling activities;Mining
or other underground activities, such as leaching of caverns, cannot be ruled out over
long observation periods, see also [32].

Since salt rock is almost impermeable for fluids, hydrocarbons (petroleum, natural
gas) can accumulate below rock salt layers or salt structures, so-called petroleum and
natural gas traps. Thus oil and gas deposits are also often associated with this host
rock.

https://www.nap.edu/read/5269/chapter/3#9
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Table 7.18 Estimate of
radioactivity (reference end
of 2020) of the HAW and
MAW-LL to be deposited in
the Cigéo repository,
according to [28]

Type of waste Alpha Beta-Gamma
short life

Beta-Gamma
long life

Radioactivity of waste at 31 December 2004

HAW 1.53E+18 6.4E+19 2.17E+17

MAW-LLa 1.34E+16 5.6E+18 3.08E+17

Sum 1.5434E+18 6.96E+19 5.25E+17

Estimate of radioactivity by the end of 2020

HAW 3.9E+18 1.25 E+20 4.24E+17

MAW-LL 2.66E+16 3.39E+18 4.48E+17

Sum 3.9266E+18 1.2839E+20 8.72E+17

aLong Life

A considering of the suitability of different host rocks for erection a repository
and thus a specific site selection has not yet taken place in Germany and should now
be made in accordance with [33]. From the local point of view, the three previously
named host rock types are basically suitable for the site selection. On this basis the
site selection is not primarily decisive but reflects the repository concept as a whole
and includes the coordination of natural (geological) and geotechnical—technical
barriers. During the site search claystone and granite are also to be examined. To
improve the sorption behavior of the storage areas, bentonites can be used.

Bentonite is a clay stone formed by mineralogical transformation of (mostly) vol-
canic ash. The swellinge mixture of various clay minerals, quartz, mica and feldspar
can be used as a geotechnical barrier in a repository in clay or granite located appli-
cation.

In 1973, as part of the process to develop a repository for the Federal Republic of
Germany, a location search procedure was set in motion which is strongly criticized
today, because it selected as a site the salt dome at Gorleben. This was demonstrably
not the best possible location and, according to current criteria, would certainly
not be shortlisted for the site selection procedure, as only one of the preferred host
rocks is used as the basis for the evaluation. At the time of the decision for the
Gorleben site for an exploratory mine, the Lower Saxony Ministry of Economic
Affairs identified 19 salt domes in Lower Saxony, in addition to the three original
locations, Wahn, Lutterloh, Lichtenhorst3 and Gorleben; in addition there was a 3
× 4 km settlement-free area, with no existing competing land use. On 22 February
1977 the state government of Lower Saxony decided to use the Gorleben salt dome
as an exploration site and a provisional location for a possible facility for the disposal
of the waste from German nuclear power plants, see [34]. Today it is understood that
not only technical reasons were behind the decision. This was not very helpful for
the site suitability test that was put in place.

The exploratory mine Gorleben has today been developed via two shafts. These
are located in the center of the approximately 14 km long and 4 kmwideGorleben salt

3Wahn, Lutterloh and Lichtenhorst are salt domes in Lower Saxony.
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Table 7.20 The reference inventory of the potentially safety-relevant radionuclides in 9000 tons
of uranium (tU) at 30 years after discharge from the reactor, nach [30]

Isotope Half-life T1/2 [a] Total inventory at 30 years cooling time: Ai [Bq]

Am-241 4.33E+02 1.74E+18

C-14 5.73E+03 1.45E+15

Cl-36 3.00E+05 2.37E+13

Cs-137 3.00E+01 3.11E+19

I-129 1.57E+07 1.72E+13

Nb-94 2.03E+04 6.77E+15

Pu-238 8.78E+01 2.38E+18

Pu-239 2.41E+04 1.28E+17

Pu-240 6.54E+03 2.81E+17

Pu-241 1.44E+01 1.58E+19

Sr-90 2.91E+01 2.01E+19

U-234 2.45E+05 4.98E+14

U-238 4.47E+09 1.05E+14

Summe 7.15E+19

Summe α-emitter 9.06E+18

Table 7.21 Valuation matrix of repository-relevant properties of host rocks according to Bollinger-
fehr [31]

Aliniferous strata 
(e.g. salt rock) Clay/mudstone Crystalline rock 

(e.g. Granite)

re
po

si
to

ry
-r

el
ev

an
t p

ro
pe

rƟ
es

 o
f h

os
t r

oc
ks Thermal diffusivity high low medium

Permeability pracƟcally 
impermeable Very low up to low

very low (unfractured) up 
to permeable (heavily 

fractured)
Strength medium Low up to medium high

DeformaƟon behavior viscous (creeping) plasƟc up to briƩle briƩle

Cavity stability inherent stability Lining necessary high (unfractured) bis low 
(heavily fractured)

Residual stress condiƟon lithostaƟc isotropic anisotropic anisotropic
SoluƟon behaviour high very low very low
SorpƟon behavior very low very high medium up to high

Temperature resilience high low high

favorable property;      favorable property;      property medium

dome with depths of 933 m and 840 m respectively. The project owner is the Federal
Office for Radiation Protection. The reconnaissance mine is operated by the German
Society for the Construction and Operation of Waste Disposal Facilities (DBE) on
behalf of the Federal Office for Radiation Protection (BfS), see [35]. The Gorleben
mine was used to explore the salt dome, see Fig. 7.2, to ascertain its suitability as a
possible repository for high-level radioactive waste.
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Fig. 7.2 Simplifiedprofile section of theGorleben salt dome.Source©BGRHannover (Bornemann
1991)

Whatmay be considered theworld’smost extensive exploration programwas then
launched. From April 1979 to the 1983, 477 km of seismic profiles were recorded
to determine the layer structure and the tectonics and 322 level wells (about 80 m
deep) as groundwater measuring point. 44 salt-wash surface boreholes (about 260 m
deep), 4 deep boreholes (approx. 2000 m deep) and two shaft pilot holes (just under
1000 m deep) were also installed.

Following the publication of the interim report (1983) of the Physikalisch-
Technische Bundesanstalt (PTB) on the results of the site investigation and the
sinking of shafts, the Federal Government gave its approval for the start of work
to sink shafts and thus approved the beginning of underground exploration work.
For this purpose, “Safety criteria for the disposal of radioactive waste in a mine”
were published. In 1986, work began on the shaft of Gorleben 1 and the start of
underground exploration work. The final depth of 933 m was reached in 1997. The
beginning of the sinking of shaft Gorleben 2 was 1989 and in 1995 the final depth of
840 m was reached. The break-through between shafts 1 and 2 took place in 1986,
see Fig. 7.2.

The exploration work has been accompanied by constant protests and demonstra-
tions against the repository project. The main reasons for these protests seemed to
be the lack of transparency, lack of conflict resolution strategies and opportunities
for participation, lack of confidence-building measures and lack of criticism and
communication skills of the authorities involved and the lack of incentive for the
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Fig. 7.3 Principle Gorleben exploratory mine. Source INFORUM Verlags- und Verwaltungsge-
sellschaft mbH, Information Group “Nuclear Energy”

host community to participate appropriately in the solution of the national problem
(Fig. 7.3).

For example, a 10-year exploration moratorium was first ordered on October 1,
2000 by the then federal government, which ended in October 2010. On 07.11.2012
the exploration work was initially interrupted again, but was not resumed. Thus the
repository project can be considered as having failed.

So far, only a small part of the salt dome—the exploration area 1—has been
examined. In addition to the historical-political flaw of the site selection, even the
low depth of exploration cannot justify a final site selection at present, but it cannot
reject it either. Added to this is the expansion of the search area due to the accession
of the former GDR.

The Site Selection Act [33], ended the mining exploration of the Gorleben salt
dome in July 2013 and stipulated that the salt dome would be included in a new site
selection procedure as for any other site in Germany. The previous investigations on
the Gorleben site are summarized in [36], “Preliminary Safety Analysis Gorleben
(VSG)” (2013), for further use.
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In the VSG are summarized:

• The safety requirements for the final disposal of heat-generating radioactive waste
of the BMU from September 2010;

• The available data from previous investigations for the Gorleben site, i.e. geosci-
entific site description and long-term forecasting;

• All inventory of relevant waste expected for to require a repository for heat gen-
erating waste in Germany.

On this basis, a safety and detection concept was developed in the VSG and made
available for the site search, which includes the examination of whether the disposal
concepts developed in the VSG at the Gorleben site or a comparable location are
from today’s perspective, able to fulfil the BMU’s safety requirements. The safety
and detection concept shows how, by exploiting the geology of the location and
other technical measures (geotechnical barriers), a long-term safe final disposal for
1 million years can be guaranteed. However, the geotechnical barriers, including the
containers, are matched to the host rock “salt rock”.

Here, the proof of a so-called “zero emission” (completely sealed off) result is
sought. This condition should be present if no continuous solution path from the
waste to the biosphere is to be expected during the period under consideration. At
most, veryminor releases of radionuclides, which account for a fraction of the natural
radiation exposure, are accepted therein.

A site search has now started [33], including the Gorleben site, which is open-
ended. The exploratory mine Gorleben has been transferred to a stand by operation.
It must be kept open until the Gorleben site is not excluded in the site selection
procedure.

The question of the cost of disposal is clarified so that, according to the pol-
luter pays principle, the waste producers bear the costs. The responsibility to create
repositories according to the state of science and technology lies with the federal
government.

According to the “Law on the reorganization of the organizational structure in
the field of final disposal” [37], the Federal Office for the safety of Nuclear Waste
Management (BfE), based in Berlin, was founded. It carries out regulatory, licensing
and supervisory tasks in the fields of disposal and intermediate storage as well as
the handling and transport of radioactive waste. The BfE is the leader in the site
selection procedure for a radioactive waste repository and supervises the execution
of the procedure.

According to § 9a (3) of the Atomic Energy Act, it is the task of the Federal
Republic of Germany to set up repositories for radioactive waste. This task and
the related sovereign powers have been delegated by the Federal Government to
a federally-owned company for final disposal (BGE) mbH, with headquarters in
Peine/Lower Saxony. Furthermore the federal government takes responsibility for
the supervision. According to the Atomic Energy Act, the BGE is responsible for
the tasks of Asse-GmbH, the German Society for the Construction and Operation of
Waste Management Deposits (DBE) as well as the operational tasks of the Federal
Office for Radiation Protection (BfS), including the operating tasks of the Gorleben
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exploratorymine. It is the procedure leader for the operational tasks of the site search,
in which the exploration mine Gorleben is also to be included.

The “Lawon theReassignment ofResponsibility inNuclearWasteDisposal”, [37]
has re-regulated the financing ofwaste disposal and set up a public fund for financing,
see Sect. 7.7, which is essentially supplied by the utilities. The utilities will then be
responsible for the decommissioning and dismantling of the nuclear power plants and
the packaging of the radioactive waste. The Federal Republic of Germany assumes
responsibility for the interim and final disposal of highly radioactive waste from
German nuclear power plants. This fund, which consists of the provisions previously
set aside for the storage and disposal of radioactive waste from nuclear power plant
operators and a risk premium, finally settles the nuclear payment obligations of the
operators in these areas. Thus, the responsibility for execution and financing of the
disposal tasks now lie with one organisation.

This task has been completed with the payment by the operators of the nuclear
power plants of the amount of 24.1 billion euros and with the takeover of the interim
storage facilities by the federal government.

Safe, responsible and environmentally sound dismantling, including decommis-
sioning of nuclear power plants and other nuclear facilities, is not a new task in
Germany. The energy supply companies, including the Energiewerke Nord GmbH,
have the appropriate know how and have developed different relevant technologies.
Nevertheless, decommissioning and dismantling of each individual nuclear power
plant is a technically and organisationally demanding major project and a mammoth
task for the nuclear phase-out. Of the nuclear power plants that lost the right to
continue power operation with the 13th amendment of the Atomic Energy Act in
2011, five plants have received their decommissioning and dismantling permits: Isar
1, Neckarwestheim 1, Philippsburg 1, Biblis A and B. Larger commercial nuclear
power plants at Stade, Obrigheim, Mülheim-Kärlich and Greifswald are undergo-
ing decommissioning, while the Würgassen site has already completed its nuclear
decommissioning.

In contrast to that stands the construction of a repository structure for HG—
HAW. This explains why the focus is on the permanent safe disposal of high-level
radioactive waste. Site search, long-term safety proof etc. are described in Chap. 8.

7.4 International Projects (Solutions) for the Long-Term
Safe Disposal of Highly Radioactive, Heat-Generating
Waste (Selection)

Worldwide final disposal activities (including planning and research) are currently
taking place in almost 40 countries. A compilation is shown in [38]. The “Worldwide
Review of Geologic Challenges in Radioactive Waste Isolation” process involves an
international exchange on repository activities. The International Atomic Energy
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Agency (IAEA) has created the “Joint Convention on the Safety of Spent Fuel Man-
agement and on the Safety of Radioactive Waste Management” a legal instrument
for the management of nuclear fuel and radioactive waste, which, as of 3 July 2017
had been ratified by 76 countries and by EURATOM. Germany is actively involved
in this process.

However, results from repository sites can only be transferred to each other in a
limited extent because each solution is unique and the geological conditions encoun-
tered are often very different. For near-surface solutions where the technical and
geotechnical barriers are dominant, the possibility of taking over entire structures is
not excluded. In particular, in the production of containers and in the use of immo-
bilizates in some solutions, after in situ tests, can be adopted in Germany, as far as
possible. An international comparison aims precisely at identifying the structures
that are projected on the conditions in Germany and so could also be applied there.

There is a particularly close cooperation in the design of the long-term safety
analysis. In doing so, an FEP list is generated on the “NEA-FEP-Database” for the
long-term safety analyses, see Chap. 8, of the location, so that the risk that relevant
FEPs are disregarded is greatly reduced. In the VSG, a specified FEP list has been
prepared for the host rock salt and the Gorleben site, see [39], see Table 7.12.

In the following sections, some international repository sites will be presented in
greater detail, allowing a comparison with the repository activities in Germany and
between each other.

7.4.1 Repository Projects in the USA

In the US, two independent site search procedures were conducted. One for HAW
in the military sector, the Waste Isolation Pilot Plant (WIPP) in New Mexico and
since 1982 with a legal mandate to find a suitable repository site for a capacity of
70,000 tonnes of heat-generating waste from civilian use, especially from nuclear
power plants. Currently the location studied is at Yucca Mountain in Nevada, see
Fig. 7.4, see also Fig. 1.2.

(A) Waste Isolation Pilot Plant (WIPP)

As early as 1955, the US Atomic Energy Commission (AEC), the predecessor of the
US Department of Energy (DOE), commissioned the National Academy of Sciences
(NAS) to investigate which host rocks could be used for the disposal of radioactive
materials from themilitary use of nuclear energy. TheNAS recommended disposal in
salt formations, whereupon in 1957 a nationwide “screening” was carried out to find
rock salt deposits potentially suitable for the disposal of radioactive waste. After the
political failure and safety concerns for a repository in a disused saltmine and detailed
investigations of four sites in NewMexico by the US Geological Survey, in 1974, the
DOE looked at the salt formation of the Chihuahua Desert, located in southeastern
New Mexico, about 40 km east of Carlsbad, as the site for the Waste Isolation Pilot
Plant (“WIPP”), see Fig. 7.5. In 1979, the operating license was granted for in situ
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Fig. 7.4 Repositories for HAW in the USA; according to: Witherspoon and Bodvarsson [38]

Fig. 7.5 Location of the salt dome in the Delaware Basin, in the Salado Formation. Source Snow
[40]
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Fig. 7.6 left: Transport of the steel containers with TRU to the WIPP; right: placement of the
containers in a emplacement chamber. Source Nuclear Watch New Mexico; https://nukewatch.org/
activemap/NWC-WIPP.html

exploration of host rock properties and development of emplacement methods at the
WIPP site. The WIPP began operation in 1999 and is still in the pilot phase today.
Since the procedure for the construction of military installations differs from that
for civilian facilities in terms of procedure, transparency and the involvement of the
public, WIPP has a special position in finding a final disposal location.

Thismakes it theworld’s first repository for high-level radioactivewaste (TRUW),
see Table 7.1. It is not intended for heat-generating high-level radioactive waste, but
for transuranics (strong alpha emitters) from research as well as from the production
of nuclear weapons. The US defines transuranic waste as containing radionuclides
with atomic numbers greater than 92, half lives longer than 20 years, and specific
activities greater than 3700 Bq/g. They are subdivided into so-called contact-handled
waste (CH) with a permissible dose rate at the container surface of up to 2 mSv/h and
remote-handled waste (RH), with a dose rate of between 2 mSv/h and 10 Sv/h, see
Table 7.1. The RH waste accounts for only 4% of the storage capacity of the WIPP.
About 300 million GBq are to be stored, but the activity is not limited to transuranic
radionuclides, see Table 7.14.

In Table 7.14, the total activity of the CH-TRU radionuclides is 290 million GBq
and the RH-TRU is 6.10 million GBq. Table 7.1 further summarizes the radiotox-
icity as a dimensionless activity indicator Ai/FGi with reference to the exemption
limits according to Annex III Table 1 column 2 of the German Radiation Protection
Ordinance (StrlSchV). The planned radiotoxicity of the WIPP total inventory of the
CH-TRU radionuclides is 27,300 Giga units and that of the RH-TRU 306 Giga units.
The WIPP has been set up solely for the purpose of final disposal. The final deposit
area covers 0.5 km2 and consists of eight fields eachwith seven chambers. The autho-
rized storage capacity is approx. 176,000 m3, see Fig. 7.7. Of these, approx. 7100 m3

can be used for Remote Handled (RH) TRUmixed waste, see Table 7.1. The storage
chambers are located at a depth of approximately 650 m (2150 ft) below the surface
of the terrain in an undisturbed, stratified, 600 m thick Permian rock salt formation.
The location and the salt dome are described in detail in [40], see also Fig. 7.7.

https://nukewatch.org/activemap/NWC-WIPP.html
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Fig. 7.7 Waste Isolation Plant (WIPP), repository cross section. Source US Nuclear Regulatory
Commission (NRC)

The FG-exemption limits according to Annex 4 Table 1 column 2 German
StrlSchV in Table 7.14 were therefore chosen to make the repositories compara-
ble worldwide. If one extrapolates the total activity to the planned total volume of
the final repository “shaft Konrad”, then a total activity of approximately 510million
GBq or 0.51 billion GBq would have to be expected, compared to 5.15 billion GBq
of the “shaft Konrad” repository.

By 2018, 93,500 m3 of the planned total volume had been used. Under current
planning, the repository, once fully occupied and after a one-hundred-year cooldown,
is to be sealed under US Department of Energy control. This expected to occur from
2133 onwards, see Table 7.15.

The transuranic waste originates from nine US facilities which are involved in
military tasks. The TRU waste is usually placed in steel drums, transported pallet by
pallet and deposited in the emplacement chambers, see Fig. 7.6. The emplacement
chambers are backfilled with salt grit and permanently closed, so that a long-term
safe and stable insulation is created in accordance with the implementing law. A
program of underground long-term monitoring is not planned.

A radiological environmental monitoring system of air based particulate sam-
pling has been set up. The results of the air sampling are used to determine the
ambient radiological values and to determine if there is any deviation from the estab-
lished background radiological values. This monitoring takes place at 17 locations.
In addition, exposure measurements are taken. TheWIPP system has two exhaust air
measuring stations. Following a radiological event in 2014, the ventilation system is
operating in filtration mode where all the air flows through a series of highly efficient
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particulate filters. Other radiological environmental samples include groundwater,
surface water, soils, sediments, vegetation and wildlife. The purpose of this monitor-
ing is to determine if the local ecosystem has been or will be affected by the opera-
tion ofWIPP facilities, and if so, to assess the geographical extent and environmental
impact. The Carlsbad Environmental Monitoring & Research Center (CEMRC) sup-
ports the WIPP primarily through site and environmental monitoring. The results of
the random sampling are published annually in the “annual environmental report” of
the site (ASER).

In addition, a large-scale facility is to be erected on the surface above the repos-
itory. The design envisages 32 monoliths forming a square, inside which 3 km of
earthen ramparts enclose 16 more monoliths. These are inscribed in English, Span-
ish, Russian, French, Chinese, Arabic and Navajo: “This is a dangerous radioactive
waste. Never dig or drill “, see Human Intrusion Scenario. In the centre more detailed
information is provided together with graphic illustrations, one set above the earth,
one set in an underground chamber. The warning system will be installed later. It is
today therefore completely unclear whether these plans will be implemented.

(B) US Central Repository—Yucca Mountain

Parallel to thework onWIPP, a site search procedure for disposal of highly radioactive
waste from the civilian use of nuclear power was started in the mid-1970s. Due to
widespread criticism of the selection process and the lack of transparency in the
selection process for WIPP, the Department of Energy (DOE) was commissioned in
1982 to develop general guidelines for site selection for a repository with a capacity
of 70,000 tonnes of heat-generating waste. In 1983, the DOE selected nine sites in six
states for preliminary investigations. In 1985, following preliminary investigations,
three siteswere selected for further in-depth scientific research:Hanford,Washington
State,DeafSmithCounty,Texas, andYuccaMountain,Nevada. In 1987, theCongress
amended the Nuclear Waste Policy Act and mandated the DOE to focus on the
potential Yucca Mountain site.

The site proposed for the repository in a mountain range (Yucca Mountain) con-
sists of volcanic Ignimbrite, a variety of hardened tuff—called Topopah Spring Tuff.
Emplacement areas are located about halfway between the top of Yucca Mountain
and the deep 300 m—groundwater level, see Fig. 7.8. For insulation, 3 special types
of waste packages should be used as technical barriers, see Fig. 7.9, depending on
the type of waste, which are automatically driven into the emplacement areas via two
access tunnels (north and south portal), see Figs. 7.5 and 7.6. The waste packages are
to be emplaced in horizontal sections, which have a total length of 35 miles (56 km).
The repositories should then be actively monitored for 300 years. About five miles
(8 km) of the emplacement drifts for experimental purposes have been drilled so far.

In 2004, the court imposed an obligation to provide a safety assessment for 1 mil-
lion years instead of the original 10,000 years. The final storage concept provides for
the retrievable emplacement of the final storage containers from the horizontal sec-
tions of a mine at about 200–425 m below ground level. In June 2008, the DOE then
submitted a construction application for Yucca Mountain to the Nuclear Regulatory
Commission (NRC). The permit application was limited to the legally prescribed
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Fig. 7.8 Cross-section of the planned repository for HAW (heat-generating) Yucca Moun-
tain/Nevada. Source US Department of Energy (DOE)

Fig. 7.9 Types of waste packages depending on the type of waste. SourceUSDepartment of Energy
(DOE)
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70,000 tonnes, the possible capacity of Yucca Mountain is estimated to be at least
130,000 t. The commissioning of the final repository at YuccaMountain was initially
planned for 2020. By 2040, high-level radioactive waste in the USA is expected to
grow to approximately 119,000 tonnes.

The most important arguments in favour of the Yucca Mountain site were the
low annual precipitation (approx. 20 mm, of which 95% flows off or evaporates at
the earth’s surface) and the very deep groundwater level, approx. 300 m below the
earth’s surface, as well as the closed basin structure, i.e. the planned repository has
no influence on the groundwater catchment areas of neighbouring regions. Further
important reasons for the selection of Yucca Mountain were ownership and previous
use of the site (Nevada Test Site) by the state as well as the weak political position of
the state of Nevada. However, it had been overlooked that although all US states—
with the exception of Nevada—are in favor of a repository at Yucca Mountain, but
for Indian tribe of the Western Shoshone who live there the area is sacred.

The suitability of Yucca Mountain was controversial from the beginning. These
include doubts about the appropriateness of ignimbrite (ignimbrite) as a geological
barrier, concerns about the imbalance of the selection process and the preference
for voluntary commitments of communities and the failure to consider scenarios, in
particular possible future climate changes (humid climate rather than desert climate),
earthquakes and volcanic eruptions as possible dangers for the repository in the post-
operational phase.

Following US government objections Yucca Mountain’s budget was significantly
cut in March 2009. The US government ordered the NRC to reject the building
application. Due to a lack of budget funds, the approval procedure was suspended
from September 2011.

In January 2010, President Obama mandated a commission (“Blue Ribbon Com-
mission on America’s Nuclear Future”) made up of politicians and experts to make
proposals for a new disposal strategy. In its final report of January 2012, the Commis-
sion recommended the construction of a central interim storage facility for used fuel
elements and other high radioactive waste, the creation of an independent authority
for the final disposal of used fuel elements and other high-level radioactive waste,
the retention of the objective of final disposal in a deep geological repository and
a continuation of the debate on the reprocessing of used fuel elements [41]. Yucca
Mountain continued to be shortlisted as a potential site. In 2013, a federal court ruled
that the Nuclear Regulatory Commission was obliged to complete the technical eval-
uation, even if the government did not want to continue the process. In January 2015,
the Nuclear Regulatory Commission presented the five-part report and came to the
conclusion that, from a technical point of view, a repository at Yucca Mountain was
suitable according to the design plans. In the meantime, President Donald Trump has
taken up $120 million in his 2018 budget to resume the approval process for Yucca
Mountain, which was designated by Congress in 1987 as a repository for nuclear
waste from power plants. Work continues as of September 2017.

The present plans describe the inventory to be stored so precisely that sufficient
security is given for the plans both with regard to the space requirement and the
radiological requirements. Table 7.2 lists the various sources of HLW, see also [42]:
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The waste forms to be disposed of are categorized as follows:

– Commercial SNF—Spent Nuclear Fuel (SNF)
– CPR—High-Level Radioactive Waste (HLW)
– DOE SNF
– Naval SNF

Information also includes the number of assemblies and canisters, fromwhich the
space requirement can be derived.

The plans provided for a emplacement capacity of around 77,000 tonnes of
radioactive waste, including 63,000 tonnes of spent fuel elements from commercial
nuclear power plants, the remainder being spent fuel elements frommilitary reactors
and vitrified high-level radioactive waste from the military reprocessing facilities
of the Department of Energy (DOE). The radiological requirements are derived in
particular from the Commercial SNF—Spent Nuclear Fuel, see Table 7.17.

The thermal load results from the heat dissipation of the repository containers and
in total the emplacement scheme of the final storage containers, the number of final
storage containers in the respective storage chamber, the distance to the rock face
and the time of storage. Table 7.16 lists the thermal energy. Compare also Sect. 7.1,
Table 7.5.

The radioactive inventorywhich is derived from the planned emplacement volume
is summarized in Table 7.17. It is also noted that if the construction of the repository
for heat-generating, high-level radioactive waste should be delayed, this will have
little effect on the radioactivity of the inventory.

Generally, it can be stated that the total activity will be less than 500 million
Terra-Bequerel (about 13.5 GCi), with a radiotoxicity Ai/FGi of 3.5 × 1016. The
exemption limits are also taken from the German Radiation Protection Ordinance,
Annex III, Table 1, Column 2. The capacities claimed are similar to those of the
authorized HAW (HLW) repository of Bure in France (Lorraine), see Sect. 7.4.2.

It is interesting to note in this context that in the USA a host rock formation was
selected for the central repository for HG-HLW, whose retention capacity differs sig-
nificantly from the other previously favored geological formations such as salt rock
and mudstone (clay). The focus of the selection was that the overall migration condi-
tions, i.e. in relation to a multi-barrier system, for radionuclides in the biosphere—in
deeper groundwater horizons (water pathway) and to the surface of the earth (air
pathway)—are several magnitudes lower than at comparable locations.

The risk potential of the site due to volcanic activity, erosion or other geological
processes is therefore extremely low. Due to the positioning of the repository at a
depth of approximately 300mbelow the earth’s surface and300mabovegroundwater
level, the emplaced waste is protected against the effects of earthquakes. In Ref.
[43] is a discussion of what is currently known about the tectonic setting of the
region encompassing the repository site. The data concerning the seismicity of the
area and historic earthquake activity are also presented. In this way predictions of
future seismic hazards and their potential effects on the repository, as well as the
performance of natural barriers, can be made with reasonable certainty, within the
limits of the available data.
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The arid climate in this region is an important protection criterion. The average
annual rainfall is less than 20 mm (for comparison: Federal Republic of Germany
approx. 760 mm); the major part (95%) of this rain flows away superficially or
evaporates. The seepage velocity of the remaining 5% of the annual precipitation is
low (about 1 cm/a). The leachate would therefore take about 31,000 years to cover
the distance (in a straight line) from the surface to the repository horizons.

The actual waste repository site will span 1150 acres (this corresponds to
4,653,935.00 m2). From this can be determined a seepage amount of approx.
2500 m3/a, distributed over approx. 470 ha. It can be assumed that the emplace-
ment areas remain completely dry under these conditions.

And because of the closed basin structure, it is not possible that groundwater
would flow from the area below the repository into aquifer systems that are used to
supply drinking water to the population in the wider vicinity of the repository.

Critics accuse the US NRC that climatic conditions, seen over longer periods of
time, may change to a wetter, colder climate. This is the subject of the long-term
safety analysis for the repository site, see Chap. 8. With data provided by ice core
drilling at the Antarctic station Vostok, see Fig. 8.10, it can be shown that such
dramatic climate changes would take more than 125,000 years. This relates to global
climate change. Thus, all repository sites worldwide would be affected and forced
to include a warm-time—cold-time scenario in the long-term safety analysis. The
conclusion then can only be to limit the period of observation to 100,000 years. This
consequence has already been reached in the Scandinavian countries.

With the investigation of a repository site located in the host rock: volcanic tuff
rocks, the USA has made a significant contribution to repository research. As a long-
term radiological target YuccaMountain has set an emission limit for the post-closure
phase: in the first 10,000 years after closure of the repository of 0.15 mSv/a and for
the period of 10,000 to 1,000,000 years a limit of 3.5mSv/a. These limits, as a general
radiological criterion, would also apply to the transport of radionuclides by the air
path into the biosphere. Current long-term views suggest that the radiological targets
at Yucca Mountain are achievable with the proposed multi-barrier system [43, 44].

7.4.2 Selected Repository Projects in Europe

This section presents a brief overview of the state of planning as well as the con-
struction and operation of repositories in selected European countries, all of which
are bound by the specifications of the IAEA, Euratom or the OECD NEA, but their
national legal implementation showquite considerable differences see alsoTable 7.13
and from which conclusions for the German waste management concept could also
be drawn.

There are currently 15 repository sites in Europe, see also Table 7.13. Some are

– some firmly agreed (Finland, Sweden)
– in some countries, location regions are selected (Switzerland, Russia)
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– in some countries neither locations nor regions are selected (Great Britain)

In the following, some locations will be described in more detail, see Fig. 7.10.

(A) Selection of approved European repository sites for HAW—
Bure/Lorraine/France

As early as the 1970s and 1980s, there were several attempts by the French gov-
ernment to investigate potentially suitable locations for a repository for high level
radioactive waste in claystone, shale, rock salt and crystalline rock. At the beginning
of the search in the 1980s, initially four departments had been in conversation. Three
possibilities of disposal should be tested. The above-ground and underground stor-
age as well as “chemical transmutation”. In addition, two laboratory mines should
be set up. However, especially in the southwest of France, resistance was provoked
because winemakers feared for the reputation of their growing areas.

In 1990, the government stopped searching for sites and commissioned a par-
liamentary commission headed by MEP Christian Bataille to come forward with a
proposal for action. This resulted in a unanimously passed law of December 1991,
which postponed the decision on the future repository concept to 2006 and defined
a research program based. After the adoption of the “Disposal Act”, municipalities

Fig. 7.10 Locations for repositories for HAW (Heat Generating Radioactive Waste). Source
According to OECD-NEC
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were sought that generally agree to the establishment of an underground laboratory.
A total of 30municipalities were found ready to receive such a laboratory. Founded in
1979 and since 1991 independent public waste disposal company ANDRA (Agence
nationale pour la gestion de déchets radioactifs) has selected three sites from pre-
liminary studies. Two of them in clay, one in granite. There was no decision on a
location in a granite formation due to regional resistance. ANDRA’s research on
granite formations is therefore more general in nature.

In December 1998, the government approved ANDRA to commence the con-
struction of an underground laboratory in a 150 million year old clay formation
nearBure (on the border between the departments ofMeuse andHaute-Marne).

Among other things, the research in Bure led to a first feasibility and safety study
of the ANDRA (“Dossier 2005 Argile”). Between September and December 2005,
a public debate on final disposal initiated by the environmental agency ASN took
place, a report on which was published in early 2006. As a result, a final repository
planning law was passed in June 2006. This regulates the further research in Bure
for the location and for the repository concept. Since it is necessary to ensure that
the final repository site has geological parameters comparable to those of Bure, a
possible area for a repository site of 250 km2 was initially identified in the Bure
region. This was later narrowed by ANDRA to an area extending over 30 km2.

On 06/08/2015, the French Constitutional Council (similar to the German
Federal Constitutional Court) complained about this article not because of sub-
stantive concerns, but because it was not passed constitutionally. In July 2016,
the French parliament then decided to set up the repository at the Bure site in
mudstone, thereby healing the flaw complained of by the French Constitutional
Council.

The complex and lengthy consultation and authorisation phase for a Bure reposi-
tory is still ongoing. However the approval process began in 2017, in which German
authorities are also involved. The construction of the plant is expected to start in
2020 and by 2025 with a pilot phase of storage [45]. It plans to place 5% of the
inventory in a pilot camp and monitor it for 50 years. Only when this test run is
completed successfully, is the final disposal of 95% of the waste which remains in
interim storage facilities for planned [28]. It is currently expected to cost about 30
billion euros.

Construction of theUndergroundResearchLaboratory (URL) began inNovember
1999. The URL consists of two shafts, a test drift at 445 m depth and a drift system
with further test drifts at 490 m depth, see Fig. 7.11. There the possibility of a
reversible or irreversible disposal of radioactive waste in deep geological formations
is investigated at a depth of approximately 490 m. This includes an investigation of
the specific properties of the mudstone and the testing of the emplacement concepts.

It is planned to store HAW and medium-level waste with long half-lives (MAW-
LL) [28]:

• about 10,000 m3 HAW (i.e. about 60,000 containers),
• about 73,500m3 of long-livedmedium-level waste (i.e. about 180,000 containers).
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Fig. 7.11 Section through the planned repository Cigéo (Centre Industriel de stockageGéologique)
in the district Bure. Source ANDRA [25; public domain]

For consideration of the radioactivity of the waste to be stored in Cigéo, see
Table 7.18.

Waste management stipulates that transmutation should also be part of the repos-
itory concept. As early as 1982, France purposefully examined partitioning and
transmutation under the premise of a disposal alternative, see Chap. 2. The French
Castaing Report of 1982 concludes that, parallel to the final disposal, the separation
and conditioning of plutonium and minor actinides for interim storage and possibly
destruction by neutron irradiation should also be studied [46].

France has all the prerequisites for using P&T because theMOX4 fuel used in the
light water reactors is produced there. MOX fuels for P & T scenarios are a further
development of the previous MOX fuels, since in addition to plutonium the minor
actinides have to be added to the fuel [47]. P & T is part of waste management in the
Bure concept, see Fig. 7.12.

The geological repository at Bure is being excavated in the host rock “clay”.
The bedrock is clays selected from the Upper Jurassic (Callovo-Oxfordia, ca.
160–150 million years) at a depth of 400–550 m. This clay formation has a thickness
of about 130 m; it is tectonically practically undisturbed and has only a slight slope
to the northwest towards the center of the Paris basin, see Fig. 7.13.

With the adoption of the Law on Economic Growth (“Le Loi Macron”), on 9
July 2015, an article concerning the disposal of French high-level radioactive waste
was adopted. The law stipulates in a corresponding passage that the safety of the

4MOX is the abbreviation for mixed oxide and determines to a substance composed of the oxides
uranium dioxide (UO2) and plutonium dioxide (PuO2).
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Fig. 7.12 Waste management (fuel cycle) in the Bure conception. Source ANDRA (2016); public
domain

Fig. 7.13 Geological cross section in the repository area Cigéo/Bure. Source ANDRA (2016);
public domain

repository should be checked before the waste is put into storage during a pilot phase.
The observation period is 100,000 years. Furthermore, the waste should be stored
in a retrievable way, so that future generations could—if an alternative solution for
the disposal of radioactive waste is found - be able to reverse the process of storage
at the repository site. Furthermore, it is intended to monitor the development of the
repository for at least 100 years. After expiry of the monitoring period (>100 years),
the final closure of the repository should take place.

The current status of the work is as follows: ANDRA has begun to set up a
research/exploratory mine in the Callovo Oxford clay formation, see also [48]. The
shafts have been sunk to a great extent and construction of the underground facilities
has begun. In the area of highly radioactive waste, the concept only provides for the
storage of waste from reprocessed fuel assemblies. The vitrified reprocessing waste
is poured into primary containers of stainless steel and welded watertight with a lid.
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Afterwards, they are packed in final disposal containers of non-alloy steel, which
are designed to protect against contact with water and can ultimately improve the
heat emission. The final disposal containers are intended to secure the waste for a
period of about 1000 years over which the activity of the short and medium lived
radionuclides are dominant.

The French final disposal concept envisages horizontal or vertical drilling into
the clay formation for several vitrified high-level radioactive waste containers. The
containers are 1.60 m long, have a diameter of 0.6 m and a wall thickness of 55 mm;
because of the return option they are equipped with ceramic gliders. The 40-m-long,
0.7-m-diameter holes are lined with clay buffering material and lined with stainless
steel. In the case of vertical drilling, no lining is planned. In the rear storage section,
the holes are completely lined with a tight tube. The front of the wellhead is closed
with a metal plug as well as a bentonite concrete plug at the end of the operating
phase.

Although the reprocessing of spent nuclear fuel is foreseen in France, the disposal
concept also includes the storage of spent fuel in steel containers either below the
lane of the emplacement drift facility or in horizontal lined boreholes. A final deter-
mination has not yet been made. As for vitrified high-level radioactive waste, these
lines are to be sealed with clay-based backfill materials. For high-level radioactive
waste, these routes will be closed with clay-based offsets.

In order to improve the heat dissipation from the waste products, graphite can be
added to the clay-based offsets. By adding silica sand, the swelling power of clay-
based materials can be controlled to optimize the pressure load on the barriers due to
the swelling processes of the clay. The heat output of the waste and the distances of
the storage containers are chosen so that the temperatures in the claystone will be a
maximum100 °C. The determination of this temperature is justified by the fact that in
the case of higher temperatures interlamellar water is released and thus significantly
worsens the swelling ability of the clays. The distance between the storage cells
should be between 8.5 and 13.5 m, depending on the heat output of the containers,
all data according to [45].

As part of the ANDRA concept and thus also of the application for authorisation
for the Cigéo deep repository planned for 2017, a comprehensive monitoring sys-
tem should be set up, consisting of monitoring of the repository, monitoring of the
environment and health monitoring, see Chaps. 2, 8 and 9.

Supervision of the repository: The purpose of setting up the Cigéo deep geo-
logical repository is to set up a monitoring program for the installation, which will
monitor all the safety-related parameters of the repository during the entire oper-
ating period (speed of the machines, hydrogen concentration, performance of the
high-efficiency filters, air in the ventilation system, etc.). In addition to monitoring
in the narrower sense, parameters are monitored which may influence the devel-
opment of the repository in the medium and long term: Ambient air temperature,
expansion of the plant (meeting of the galleries), concrete durability, steel corrosion,
etc.

For example, individual monitoring of control containers is carried out in separate
rooms, which allows easy access to each control container and its regular inspection.
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In the first phase of construction of the Cigéo deep storage facility, representative
control structures of the various storage components (encapsulation, chambers…)
are constructed, which are used only for observation and monitoring. These control
structures are extensively instrumented in order to follow their behaviour and evo-
lution in every detail over time. This means that tens of thousands of sensors are
installed in the Cigéo deep storage facility. The methods of investigation foreseen
use proven sensors already used in the nuclear industry and in construction engineer-
ing, for which extensive experience is available (used for several decades in nuclear
power plants, dams, etc.), as well as innovative means which are currently being
developed by the framework of R&D5 programs.

The chambers forMAW (SMAchambers), see [10], will be set up during the oper-
ating period of the Cigéo deep storage facility. The first chambers will be extensively
equipped with instruments for detailed observation. In addition, ANDRA proposes
to close one of the control chambers a few years after the storage of the waste con-
tainers and then to continue the observations in a closed configuration in order to
draw conclusions from these observations for the actual decommissioning of the
repository.

A comprehensive environmental monitoring program with health monitoring is
planned, which has been included in Chap. 9 and to which reference is to be made
here, see [45].

(B) Selection of approved European repository sites for HAW—Forsmark/Sweden

In Sweden, as in Finland, the operators of nuclear power plants are responsible for
disposal and final disposal of wastes. For this purpose, they have set up the joint
company SKB (Svensk Kärnbränslehantering AB), which is also responsible for
transport and interim storage.

Svensk Kärnbränslehantering AB (SKB) started looking for a repository site as
early as 1977. In 1977 SKB also started research work on a repository concept and
set up a laboratory for storage technology in the former Stripa iron ore mine site.
Later, the research work shifted to the Hard Rock Laboratory Äspö near Oskarshamn
at a depth of 460 m; the facility was built between 1990 and 1995.

Because municipalities and local people were not initially involved in the process,
manymunicipalities initially refused to set up a repository on their territory.However,
the invitation to apply for a site for the construction of a repository was eventually
accepted by several municipalities.

Since 1988, SKB has been operating a near-surface repository for low- and
intermediate-level radioactive waste—for the originally twelve, now still ten-nuclear
power plants—about 50 m below the Baltic Sea near the Forsmark nuclear power
plant. Used fuel elements have been stored since 1985 in the central interim stor-
age facility—Centralt mellanlager för använt kärnbränsle (CLAB)—near the Oskar-
shamn nuclear power plant.

5Research and Development.
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In 1983, in the report “KBS-3”, it published its concept of encapsulating used
fuel elements using additional engineering barriers to supplement the natural barriers
created by rock formations.

From 1993 to 2000, SKB carried out feasibility studies for eight different sites.
The basic prerequisite for a potential site is the approval of the local population. For
this reason, the site selection procedure is characterized by close dialogue between
the operator SKB and the residents of themunicipalities or the provincial government
itself. Two of the sites (Storuman and Malä) were ruled out due to negative munic-
ipal referenda in 1995 and 1997 respectively. Of the remaining six (Östhammar,
Nyköping, Tierp, Oskarshamn, Hultsfred and Älvkarleby), five seemed suitable. Of
these, SKB shortlisted the locations Östhammar (near Forsmark), Oskarshamn and
Tierp, also because Östhammar and Oskarshamn already have the necessary infras-
tructure as far as possible—both municipalities also have nuclear power plants. The
municipal councils of Östhammar and Oskarshamn approved the drilling of explo-
ration wells. Tierp rejected by a narrow majority (25–23 votes) and thus was not
included. Exploratory drilling began in 2002. In June 2009, SKB opted for the Fors-
mark site because the rock there has a higher thermal conductivity than in Oskar-
shamn. This results in a better dissipation of the decay heat, resulting in both a
smaller area expansion of the repository structure and lower costs. The municipality
of Oskarshamn received financial compensation for rejecting “its” repository site.

In March 2011, SKB submitted an application to the Swedish regulatory author-
ities for the construction of a repository at the Forsmark site. Pilot operation is
expected to start by 2020. The construction of a fuel element conditioning plant was
also planned for the Oskarshamn site in 2006 (planning application 2006). Due to
the in situ storage conditions, the fuel elements will be repacked in copper containers
(5 m long, weighing approx. 27 tons). According to SKB, the Forsmark repository
for HAW (heat-generating) should be ready for operation in 2030.

The transport of conditioned radioactive waste is to be carried out mainly by sea
with a “Specialized Cargo ship” (SKB owned) exclusively developed for this purpose
and between ports owned by SKB, see Fig. 7.14. The Baltic Sea is used both by the
final storage concept for HAW and by the transport routes. A cross-border EIA was
initiated because the Baltic Sea was identified as the study area.

• Within the framework of the transnational participation, the German authorities
submitted comments to Sweden.

• TheGerman public had the opportunity to submit comments to the Swedish author-
ity by 15 April 2016.

SKB has also already submitted the long-term safety assessment to the approval
authority. The IAEA and the OECD-NEA were also involved in its examination. In
the Swedish repository concept, only spent fuel elements (BE) are taken into account;
reprocessing is fundamentally not planned. The total amount of spent fuel assem-
blies from PWR and BWR nuclear power plants is estimated around 12,000 tonnes
(heavy metal—initial weight), corresponding to around 54,000 spent fuel assemblies
[29]. This corresponds to roughly 6000 canisters in the repository. These figures are
based on assumed reactor operational times of 50–60 years. The SR-Site assessment
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Fig. 7.14 Transport of conditioned radioactive waste between conditioning plants and repositories.
Source SKB AB, public domain

Fig. 7.15 KBS-3 Concept Forsmark repository, Sweden Cross section. Source SKB AB, public
domain
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is, therefore, based on a repository with 6000 canisters, corresponding to around
12,000 tonnes of fuel.

The long-term safety assessment is underlying a reference scenario. According
to the SKB spent fuel reference scenario, over 8300 tonnes of BWR fuel and about
2800 tonnes of PWR fuel need to be deposited by year 2045 (year 2045, time for
shut down of the last nuclear power plant). This assumes a volume of 19,600 m3

spent fuel elements is presented to be encapsulated and the total number of (average)
canisters (in copper casks) is 6103 [49].

Table 7.19 lists thirteen radionuclides from the spent fuel assemblies that are
important for decay behaviour and radiotoxicity. Their total activityAi is 5.3E+19Bq,
of which 1.4E+19 are alpha emitters. This shows the long-term risk in the long-term
safety assessment. The probability that one out of the 6,000 canisters has failed at
the end of the initial 1000 year period is estimated at 2.4 × 10−5, i.e. hypothetically
40,000 repositories, each with 6000 canisters would have to be constructed in order
for there to be an expectation of one failure during the initial 1000 years. Despite this
extremely low probability, a risk contribution was calculated for the first 1000 years
[29].

For the Swedish reference final storage concept KBS-3 V (vertical storage of
individual final storage containers in vertical boreholes from the bottom of a storage
section), the variant with a copper cask with a wall thickness of 50 mmwas selected.
Either 4 PWR-FE or 12 BWR-FE can be stored in a Fuel Element (FE)-final storage
container. The temperature at the surface of the containers should not exceed 100 °C
in the repository, see [50], in order not to impair the geotechnical barrier of bentonite,
see Figs. 7.16 and 7.18.

Crystalline rocks offer a highmechanical stability that protects thewaste packages
during the post-operation phase. At the same time, however, the rocks often contain

Fig. 7.16 KBS-3 Concept of safety barriers[(safety) barriers]. Source SKB AB, public domain
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Fig. 7.17 Geological Barrier-principle. Source Follin et al. [51]; SKB AB, public domain P =
precipitation, E = evapotranspiration, R = runoff

Fig. 7.18 KBS-3Concept of emplacement scheme/technical/geotechnical barriers Forsmark repos-
itory/Sweden. Source SKB [29], public domain
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Fig. 7.19 Schematic diagram of repository for HAW Olkiluoto. Source Posiva Oy processed

water-carrying crevices, so that the retention functions for the radioactive inventories
by technical and geotechnical barriers must be ensured, see Figs. 7.15, 7.16 and 7.17.

Essential elements of the safety concept in crystalline rock are, therefore,
corrosion-resistant repository containers with a service life of at least 100,000 years
and a bentonite buffer around the repository container to prevent or delay solution
access to the container, see Fig. 7.16. Further details are provided in Chap. 8.

In addition to these two measures, the backfilling and closure concepts provide
for backfilling of the storage sections with bentonite or a bentonite/rock fragment
mixture as well as the closure of the storage sections with a closure construction in
the connecting drifts.

Todate, only rough concepts have beendeveloped for the backfilling of the remain-
ing mine workings and shafts. In principle, the backfilling and sealing measures
developed for the storage drifts are also to be used here. A verification concept for
the barrier function was developed for the backfilling and sealing of the emplace-
ment boreholes and -drifts. This concept is based on safety functions, criteria for
compliance with the safety functions and methods for proof, see Fig. 7.18.

In the previously submitted long-term safety assessment for Forsmark, it was
necessary for the approval to provide evidence on the emplacement method and site
selection as well as covering all relevant safety factors. A detailed presentation of all
relevant aspects and influencing factors is required for a period of up to 1000 years
and a reduced presentation for up to 100,000 years; in addition, the period of up
to one million years is considered. As a normal development, it is assumed that all
containers and geotechnical barriers function according to their design. Container
and barrier defects are regarded as alternative scenarios.
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In accordance with their importance for the safety concept, the containers and
backfill material form the focal points for the research programs. A number of ben-
tonite types were investigated for their stability in the respective site-specific hydro-
chemical milieus and the safety concept was optimised. In addition, the production
of bentonite form elements and the transport and introduction of these elements were
(are) being tested in in situ experiments; furthermore, cements with the lowest pos-
sible pH values were tested and developed, which are required for the abutment of
barriers, for the sealing of faults and cracks by injections and as a buffer in the super
container concept.

In Sweden, too, the principle is followed that the safety of the repository must be
subjected to a continuous optimisation process with periodic safety checks from the
planning stage to the closure of the repository.

As a radiological criterion beyond 10,000 years it has been determined that the
annual dose is less than an order of magnitude above the risk limit of 0.014 mSv.
This corresponds to the ICRP reference limit dose of 0.1 mSv/a.

SKB estimates the total cost of the concept at SEK6 136 billion. Of these,
39 billion have already been invested, 56 billion are in a state-managed funds set
up to finance final disposal and 41 billion have been secured by nuclear power plant
operators to be lodged with the funds. The final storage of spent fuel will cost around
SEK 37 billion.

(C) Selection of approved European repository sites for HAW—Olkiluoto/Finland

As in Sweden, in Finland the responsibility for site selection and final disposal lies
exclusively in the hands of liable private companies. Here, the state only acts in a
supervisory role, which it exercises through the Radiation Protection Authority and
theMinistry of Labour and Economic Affairs. The private company “Posiva Oy”was
founded for the operational realisation of a central repository for spent fuel elements,
of which the nuclear power plant operators—Fortum Oyj [40%] and Teollisuuden
Voima Oyj (TVO) [60%]—together hold 100% of the shares.

The Finnish Nuclear Energy Act provides for a phased procedure for the estab-
lishment of a repository for high-level radioactive waste. The first decision is the
political decision of the Council of State to establish a repository for radioactive
waste in Finland. The Finnish Nuclear Energy Act stipulates the involvement of the
municipalities, regional and supra-regional administrations and organisations con-
cerned in the subsequent siting process. A public hearing must then be organised
once the respective opinions have been submitted. The final location decision of
the State Council must be ratified by Parliament. The final building permit and the
operating permit are again issued by the State Council.

By government decision, from 1986 to 1992 Posiva Oy has already investigated
the first sites for a potential repository. The investigations concerned the geological
properties of the crystalline host rock of the potential sites and their environmental
factors. From 1993 to 2000, four of these potential sites were explored in detail both
above ground and with various wells, including the two nuclear power plant sites of

6Currently: 1 SEK corresponds to 0.10 Euro, total costs correspond to approx. 14 billion Euro.
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Loviisa and Olkiluoto, where the existing interim storage facilities are also located.
After all four sites had proved to be suitable in principle, PosivaOy selectedOlkiluoto
to minimize the required transports. Transport logistics play an important role in
waste management because transport is an essential part of the public perception of
final disposal.

The government approved the choice of site inDecember 2000 and set amaximum
capacity of 4000 tonnes of spent nuclear fuel. Parliament ratified this government
decision almost unanimously in May 2001 with 159:3 votes. The construction of a
further reactor block at theOlkiluoto sitemeant that an increase in the storage volume
to a total of 5400 containers was included in the application documents. The decision
in favour of Olkiluoto was supported by the local council with a large majority. The
local council of the receiving municipality has a legal right to file a veto against a
location decision.

On 28 December 2012, Posiva Oy submitted the application for a building permit
for the repository to the Finnish Government. The Finnish Nuclear Safety Authority
STUK (Säteilyturvakeskus) confirmed the safety of the submitted repository con-
cept to the Finnish Ministry of Economy and Labour in February 2015. Within the
framework of the statement, the submitted documents were checked for conformity
with the Finnish Nuclear Energy Act. In November 2015, building permission was
granted for the Olkiluoto repository. The construction of the necessary infrastruc-
ture (shafts and ramps) for an underground laboratory at the site (ONKALO) was
successfully completed in 2014.

Following an opinion of the Finnish Ministry of Economy and Labour and the
consultation of other stakeholders, the Finnish Government will decide whether to
grant the operating licence application in 2020. The final storage operation is sched-
uled to commence in 2022. This would make Olkiluoto the world’s first repository
for HAW from civil use of nuclear energy.

According to current proposals, the repository is to be operated until 2112 and
will be closed securely in the year 2120. The Finnish repository concept in granite
was developed in close cooperation with the Swedish nuclear fuel disposal company
Svensk Kärnbränslehantering AB (SKB). Not only are the containers- and emplace-
ment concepts of the two countries very similar, but the Olkiluoto repository will
also be constructed, operated and sealed according to the SKB concept, see Fig. 7.18.

The underground research laboratory ONKALO is directly integrated into the
repository as a pilot plantwithin the project.During the development of the repository,
geological, geophysical, rock-mechanical and geochemical investigations will be
carried out to determine the suitability of the rock and the emplacement techniques
will thus be tested under real conditions before emplacement begins.

Posiva Oy also submitted the long-term safety certificate with the building per-
mit application to the approval authority and this was confirmed with the building
permit, but with an updated obligation. The IAEA and the OECD-NEA were also
involved in its review. It is incumbent upon Posiva Oy to constantly incorporate the
knowledge gained from both construction and operation into the long-term safety
record. In Finland, too, the principle is followed that the safety of the repository must
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be subjected to a continuous optimisation process with periodic safety checks from
the planning phase to the closure of the repository.

Some facts about the Finnish repository concept: Only spent fuel elements (BE)
will be taken into account. The maximum quantity of HAW to be stored is given
as 9000 tU, which is to be conditioned in 4500 packages, see [30]. In the approved
repository layout, there is space for 5400 containers. In Table 7.20, the total activities
of the thirteen radionuclides, which are of significance with regard to decay perfor-
mance and radiotoxicity, are determined from the reference inventory in accordance
with [30], based on a decay time of 30 years. The total activity Ai is 7.15E+19 Bq,
of which 2.03E+19 are alpha emitters. This represents the long-term risk in the long-
term safety assessment [52]. The probability that one of the 4500 canisters will have
failed at the end of the initial 1000 year period is estimated at 1.6× 10−5. Despite this
extremely low probability, a risk contribution was calculated for the first 1000 years.
The long-term safety assessment follows in the same way as for Forsmark [30].

Also, in the Finnish repository concept, the temperature at the surface of the
containers in the repository should not exceed 100 °C, see [50], in order not to
impair the geotechnical barrier of bentonite. The entire emplacement technology is
designed for this purpose, see Figs. 7.14 and 7.20.

Fig. 7.20 Vertical and horizontal container emplacement and the envisaged geotechnical barriers
in Olkiluoto’s long-term safety concept. Source © SKB AB; public domain
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Fig. 7.21 Geological W-O section with location of the repository area. According to POSIVA [53,
52]; public domain

The Olkiluoto repository is built within the granite formation “Äspödiorit”. It has
remained unchanged in site for 1.8 billion years and is thus one of the oldest geologi-
cal formations in Europe.However, the granite formation “Äspödiorit” is also crossed
by water-bearing fissures, so that the retention functions for the radioactive inventory
must be ensured by technical and geotechnical barriers, see Fig. 7.15. According to
Posiva Oy, only about 40 l of water per minute are measured in Olkiluoto in already
existing repositories (LAW/MAW), which corresponds to 2.4 cubic metres per hour
or 58 cubic metres per day. In this respect, a relatively dense granite formation is
found in the Olkiluoto repository area, see Fig. 7.21.

The entire repository consists of a system of transport and emplacement sections
accessible from the surface via a ramp. In addition, three shafts are planned—a shaft
for container transport, a shaft for passenger transport and a ventilation shaft [30].
The drifts driven for storage are run at the final storage level at a distance of 25 mwill
be oriented, in direction NW-SE and in E-W parallel to the main horizontal stresses
in the rock. The drifts will run 400–450 m below ground level and should have a
maximum length of 350 m. The boreholes in which the canisters will be sunk will
have a diameter of 1750 mm. The total length of the emplacement drifts should be
approx. 41 km, see Fig. 7.19.

The essential elements of Olkiluoto’s safety concept are corrosion-resistant repos-
itory containers with a service life of at least 100,000 years and a bentonite buffer
around each repository container to prevent or delay solution access to the container,
see Fig. 7.15 Further details on the containers are provided in Chap. 8.

The long-term safety concept consists of two parts, which are summarised in the
safety case:

– The radionuclide release and -dispersion up to the exit into the biosphere. A ref-
erence dose of 0.1 mSv/a is prescribed. Finland thus follows the ICRP proposal,

– solution inflow scenario—prevention of the mobilisation of pollutants.

In principle, retrievability is only guaranteed during the emplacement phase,
whereby this would require the removal of the bentonite and the development of



292 7 Final Disposal of Radioactive Waste with High Radioactivity …

suitable removal techniques. After completion of the emplacement phase, which is
expected to last about 100 years, the repository is to be closed in such a way that
unauthorised retrieval is made effectively impossible. An authorised retrieval of the
stored waste after closure is no longer provided for in the current concept.

In the so-called ice age-scenario, the penetration of permafrost to a depth of 800m
is assumed, which would endanger the safety of the repository. Posiva proposes to
displace the containers in this case.

Based on the reactor blocks currently approved in Finland, the cost of final
disposal is estimated at around EUR 6 billion, of which around EUR 3.5 billion
is accounted for by the Olkiluoto repository for high-level radioactive waste. The
remaining EUR 2.5 billion will be spent on the disposal of low and medium level
radioactive waste and on the decommissioning of nuclear power stations. These costs
form the basis for calculating the levy, which is also levied in Finland as a surcharge
on nuclear power and contributes 67 million euros annually to the Finnish Disposal
Fund. The law requires that there must always be enough funds available in the fund
at the end of the year to cover the total disposal costs from that date forward. The fund
currently has around EUR 2 billion in it. The operating expenses of the operating
company are borne directly by its shareholders and not by the fund.

7.5 Temporal Change in Radioactivity in Waste

7.5.1 Basic Principles

Long-lived radionuclides with high radiotoxicity play the decisive role for the period
under consideration in determining long-term safety. Therefore, the decay behaviour
of radioactive waste and its influenceability are of great importance. In the following,
some remarks on this topic will be presented.

In case of final disposal of radioactive waste and residues the material is a waste
mixture, also known as nuclide mixture. The composition of the waste naturally
depends to a great extent on the composition present according to Fig. 7.21, or as
prepared (conditioned) for final disposal. Nuclide mixtures are listed in Tables 7.1
and 7.3, which are typical for the respective species.

The radioactive nuclei (radionuclides) decay by emission of radiation (α-, β-, γ-
and neutron beams). They are transformed into other nuclei, some of which are also
radioactive. Sooner or later, however, stable isotopes are formed that do not continue
to radiate. The half-life of an isotope is the time after which half of the material
has decayed. The isotopes found in radioactive waste have extremely different half-
lives—from less than one hour to millions of years.

Waste mixtures exhibit a different (natural) decrease in radioactivity than indi-
vidual radionuclides (decay times of nuclide mixtures). For example, the mixture
of U-235 and U-238 contained in uranium oxide pastilles of fuel elements reacts as
follows after bombardment: U-235 can fehhibit fission. U-238 cannot exhibit fission



7.5 Temporal Change in Radioactivity in Waste 293

but may transform into fissile elements. In this way, furthermixtures of different radi-
ating nuclides are formed in the irradiated fuel elements in the reactor. The smaller
and often highly radioactive nuclides are called fission products. The radioactive
nuclides converted from U-238 are referred to as transuranic elements (minor acti-
noids: neptunium, americium and curium—the isotopes Np-237, Am-241, Am-243
and Cm-245), see Tables 7.3 and 7.14. This is the basis for considering the radioac-
tive inventory in the wastes and thus the physical properties of the nuclide mixtures,
in this case highly radioactive waste (HAW).

Fission products are usually much more short-lived than transuranics. The frag-
ments, which are for example. formed during the fission process of U-235, aremostly
short-lived or very short-lived and are often transformed into stable non-radioactive
nuclides via further radioactive short-lived fission products. This generates a great
deal of decay heat, which in turn is used in the reactor to heat water to generate
steam which is used in turbines to generate electricity; this decay leads to the spent
fuel elements having to be cooled for years and perhaps decades in wet storage,
whereby the water both dissipates the heat and shields a significant part of the radia-
tion, see Fig. 7.1. The fuel elements are only transportable when the heat generation
has decreased significantly. They can then be taken to an interim storage facility in
special air-cooled casks (Castors). However, significant heat generation only occurs
in the case of highly radioactive waste, see Fig. 7.22.

Atomic fission also produces fission products with “medium” and “long” half-
lives. In the “middle” group two elements are decisive: Cs-137 and Sr-90 (and the
daughter product Yt-90). Both elements have half-lives of about 30 years: after
300 years one thousandth after 600 years one millionth and after about 100 years
less than one billionth of the original starting nuclide are still present. In addition,
however, there are 7 long-lived fission products, such as technetium or Ma-99 (half-
life 211,000 years) and I-129 (half-life 15.7 million years). Tc-99, derived from a
decay chain around Y-99, see Tables 7.1 and 7.2.

Figure 7.23 illustrates the (natural) decay process of the fission products bymeans
of the so-called toxicity index of highly active solidified waste from the reprocessing
of fuel elements from pressurizedwater reactors with a burn-up of 33,000MWd/tHM
(Megawatt-day per Metric Ton).7

The toxicity index is defined as the ratio between the quantity of water and the
volume of waste required to dilute radioactive substances in order to meet radiation
protection standards. It is therefore an empirical quantity that is adjusted according
to the radiotoxicology findings.

In the first 1000 years or so, the toxicity index of the fission products decreases
by a factor of about 1 million, see Fig. 7.22. After that, the long-lived fission prod-
ucts dominate over the further millions of years and more. This observable decay
behaviour has also been taken into account in the long-term safety assessment for
the Forsmark and Olkiluoto HG-HAW repositories, in which the observation-period
is divided into 3 time periods: up to 1000 years, up to 100,000 years, up to 1 million
years.

71 MWd = 24,000 kWh; Metric Ton; tHM i.e. MTU = metric ton of uranium metal.
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Fig. 7.22 Fission products
and decay properties
measured by toxicity index:
Sr = Strontium; Cs =
Caesium; Y = Yttrium; Eu
= Europium; I = Iod; H-3 =
Tritium; Tc = Technetium;
Zr = Zirkon; Nb = Niobium

7.5.2 Targeted Change in Radioactivity Through
Transmutation

Meanwhile available research results and implementations must be taken seri-
ously and incorporated into a repository concept, including the nuclear treatment
of radioactive waste [nuclear transmutation consisting of partitioning and transmu-
tation (P&T)]. Here are a few remarks. P&T refer to technical processes for the
treatment of spent fuel elements from nuclear power plants which aim at the sepa-
ration of groups of substances (partitioning) and the subsequent conversion of the
actinide elements plutonium (Pu), neptunium (Np), americium (Am) and curium
(Cm) by irradiation (transmutation). Radioactive isotopes with a long half-life are
converted by irradiation with neutrons into radionuclides which are either stable or
have significantly shorter half-lives. Figure 7.24 shows the temporal development
of a radiotoxicity indicator (measured in the dose unit Sievert, Sv). By P&T, the
decrease of the radiotoxicity of actinides (here: plutonium, uranium, blue curve in
Fig. 7.24) can significantly run much faster (yellow curve in Fig. 7.24). This shortens
the time in which the radiotoxicity of HAW drops to a level corresponding to that of
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Fig. 7.23 Transuranic elements and decay properties measured by toxicity index: Cm = Curium;
Am = Americium; Pu = Plutonium; Np = Neptunium; U = Uran

natural uranium (ore) from approx. 16,000 years to only 330 years. This also reduces
the heat release of HAW much faster to a level at which the thermal release due to
decay heat in the repository can be largely avoided.

This means that extensive measures to reduce the heat-induced load on the rock
can be dispensed with without lowering the safety standard. This would make it
possible to resort to a long-term safety proof, how it was applied to and approved
for radioactive waste with low heat generation. With the modular repository concept
presented in the following, the safety standard of the repository will be considerably
increased.

Technical analyses show, that the reduction of volume of heat generating waste,
by reduction of thermal power and total activity as a result of a subsequent imple-
mentation of P&T can be significant for a German repository scenario; the minimum
reduction of these is between one and two orders of magnitude, and in case of the
radiotoxicity even more significant, see Acatech STUDIE [18].

Of course, the radioactive residues are not eliminated by transmutation and they
must also be disposed of, but with a significantly altered radionuclide vector and
reduced radiotoxicity of HAW. Thus remain, C-14, Cl-36, Cs-135 and I-129, among
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Fig. 7.24 Transmutation, course of radiotoxicity; according to KIT and [40]

others, as mobile and long-lived radionuclides for which a long-term proof of safety
must be provided. However, the increased safety due to the faster degradation of
radiotoxicologically relevant radionuclides of actinides is an important aspect with
regard to long-term safety. Research programs are currently underway on a large
scale, e.g. in France, which suggest the application of transmutation in a repository
concept. First assessments of the advantages and disadvantages of (P&T) in different
reactor configurations depending on the given specific targets are compiled in Acat-
ech STUDIE (2014). This report states: “A total of four technical scenarios were
developed in order to estimate and evaluate the various options for action for the
Federal Government in the question of the future handling of P&T. These scenarios
were examined for their social, ecological, legal and economic implications on the
basis of a broad mix of methods”.

Although the study deals with numerous questions still to be solved, the appli-
cation of P&T in a German repository concept cannot be expected from today’s
perspective. There are, however, three facts that argue against it:

– From today’s perspective, P&T uses light water reactors with oxide fuel specially
developed for this purpose. Current scenarios assume that the existing light water
reactors will gradually be replaced by third generation reactors of the EPR8 type,
until from 2050 successively fast fourth generation reactors will be introduced,
see [20];

8EPR—European Pressurized Water Reactor.
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– There is currently no ready-to-use technology available. The ADS technology9

and the production of transmutation fuel from radioactive waste from light water
reactors are planned for 2050, see [54].

– Since 1 July 2005, the reprocessing of fuel rods fromGermany has been completely
prohibited by law. According to the current legal situation therefore, a P&T ban
should also apply;

– The P&T process will take a very long time, several decades, for the HAWs that
have occurred in Germany, so that only integration into a nuclear power generation
process would be worthwhile from today’s point of view, financially as well as
technically.

P&T technology should be integrated into a modular concept of final disposal
until the final decision on the final disposal of HAW has been taken and considering
the expected further development of the technology. P&T are thus classified as “can
be omitted” if the procedure is not suitable for the repository concept.

7.6 Conclusions

The construction of repositories for high-level radioactive waste (heat-generating
waste) is not an insurmountable problem, as various examples have shown. Some
countries have already made great progress. Three of them, namely Finland, Sweden
and France, are very close to achieving the target. For political reasons, Germany has
started searching for a location for a repository from scratch. After almost 50 years
of repository research for HAW (heat-generating), Germany is almost starting from
“zero”. Does the so-called new start give cause for hope? We will have to wait
and see. A concept of how to achieve long-term safe, stable final storage cannot be
discerned.Here, the elements of international disposal solutions are to be put together,
without which a repository concept has hardly any chance of being realised. For all
the repository projects presented, these are optimised both during the construction
phase and until they are decommissioned. This is an accepted basic principle of
repository design.

The objective which both the location selection act (StandAG) and the End-
lagerkommission founded with the StandAG have formulated is: “…to find the site
for a final storage facility in the Federal Republic of Germany in accordance with
the Atomic Energy Act, Section 9a Paragraph 3 Sentence 1, which guarantees the
best possible safety for a period of one million years”. However, there is no selection
procedure worldwide that would have aimed at “the best possible safety”. This also
applies to the successful solutions presented here. There is also no generally accepted
definition of this term in the entire scientific literature. The term “best possible safe-
ty” is irrelevant for the objective to be achieved, namely that “a repository concept for
radio-toxic waste and residues must permanently prevent radio-toxic contaminants

9Accelerator-driven Systems (ADS) and Fast Reactors [46].
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from entering the biosphere and, if so, only within socially and legally accepted lim-
its”. Rather, it becomes apparent that the organisational and technical aspects must
first be sorted out, without which a repository concept for a permanently safe storage
solution cannot be found. The permanent criterion is the approval capability of the
repository system.

Following the activities of the Repository Commission pursuant to StandAG [55]
andwith the “Act on theReorganisation of theOrganisational Structure in the Field of
Repository Waste Management”, in 2016 [37] the Federal Government reorganised
the responsibilities in the field of repository waste disposal. The Act stipulates that
the state tasks of supervision and licensing in the field of nuclear technology, interim
storage, site selection and repository surveillance are to be handledbyone authority—
the Federal Office for Nuclear Safety of Disposal (BfE). Thus, the BfE became the
central licensing and supervisory authority independent of the repository operator.
A Bundesgesellschaft für Endlagerung (BGE) mbH [37] was founded as the project
executing agency for the operative tasks of site search, construction and operation
of the repositories and the Asse II mine as well as the operation of the Gorleben
exploratory mine. This company assumes the tasks of Asse-GmbH, DBE mbH and
the BfS. The BfS then concentrates on the state tasks of radiation protection or the
monitoring networks for radioactivity in the environment.

This re-structuring is now completed.
The selection of the international repository projects made here is not accidental.

Either the repository projects have been completed (WIPP) or they are under con-
struction or the repository site has been selected, so that administrative procedures
have started. YuccaMountain in the USA is also back in this position. The successful
European projects have one thing in common: there has been a site selection pro-
cedure that was open and transparent and in which the population of the receiving
community not only has the final decision on the site, but also the prospect of an
appropriate compensation for any disadvantages. Anyone who undertakes to ensure
the long-term safe disposal of HAW (heat-generating radioactive waste) on the com-
munity territory for the citizenship of a country should also be able to count on a
high financial reward from the financing fund. This was organised in the same way
in Finland and Sweden. Only in the USA (Yucca Mountain) has the situation so far
been the same as in Germany, that is non-transparent and without public or regional
participation. In the end, courts had to decide. It can be consistently proven that
a positive mood towards the peaceful use of nuclear energy is not decisive for the
acceptance of repository projects, but rather that the statement that possible negative
effects of the final disposal of HAW are regional and over a time period of 1 Million
years the reliability of behavioral predictions is often questioned and thus the final
decision on the approval of a repository in the territory of a municipality should lie
with the municipality itself.

Most countries that are making intensive efforts to find a final disposal site for
HAW operate nuclear power plants. Before deciding on a suitable repository site,
all these countries asked themselves whether sites at which nuclear power plants are
operated or at which nuclear power plants have been operated are not particularly
suitable. All these countries answered the question in the affirmative. They had two
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strong arguments in their favour: The existing infrastructure, including interim stor-
age facilities, could be integrated into the repository concept and that one repository
site combines several tasks, namely the conditioning of the radioactive waste (encap-
sulation) and the transport logistics (waste management) between the conditioning
facilities and the repository site. These are to be optimised and become an essential
part of acceptance by the public. The solution offered in Sweden for sea transport
between the conditioning plant in Oskarshamn and the final repository in Forsmark,
see Fig. 7.13, is original; the solution to transport the containers directly from the
conditioning plant underground to the final repository is also original.

In most international repository projects, spent nuclear fuel is not transferred
directly from the interim storage facility to the conditioning plant. Transitional stor-
age facilities are being built. In Germany, interim storage facilities do not meet the
requirements of a transitional storage facility.10 Due to the length of the procedure,
the operating licences for the interim storage facilities will expire, so that the highly
relevant questions are raised: where and how many interim storage facilities will be
involved and should the former power plant building be able to be used etc.?

What temporal relevance do these questions have? The Federal Government has
declared that the site search should be completed by 2031 at the latest and the
Repository Commission states in the final report on page 104: “In the opinion of
the Commission, the disposal of highly radioactive waste at the site sought could
begin with the best possible safety in the year 2050,…” and then insert the general
insurance in the second half sentence: “… if there are no unforeseen delays”, see [55].
For emplacement operations, 20-30 years are forecast. In view of the fact that errors
in the formulation of the selection criteria for a repository site can lead to considerable
time delays because the citizenship refuse to consent, the authors do not consider
the dates given to be realistic, based on plausible time requirements for licensing
procedures, for public participation, for voting and deliberation processes, for legal
protection procedures, for post-clearance collection of data and for the exploration of
possible siting regions. If this is taken as a basis, the exploratory approach will lead to
significantly different periods of time. The commissioning (beginning of the storage
of the waste) would be expected to last perhaps for the next century, a closure time
therefore is far into the next century. Byway of comparison, the planned construction
time for the Konrad mine repository will more than triple in the end, and the costs
will have quadrupled.

10TheGermanFederalGovernment’sNationalDisposal Plan provides for a receiving storage facility
into which the HAW from the interim storage facilities are to be transferred, in particular due to
the expiration of operating licences. The interrelationships and derived questions raised here do not
play a role therein. The final report of the Repository Commission on page 248 states: “In terms
of time, the removal from the interim storage facilities must be coordinated with the conditioning
required at the repository site in accordance with the repository concept. It is uncertain whether and
to what extent the receiving storage facility provided for in the National Disposal Plan will exist. If
this storage facility is built before the final repository has a legally binding permit, the impression
of a preliminary decision is created that may cast doubt on the legality of the procedure. If a large
receiving storage facility is built, this could also be perceived as the greater burden compared to the
final storage facility in the discussion on site…”. Of course, this statement also raises the question,
if one had not may expect more detailed work from the Repository.
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All the international repository projects presented here have the characteristic that
they are being built in countries that have integrated energy generation from nuclear
fuels into their energy concept on a long-term basis andwhere the production of spent
nuclear fuel will continue for an unforeseeable period of time. In addition to the now
approved HAW repositories, more are likely to follow. In Finland, Oklituoto will
remain in operation for about 100 years. The Oklituoto repository is therefore large
in terms of the annual volume ofHAWinFinland. France has decided to store as far as
possible only radioactive material originating from reprocessing in the Cigéo (Bure)
repository; direct storage is the exception, as the heat generation and the relative
radiotoxicity of the inventory are correspondingly low. France is also planning to use
the P&T process in the future. The common factor is that these countries need space
for intermediate storage of the newly accumulating HAW. However, Germany will
not be in this position after 2050 because no new HAW will be produced from the
nuclear power plants. According to information published by the BMU, the interim
storage capacity is sufficient. Furthermore, paragraph 6 (5) of the Atomic Energy
Act stipulates: “The storage of nuclear fuels in nuclear installations in accordance
with paragraph 3 in conjunction with paragraph 1 shall not exceed 40 years from the
beginning of the first storage of a container. Licences in accordance with sentence 1
may only be extended for irrefutable reasons and after the prior referral to theGerman
Bundestag”. The German Bundestag must decide at the earliest in 2042, when the
operating licence for the interim storage facility at the Emsland site expires, and at
the latest in 2048, when the operating licence at the Unterweser site expires, whether
the non-existent final storage capacities are to be regarded as irrefutable reasons.
However, the operating licences of the decentralised interim storage facilities expire
n 2032 (Ahaus) and in 2039 (Rubenow). The next generation will therefore have to
deal with this issue. But in the meantime, however, the federal government has taken
over all interim storage facilities from the power plant operators in accordance with
the law. The fact is that the capacity for a German repository is fairly accurately
calculable and it is very likely at this stage that Germany will have no further need
for the final disposal of HAW. Is there therefore a reason to hurry when it comes to
finding and constructing HAW disposal capacities? Not from the author’s point of
view.What is there a need for in Germany, namely a considerable need for a balanced
repository concept which raises all existing potentials, which offers the required
degree of safety, in order to achieve the goal of permanent, complete isolation of
the stored radioactive inventory from the biosphere with a probability bordering on
safety, which can be expected to be accepted by the citizenship and which also keeps
an eye on the costs incurred. The potential concerns also include those of nuclear
power plant operators. They and their qualified personnel can contribute considerable
know-how to the process and should also be given the opportunity to earn money
from the public law fund for services rendered, as in other countries.

So why is it that part of the community is in such a hurry? Well, because, in
their opinion, a commissioning date after 2050 misses the goal of “not shifting the
disposal issue to future generations”. At first it sounds like a precaution, but it
is an empty phrase. The disposal of the radioactive waste generated in this gener-
ation will affect many, many subsequent generations per se. A subject has already
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been formulated above, the operating permits for interim storage facilities, possibly
for transition storage facilities, conditioning facilities, P&T, etc. We must therefore
rather ensure that subsequent generations do not suffer any damage as a result of the
disposal of radioactive waste of this generation, not even financial damage. Safety
must have top priority in all phases of the final disposal of HAW (heat-generating),
interim storage, conditioning, emplacement, decommissioning and sealing phase.
This applies to the environment of the repository, for which a long-term safety proof
is required, but also and especially to the operating personnel in all areas (interim
storage, conditioning, transport, reception, emplacement and sealing). According to
the current understanding, a rapid decommissioning of the repositories is not advis-
able. An immediate closure of the plant according to the principle “Close your eyes
and hope for the best!” implies the message that the intention is to get rid of the
radioactive waste as quickly as possible and to transfer the problem to future gener-
ations. If subsequent generations succeed in developing better methods for the final
disposal of HAW, they must be able to use them, e.g. nuclear transmutation as an
regular operation. This is most likely to succeed if free access, permanent monitoring
and information retrieval from the isolated HAW are made possible over a period of
at least 500 years. It is interesting to note here that the French repository concept con-
tains this consideration, but from the point of view of retrievability. In this concept,
retrievability is also possible after closure of the repository for future generations,
who have to calculate the resultant risk. This will occur because these generations
may also operate nuclear power plants and therefore also have the problem of final
disposal of HAW. This means that future generations can benefit from the reposito-
ries that are currently developed by combining the existing repository concepts with
their own approaches and presenting new and better repository solutions.

In the case of international repository projects, it is noticeable that underground
laboratories and/or pilot plants are integrated into these projects, without exception.
Underground laboratories and/or pilot plants are indispensable in the approval pro-
cedures of the respective countries. Only Germany has so far almost completely
done without them, apart from a few experiments carried out in the Asse “research
mine” at the time. There, between 1983 and 1985, the effects of highly active waste
on the surrounding salt were simulated at four test sites using electric heaters and
cobalt-60 sources. The cobalt-60 sources are now part of the Asse inventory, see
Table 7.7. Otherwise, little is left to be used; instead, the Asse “research mine” was
set up to drastically reduce the acceptance of final disposal. With the determination
of the repository location, the establishment of an underground laboratory and/or a
pilot plant must therefore be applied for. This application must become part of the
site permit. Geological, geophysical, rock-mechanical and geochemical investiga-
tions into the suitability of the rock can then be carried out there and the storage
techniques can be tested under real conditions before storage begins. In the case of
a pilot plant, this can later be integrated into the final repository. With the establish-
ment of transition storage facilities, this approach is proposed and combined with
a mandatory long-term monitoring system to gather information on the behaviour
of isolated HAWs, the stability of containers and their interaction with the environ-
ment, as well as their inclusion effectiveness, etc. For this reason, the barrier-free
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retrievability of containers over a period of 500 years should not be abandoned. In
countries such as France, Sweden and Finland, it would be easier to maintain such
a long “transition” period, because the peaceful use of nuclear energy will continue
over a very long period andwith it the accumulation of HAW. This would certainly be
a contribution for future generations to optimise the final disposal of HAW. This also
includes the effectiveness of technical and geotechnical barriers and their integration
into a repository concept.

The international repository concepts presented cover a range of possible host
rocks. The authors do not see the choice of site and thus the determination of a host
rock as a central question in a scientifically based repository concept. For them, this
question is merely the definition of boundary conditions under which a repository
concept is developed. The solution of the acceptance problem is of utmost importance
when selecting a site. Therefore, it seems reasonable to ask at the beginning whether
municipalities would not be prepared, as in Sweden and Finland, to offer themselves
as storage sites! It goes without saying that the terms and conditions of support must
first be determined in such a way that a municipality can also benefit from above-
average long-term advantages from the fact that a repository is to be built in its own
district.

Geological formations that appear suitable for a repository site should be char-
acterised by their high insulating capacity and by the fact that they largely prevent
the formation of a reactive mass transport environment that enables the transport of
radionuclides from the ECZ into the biosphere. These are water or aqueous solu-
tions. The consistency and nature of the aqueous solutions also have an influence
on the transport mechanism. There are several assessment matrices that compare
the repository-relevant properties of the potential host rocks, see Table 7.21. The
result can only be that there is no perfect host rock that guarantees sufficient, perma-
nent safety under the various scenarios to be considered. A repository concept must
always integrate a multibarrier system in such a way that the weaknesses of the host
rock do not come to bear. Host rocks are not the result of geological processes that
they become host rocks for repositories. They are there, just as they are, because our
earth was not created for final disposal.

National repository concepts can only take into account the host rocks that are
present inside the national borders. In Scandinavia these are the granite formation
“Äspödiorit” and in Germany primarily the enormous salt domes in Northern Ger-
many and granite formations in South-East Germany. In both geological formations
there are large areas from which raw materials can be extracted. This to prevent
dispersal for over 1 million years is a challenging task.

The age of the geological formation is often highlighted as an advantage of
host rocks. The granites of the Baltic Shield (Finland, Sweden), for example, are
1900–1125 million years old. The mighty salt domes in the North German Basin are
about 250 million years old. Technical materials or geotechnogenic, geotechnical
constructions are of course much younger. What is much more important, however,
is that there has not been the time to prove their long-term properties with exper-
iments. However, this alone is not a deficiency. It is therefore a matter of starting
correspondingly long test series which reliably prove these long-term properties and
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which permit extrapolation to periods of >100,000 years. For this reason in particular,
the establishment of an underground research laboratory and/or a pilot plant is indis-
pensable. In a multi-barrier system of a repository concept, the individual barriers
are coordinated so that the isolation of the radioactive waste is permanently guaran-
teed. The technical and geotechnical barriers compensate for the imperfection of the
geological barrier. Only the properties of the technical and geotechnical barriers can
be influenced and designed and developed by man. In particular, there is a consid-
erable need for research in Germany with regard to container development and the
selection of long-acting and effective immobilising agents. SKB’s double-manifold
copper tanks equipped with bentonite buffers would certainly be transferable to Ger-
man conditions; at least the Swedish and Finnish research is pointing in this direction.

A comparison of the radionuclide vectors of the HAWs intended for final disposal
in Germany, Sweden and Finland shows that the radionuclide vectors as such are not
decisive for the selection of the host rock for the repository to be accommodated, see
Table 7.22. For this purpose, the various reference times in Tables 7.4, 7.12 and 7.13
had to be normalised. This was done by removing the radionuclides with a half-life
of <1000 years.

The selection of host rocks is primarily determined by the isolation capacity of
the geological formations (permeability, sorption behaviour) in which the ECZ is
created and by the permanent prevention of the development of a reactive mass
transport environment, of transport mechanisms, so that radionuclides can escape
from the ewG into the biosphere to a damaging extent (accident scenario: solution
inflow into the ECZ). However, the fact must be mentioned here that a simultaneous,
spontaneous discharge of all radionuclides from the container is not to be expected
following corrosion of the containermatrix.Although radionuclidesmay escape from
the waste product, as a result of corrosion in the containers, they can be incorporated
into the new solid phases and thus immobilised. The extent of release and retention
is determined by the geochemical environment, as radionuclides can be subject to
a variety of processes. How the source term will develop is one of the great secrets
that we try to decipher with a number of assumptions. Which path the aqueous
solutions may ultimately take is also subject to a number of assumptions until a mass
transport model can provide information about the possible spread of radionuclides
in the ECZ and finally about possible release into the overburden. Any assumption
between 100% immobilisation and 100% mobilisation is possible, only a part of
the radionuclides can be mobilised and a part of it is immobilised by the processes
described above.

The influence of high temperatures on the host rock, especially in the ECZ, played
a major role in the discussion on the final disposal of heat-generating radioactive
waste. The questions were: temperature-induced changes in rock properties; ther-
mally induced stresses that can lead to the formation of water pathways; the forma-
tion of secondary permeability under the influence of temperature; migration of fluid
inclusions in the salt under temperature increase, etc. In addition to the host rock‘s
properties of temperature resistance, thermal conductivity and the influence of tem-
perature on the technical and geotechnical barriers that have led to the determination
of design temperatures for the individual host rocks, the effect of temperature on the
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host rock can be counteracted by the emplacement conditions, insulation and backfill
material and the integration of P&T into a repository design, so that the development
of limit temperatures or even their exceedance will be completely ruled out. In the
Finnish, Swedish and French concepts this is implemented following the realization
that man cannot change the thermal properties of the host rocks.

Two scenarios have acquired special significance in the repository concepts under
consideration:

– Human Intrusion Scenario and
– Scenario of possible future climate changes (humid climate instead of desert cli-
mate; ice age etc.)

The human intrusion scenario, the deliberate or unintentional intrusion of future
generations into the repository area (ECZ), cannot be separated from the recognition
that mining activities have always taken place in Europe. While this problem is not
discussed with the necessary rigor in Germany, this scenario occupies an important
place in the repository concepts of the USA (Canada). Thus, after decommissioning,
theWIPP in theUSA is to be protectedwith a large-scale facility on the surface above
the repository, with about 50 monoliths, 3 km long earth walls and a comprehensive
marking, further see Sect. 7.4.1. This also shows the different social developments
(traditions) in the USA and in Germany. While it is relatively easy in the USA to
obtain a mining license (General Mining Act—rights of mining claims), the Federal
Mining Act poses higher hurdles. In addition, the Germans gold-digger mentality
is not quite so pronounced. The mining registers in Germany are excellent for this
purpose. This should also lead to the final documentation being kept in the register
of the respective mining office. In Finland and Sweden, the sites have been selected
in such a way that no significant mineralisation has been proven there. The human
intrusion scenario requires long-term monitoring of all activities in the repository
area. A permanent security guard concept cannot therefore be ruled out.

In the long-term safety assessment for the Yucca Mountain repository, only little
attention was paid to the climate change scenario. The low annual precipitation, the
almost complete above-ground runoff combined with the high evaporation rates, the
very low groundwater level and the closed basin structure, which does not affect
groundwater catchment areas in neighboring regions, were decisive factors for the
selection of the site in the mainly Miocene volcanic tuffs of the Yucca Mountains
of Nevada. The formation of the Miocene volcanic tuffs are extremely dry, solu-
tion influx into the ECZ under the formulated conditions is practically impossible
under the prevailing conditions. For this purpose, a sophisticated container and trans-
port system was integrated into the building application for Yucca Mountain, see
Fig. 7.7. When reviewing the Yucca Mountain repository concept, the failure to take
into account various scenarios, in particular possible future climate changes (humid
climate instead of desert climate), earthquakes and volcanic eruptions as possible
hazards for the repository led to the NRC (Nuclear Regulatory Commission) reject-
ing the building application for Yucca Mountain.

Update 2019: The construction application for Yucca Mountain submitted by the
DOE to the competent licensing authority NRC in June 2008 has been suspended
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since 2011 due to a lack of budget funds. Meanwhile, the NRC has submitted a
proof of eligibility for Yucca Mountain: “Safety Evaluation Report Related to High
Level Radioactive Wastes in a Geologic Repository at Yucca Mountain, Nevada”,
[56] showing the site’s overall suitability.

In 2017, $120 million was approved for the 2018 financial year for the progress of
the licensing process and further work on the Yucca Mountain site. A bill dated May
10th 2018 directs theDOE to continue its licensing process forYuccaMountainwhile
moving forward with a separate plan for a temporary storage site in New Mexico or
Texas. The possibilities of including the warm-cold-time scenario has discussed in
Sect. 7.4.1.

In the Swedish and Finnish repository concepts, too, the climate change sce-
nario, here the formation of an ice age, were treated as part of the long-term safety
assessment and was the subject of the approval procedure. The observation period
is divided into up to 100,000 years and beyond. In the period up to 100,000 years
the occurrence of an ice age is unlikely, see Sect. 8.5.1 and Fig. 8.10, in the period
>100,000 years such an event is probable Based on an freezing depth of 800 m, the
scenario “relocation of waste” was developed as part of the safety case and for the
approval of the project. A further conclusion from this could be to provide deeper
emplacement levels for the HAW from the beginning or to investigate the freezing of
the aqueous solutions and their influence on the transport mechanism in more detail.
In the last cold period, theWeichsel cold period, over approx. 50,000 years there was
a deviation of−4K and less, 40,000 years of−6K and less and 10,000 years of−8K
and less from the 500,000 year average temperature. Answers to questions such as:
at what temperatures does the repository horizon freeze and when does it thaw again
and when is it likely that a transport mechanism will stop and start again, are still
open. The composition of the aqueous solutions plays a decisive role here. For exam-
ple, a saturated saline solution has a freezing point of −21 °C. Bentonite buffers can
be designed to lower the freezing point of the entire system so that freezing can
possibly be averted. Bentonite container shields are used in the Swedish and Finnish
repositories, see Figs. 7.16 and 7.17. A number of bentonite types were investigated
for their stability in the respective site-specific hydrochemical environments. In addi-
tion, the production of bentonite-form elements as well as the transport and inserting
of these elements are tested using in situ experiments. Cement, which is required
for the abutment of barriers, for the sealing of faults and cracks by injections and as
a buffer in the super container concept, should have as low a pH value as possible.
Since theONKALOunderground laboratory is directly integrated into the repository,
the tests can also be continued during the construction phase.

The period under consideration for the long-term safety proof plays a major role
with regard to the predictability of developments in the long periods under consider-
ation. On the one hand there is the limited predictability of geological developments,
consider climate change; on the other hand there is the service life of isolation sys-
tems and possibly initiated transport mechanisms and their course. These are often
associated with a probability of occurrence that is also dependent on location and
time. In order to increase the reliability and credibility of the statements, numerical
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solutions are used and supplemented by natural observations or analogues. Neverthe-
less, the risk assessment, the proven long-term safety for a period of observation of 10
million years, is not quantifiable and involves considerable uncertainty. It is at least
suggested to assume a shorter observation period of, say, 10,000 years, for which
the probability of occurrence of processes and events can be quantified. From the
long-term safety thus determined, it is then possible to extrapolate to longer observa-
tion periods. The long-term safety factors determined in this way are then assigned
uncertainties which are equivalent to the reliability with which the long-term safety
factor was verified.

There are considerably diverging international views on long-term monitoring
and its duration. In this context, the incorporation of a monitoring concept into the
licensing documents should be pointed out as a matter of urgency, also as a trust-
building element at the repository concept. The French Cigéo repository concept has
provided some suggestions. The following structure is proposed as the basis for the
life phases of a repository:

– Construction phase—Monitoring of compliance with the requirements of the
planning approval decision, quality requirements for the structures, execution,
radiation protection standards,

– Operating phase—the monitoring programs should monitor all safety-relevant
parameters of the repository during the entire operating period (working speed of
the machines, hydrogen concentration, performance of the highly effective filters,
air of the ventilation system, etc.). This must include themonitoring of the external
(possibly also the internal) radiation exposure of the personnel.
In addition tomonitoring in the narrower sense, parameters aremonitored that may
influence the development of the repository in themedium and long term: Ambient
air temperature, extension of the plant (meeting of the galleries), durability of
the concrete, corrosion of the steel, etc. During the operating phase, the entire
ECZ, including the barriers, should be extensively instrumented, programmed
and energetically equipped for internal long-term monitoring.
If a pilot project is operated during the operating phase, this is equipped with
extensive measurement programs, the results of which serve both to optimise the
repository concept and to develop the repository in the medium and long term.
The pilot project can be integrated into the repository.
If an underground research laboratory is operated, this can be equipped with
a measuring program similar to that of a pilot project. It can also fulfil the same
functions as the pilot project, provided that it is also operated during the operating
phase. The integration into the repository is exempted.

– Decommissioning phase—in this phase the function, observancewith the objective
is monitored by internal and external long-term monitoring. For external monitor-
ing, an observatory will be set up to record and evaluate the air, soil and water over
large areas via extensive measuring networks and to archive the relevant data. This
also includesmonitoring flora and fauna, agricultural production in the observation
area and monitoring the physical-chemical and biological quality of the soil. The
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observatory should work according to best practice. During the decommission-
ing phase, health monitoring of the general population in the region is also carried
out, including a network for monitoring local dose rates and background radiation.
Monitoring of the general population should begin during the operational phase.

The author considers a balanced, repository and site specific monitoring to be
developable and feasible. With the development possibilities currently available and
those described, there should be hardly any limits with regard to instrumentation
(including energy supply) and datamanagement, further reference ismade toChap. 9.

7.7 Responsibility and Costs

The decommissioning of nuclear installations is the responsibility of the plant oper-
ators. The energy supply companies operating nuclear power plants as well as the
public authorities and private operators of other nuclear facilities who are obliged to
deliver nuclear waste are obliged as waste producers to bear all costs of decommis-
sioning (including dismantling) of their nuclear plants and facilities as well as the
disposal of radioactive waste.

According to Section 6 of the Ordinance on Advance Payments for Reposito-
ries, see [57], the necessary expenditure is currently distributed as follows (as of
31.12.2012):

For a repository for (highly radioactive) in particular heat-generating waste

(a) 96.5% of nuclear power plants;
(b) 0.7% from the Karlsruhe reprocessing plant;
(c) 2.8% of other nuclear installations (industry, medicine and research).

In its cabinet decision of 14 October 2015, the Federal Government appointed a
commission to review the financing of the phase-out of nuclear energy (KFK). On
behalf of the Federal Government, the Commission should examine and develop
recommendations for action on how the financing of decommissioning and disman-
tling of nuclear power plants, as well as the disposal of radioactive waste, can be
arranged in such a way that the responsible companies are economically able to fulfil
their nuclear obligations in the long term. They must be granted legal and planning
security.

Initially, the commission to review the financing of the phase-out of nuclear energy
estimated the cost of disposal at 2014 prices to be 47.5 billion euro.

As a result, KFK then submitted the following recommendation and handed it
over to its client on 27 April 2016, see [35]: The state should take over the interim
and final storage and the operators of nuclear power plants should transfer the funds
to a public law fund for security. The Act on the Reorganisation of Responsibility
in Nuclear Disposal has in the meantime acquired legal force [37], according to
which the nuclear power plant operators transfer 17.4 billion Euro to the public fund.
Against payment of a risk surcharge of about 35 percent, the companies can also
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terminate their obligation for any additional payments for cost and interest risks
to the fund. The nuclear power plant operators are to pay this risk premium to the
fund by the end of 2022. This does not include the costs of decommissioning and
dismantling the nuclear power plants and packaging the radioactive waste. These
remain the responsibility of the companies. Two laws, the Post-Liability Act and the
Transparency Act, are intended to provide more security for the financial reserves of
the operators for these tasks.

All described tasks and financial risks have meanwhile been transferred to the
FederalGovernment against payment of a flat rate of 24.1 billion euros. This concerns
further intermediate storage, conditioning and transport between transition storage
anddisposal.All that remains are the decommissioning anddismantlingof the nuclear
power plants and facilities by the four operators, who have to organize these for their
own account.

Initially, this fund endowment—24.1 billion euros—is to be placed in the inter-
national comparison. Chosen as a reference figure is the amount of radioactivity
deposited, see Table 7.23.

From this it can be seen that the financial resources to be spent in Germany
for the final disposal of HAW exceed the financial resources used for this purpose
in comparable countries in Europe, without it being possible to conclude, that the
repository, which will be constructed in Germany will also be much safer compared
to the countries of comparison. This statement is also independent of whether cost
adjustments are still made in the countries of the comparison.

Another obvious difference is that these countries will have established a reposi-
tory for HAW long before the construction of the repository will begin in Germany.
Thus, the cost of development in the individual countries will have different impacts
(Fig. 7.25).

It should be noted that the comparison is still acceptable, considering:

– the considerable uncertainties in the assessment of costs, because:

Table 7.23 Planned final disposal costs including research, construction and operation

?/Germany
(Table 7.22)

Cigéo/France
(Table 7.18)

Forsmark/Sweden
(Table 7.22)

Olkiluoto/Finland
(Table 7.22)

Activity (TBq) 5.4E + 05 4.8E + 06 12.6E + 06 18.5E + 06

Costs (Billion
Euro)

24.1a 36.0 (144b) 14.0c 6.5 (3.5d)

Underground
laboratory

??? Bure Äspö ONKALO

Thousand-
Euro/TBq

44.63 7.50 1.11 0.35

aIn funds paid in, real costs not known
bEstimate, share to be paid by waste producers, with LL-MAW [58]
cOperating costs not included
dOperating costs not included
Research and URL—Olkiluoto pro rata 3 billion euros
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Fig. 7.25 Costs of final disposal of HG-HAW—comparison (How the costs will develop over a
period extending into the next century is fraught with great uncertainty)

– a significant price increase may be expected over such long periods of time;
– general price changes to be expected as a result of changes in social conditions
and

– unexpected costs likely to arise in the planning and construction of a repository
for HAW.

On the one hand, in Germany experience is available with the ERA Morsleben
sites, the Konrad mine facility and the Asse II mine facility, where there have already
been considerable cost increases; on the other hand, reference can be made to a gen-
eral average price increase of approx. 500% in the Federal Republic of Germany
between 1990 and 2018, see Fig. 7.26. However, these cost increases could be par-
tially offset by the interest on the fund. According to our own calculations, with an
annual fund interest rate of 6.5%, this would be complete balanced.

Fig. 7.26 Inflation rates 1990–2018. Source According to information from Statista GmbH, Ham-
burg
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Not included in this list are the 1.7 billion euros already spent on the Gorleben
exploration mine. From the author’s point of view, it seems completely out of the
question now that the Gorleben exploration mine will be selected as the best possible
location. Yet it could find use as an underground laboratory in future.

This cost comparison can only provide a rough comparison and is of course
not complete. The cost comparison also shows, however, that the construction of a
repository structure has not only a technical dimension but also a commercial one
which cannot be neglected.
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Chapter 8
Long-Term Safety of Geotechnical
Environmental Structures for the Final
Disposal of Radioactive Waste
and Residues in Germany

In some countries the time for undertaking a long-term safety assessment for a
repository for high-level radioactive waste is set down in law, while other countries
set out only the framework upon which a long-term safety assessment must be based.
In many countries, the reference solution is preferred for the long-term safe disposal
of radioactive waste in technical deep geological repositories. The decision-making
and social acceptance of site-specific deep storage depends on the level of trust
in the safety assessment of such repositories. In this context, it is important that
the effects of repository failure are regionally limited. The consent of the receiving
municipality that will host the site is an absolute must. Reference scenarios1 must
be analysed and evaluated taking into account the location conditions, today’s social
conditions, local and national, and the current state of science and technology. In this
assessment, the number of persons affected, the spatial and temporal extent of any
possible contamination and the possibility of reducing the impacts through planning
countermeasures must be included. From one point of view this regional impact can
then also be used to explain the regional commitment of citizens related to the site
selection of a repository.

The term reference method can have several meanings in science, e.g. as a method
whose result quality is so high that it can be used to assess the result quality of
other methods, or by which a measurement or test quantity is defined, or it may
be prescribed for a safety analysis to meet legal requirements. In the long-term
safety assessment for geotechnical environmental structures for the final disposal of
radioactive waste and residues, the entire range of the term “reference method” is
used: Reference persons, geological reference profiles, see [1] BGR 2012, reference
scenarios (reference cases), reference local dose rates, etc. A sensitivity analysis is
therefore used to investigate which differences in the results for the reference case
result from the variation of an individual model parameter whose value cannot be
specified precisely (e.g. the time after which a repository container becomes leaky).
A reference solution generally represents, if possible, the best estimation of the
parameter θ; however, the true value θw remains unknown generally.

1Compare also Glossary: Reference Scenario.
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Errors (deviations) are classified into gross errors caused by human behavior,
as well as random (statistical) and systematic errors (bias). Bias is the difference
between the expected value of a test result and the recognized reference value.

A reference solution may therefore be subject to bias. This indicates the need, e.g.
in the validation of a calculation system, to evaluate a larger number n of reference
measurements or benchmarks, provided the benchmark and use case are not identical.

In order to meet the demand for avoidance of unacceptable radiation hazards to
the population, in Germany the planning, construction, operation, decommissioning,
safe enclosure and dismantling of installations or facilities are required to keep the
effective dose for individuals of the population in a calendar year due to discharges
of radioactive substances with air or water from these installations or facilities below
0.3 mSV/a.

This can also be considered as a reference value, see § 47 (1) German radia-
tion protection ordinance. The determination of the long-term safety refers to this
reference value and the reference solution.

The IAEA has set itself the task of formulating the framework requirements.More
precise proposals have been submitted by the Nuclear Energy Agency (NEA) of the
Organization for Economic Cooperation and Development (OECD Nuclear Energy
Agency), [2]. The NEA, [2] formulates this as follows:

Safety assessment is an interdisciplinary approach that focuses on the scientific understand-
ing and performance assessment of safety functions as well as the hazards associated with a
geological disposal facility. It provides crucial technical and scientific information to guide
site investigation, research and development at various stages of repository development.
Safety assessment is an essential component of the disposal safety case, providing inter alia
the technical evidence to achieve confidence in the decision-making process.

The assessment of the long-term safety of a repository, in particular for highly
radioactive—heat-generating waste, requires a comprehensive understanding of the
system and a qualified and powerful program package in order to carry out this
assessment [3]. That needs to be constantly adapted to the site conditions during
the process. The models of this integrated instrument must take into account the
relevant processes involved in the mobilization and release of radionuclides from the
Effective Containment Zone (ECZ) of a repository and the role they play for their
transport through the host rock and adjacent formations as well as for exposure in the
biosphere. It is not the aim of these statements to present a long-term safety record
for a permit application of a repository, but to highlight the essential structures and
requirements for such activity, see also [4] Bonano et al.

8.1 Task/Aim

In the preceding chapters, various geotechnical environmental structures were pre-
sented, which are designed to permanently contain or store defined radioactive inven-
tories as well as what evidence exists to demonstrate this credibly and on the basis
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of which the Geotechnical Environmental Structures are authorised and approved.
For tailings ponds, the general procedure for a long-term safety assessment is pre-
sented in Chap. 5, but this will be done here, especially for the final disposal of
high-level radioactive waste. A binding procedure has not yet been presented in Ger-
many and is perhaps also undesirable because the long-term safety record must be
carried out site-dependently so that the repository structure for high-level radioac-
tive, heat-generating waste can also be approved. The framework for long-term proof
of safety should, however, be formulated in a binding manner. In the following, this
framework will be presented on the basis of the currently available findings.

The goal of the final disposal is to safeguard radioactive material subject to super-
vision in a Geotechnical Environmental Structure2 and to permanently prevent the
transfer and spread of radionuclides from the inventory of the repository in the bio-
sphere. This means that the geotechnical environmental structure and the storage of
the radioactive material must be carried out so that this goal is achieved with high
certainty. Geotechnical environmental structures that are to take radioactive waste
for final disposal undergo various phases, which are all helping to determine the
long-term safety of the geotechnical environmental structure:

• The phase of planning and constructing a repository, which must meet the require-
ments of state-of-the-art science and technology for such waste, which is required
under the Atomic Energy Act.

• The operating phase (with a specified operational safety and an operating permit),
in which the radioactive waste is accepted and stored permanently in the storage
areas.

• The post-operational phase (decommissioning phase), during which the geotech-
nical environmental structure is shut down, closed and monitored.

• The post-closure phase,3 for which the geotechnical environmental structure is
designed for long-term safety.

This process must allow for optimization until the final closure of the repository
so that the target is reached with the highest possible level of safety, including any
necessary Recoverability (recovery) of the inventory.

TheGeotechnical Environmental Structure is being built as amulti-barrier system.
It consists of the geological, technical and geotechnical barriers, which together
form the effective containment zone (ECZ) and which, in their interaction, should to
ensure the isolation of the waste for the required period. Such a multi-barrier system
consists of various system components, each of which has its specific function in

2A Geotechnical Environmental Structure, also repository construction, is characterized in that it
was built with geotechnical methods and procedures in the environment. The environment as such
is both a boundary condition and part of the repository construction. A Geotechnical Environmental
Structure is built with the aim of both serving the environment and sustainably protecting it from
existing harmful effects. Since a geotechnical environmental structure can not be built without gentle
interventions in the environment, it must be proven that the goal: serve and protect, justifies a gentle
intervention. A repository must live up to this description. The radioactive waste and residues as
such are not part of the Geotechnical Environmental Structure, but initially part of the environment.
3Compare also Glossary: Closure and repository sealing.
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the isolation of the waste. No element of the multi-barrier system is absolute and
totally impermeable. It is therefore important to combine the barriers, if necessary,
in such a way that an overall isolation capacity of the effective containment zone
(ECZ) is achieved for as long a period as possible. For high-level radioactive waste
(HAW), according to current regulations in Germany the barriers must be able to
guarantee an isolation period of the order of one million years. The fact that such
a long period of observation (proof period) does not lead to more certainty seems
to be undisputed from the discussion. Thus, it seems more appropriate to divide the
entire period of observation into periods of different probability of failure, since the
probability of failure does not remain constant over a period of 1 million years. This
approach should be put up for discussion here.

The achieving of the objective, the warranty compliance with the protection cri-
teria, requires both permanent monitoring of the environment of the repository site
and crisis management in the event of limit violations (accident scenarios).

This chapter deals almost exclusively with the long-term safety of radioactive
waste repositories. Long-term safety for the disposal of residues from uranium ore
beneficiation was discussed in Chap. 5. It was shown that it is not the inventories,
the hazard potential, and therefore the safety criteria that are decisive for the eval-
uation of the different Geotechnical Environmental Structures. Only the underlying
legal regulations and guidelines are decisive, which are the same for all types of
radioactive material but are interpreted differently. This approach does not do jus-
tice to the resulting hazard situations for the biosphere, not least because these tasks
are perceived as public tasks in Germany. This applies both to the final disposal
of radioactive waste and to the long-term safe and stable storage of residues from
uranium ore processing, especially in Saxony and Thuringia.

In Chap. 5, using the example of the uranium tailing ponds of the SDAGWismut,
it was shown that a long-term safety assessment for these residues cannot be achieved
because there is no base sealing and radionuclides are continuously transferred from
the inventory into the biosphere, via the water path and the diffuse exiting contami-
nated water amount has to then be collected and sent to the water treatment plants.
Both the collection of the contaminated waters and their treatment is described in
detail in Chap. 5, so that in Sect. 8.3.1 only the concept for a long-term safety assess-
ment of the Geotechnical Environmental Structures for the Uranium Tailings Ponds
is summarized here.

The claim of this presentation here is not to present an algorithm for the provision
of a long-term safety record for a license application for the disposal of radioactive
waste and residues. The purpose of this presentation is to show the essential require-
ments and relationships for a long-term safety assessment, so that the dimension of
the task which is to be presented for approving a radiotoxic waste and residue final
disposal system becomes clear. The basic requirement for a permit is that it can be
demonstrated that the repository system in all likelihood will permanently prevent
the spread of radionuclides into the biosphere from the repository’s inventory; based
on different probable and less probable scenarios of the protection criteria it is may
be demonstrated that compliance with the protection criteria is ensured by permanent
monitoring of the surroundings of the repository site and that crisis management is
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installed and maintained permanently functional in the event of limit values being
exceeded (incidents/accidents).

The statements can also provide some suggestions for the design of a long-term
safety assessment for a future repository for heat-generating HAW in Germany and
beyond.

8.2 Long-Term Safe and Stable Storage of the Uranium
Tailing Ponds of the SDAGWismut

The depictions here for the long-term security of uranium tailings ponds are only a
summary of the representations in Chap. 5. For this reason explanations and descrip-
tions of contexts are not included here but are summarized in Chap. 5.

SDAG Wismut’s industrial settling ponds (IAA—Uranium mill Tailings ponds)
were originally set up at locations without consideration of the demands of a later
long-term safe, long-term stable storage.4,5

Site selection and the construction of uranium mill tailings final storage facilities
are based on site specific existing conditions. The evidence is site-specific in each
case. The main functional elements of the tailings ponds for tailings of the uranium
ore processing, see Chap. 5, are: tailings dams, cover (encapsulation), base seal-
ing—as geological barrier and/ or as geotechnical barrier, water gathering and water
treatment as well as the discharge of the treated waters (by observance of pre-set dis-
charge values) in the receiving water, revegetation and greening, monitoring system,
characterized as a (multi-barrier system with long-term monitoring).

Both the dam structures and the multi-functional covers of the uranium mill tail-
ing ponds of the SDAG Wismut are constructed as technogenic loose rock bodies.
The individual layers of the entire loose rock body are constructed differently but
each with classified material. Nevertheless, the material parameters of the functional
elements (mineral, geosynthetic, etc.) of the technogenic loose rock bodies are stated
variables and thus time-dependent. Thus, an aging of the mineral layers during the
period under consideration cannot be ruled out. This must be included in the proof of
long-term safety for the Geotechnical Environmental Structure, e.g. on the proof of

4This contradiction could be resolved by clearing out the uranium tailings pond and relocated of
the uranium tailings to another site. However, this is out of the question due to the magnitude of
the task and the associated risks to the environment (personnel) here. The in situ deposition of the
uranium tailings is here a “good” solution at of all challenges.
5The Moab uranium mill tailings pile is probably the best known relocation project and a part of
the UMTRA program. Moab is located in the state of Utah/USA. The reason for the relocation is
its proximity to the Colorado River. Otherwise, a contamination escape into the Colorado could not
be prevented because an aquifer was connected to the Colorado. The relocation takes place using
special containers on a train over a distance of 30 miles to a prepared location, Crescent Junction,
Utah. The storage concept has been prepared and arranged by the USDepartment of Energy (DOE).
The supervision is the US Environmental Protection Agency (EPA).
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the design against internal and external erosion, which also have special significance
for radon exhalation, but not only for this purpose.

The long-term safety certification of the Geotechnical Environmental Structure
for the storage of radioactive residues comprises the following individual certificates,
which should be summarized as an assessment of the probability of failure, see also
Chap. 5.

• Proof of the permanent functionality of the multibarrier concept

Note 1: Evidence of the long-term stability of the multi-functional coverage of a
tailing pond should be provided with an observation period6 of 1000 years. As an
assessment value (limit value) for the radiation exposure, Wismut GmbH has estab-
lished a local dose rate ODL ≤ 0.15 μSv/h, see [5] and Chap. 5.

– Designation and monitoring of the long-term stability of dam structures
– Designation andmonitoring of the long-term stability of the surface sealing (multi-
functional coverage)

– Permanent encapsulation of the uranium tailings to minimise escapes of radio-
toxic contaminants and radon exhalation into the biosphere7: Assessment of the
shielding effect protecting against contained radioactive minerals, and limitation
of the external radiation exposure (ground radiation) to ≤0.15 μSv/h.

Note 2: The layers of the multi-functional cover can move against each other over
time, or penetration can take place at the layer boundaries, so that the barrier system
can be damaged, which then results in e.g. development of radon pathways. Aftercare
will be necessary. For this, a proof of the stability against internal erosion is to be
provided.

• Proof of long-term stability of the base sealing

Note 3:All uraniummill tailings ponds of theSDAGWismut lack a base sealing.Base
sealings cannot be retro-fitted. Possible contamination discharge into groundwater is
therefore expected and needs to be detected early and uncontrolled leaks, especially
into groundwater, prevented or limited. In addition to an appropriate groundwater
monitoring system, the creation of well- and surface-, leachate- and groundwater
measure points andgalleries,with protection- andproductionwells anddeepdrainage
for collection of groundwater and transfer to the water treatment plants; in addition
mass transfer models are also included as a prognosis tools for the long-term safety
concept. In order to prevent or limit contamination escapes from the tailings body, the
groundwater level, based on the site specific hydrological conditions in the tailings
pond area, can be lowered by means of wells to produce a defined safety distance
between tailings body and the highest groundwater level and contamination passages
into the groundwater body. In the case of diffuse escapes and ingresses of the leachate,
the creation of deliverywells is problematic.Mass transfermodelsmust be constantly
readjusted to the changing site conditions. The results from long-term monitoring

6Reason see Chap. 5.
7US EPA standard: Radon emission rate ≤ 20 pCi m−2s−1 = 0.74 Bq m−2s−1.
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serve as grid points for verification. From these data, so-called location models are
developed with which a high forecasting certainty can be achieved.

– permanent collection of the contaminated water, in particular the groundwater and
leachate, and transfer to a water treatment plant,

– proof of the permanent protection of the groundwater and the receiving water (run
off protection).

– Permanent treatment and discharge of water into the receiving water within the
exemption limits.

– Long-term monitoring consisting of exposure monitoring, measurement of the
composition of the collected and treated waters, monitoring of radon exhalations,
the functionality of the multibarrier system.

– Aftercare and replacement investments, especially the water gathering and treat-
ment.

– The documentation (final documentation) shall include specifications which guar-
antee the reliability of the repository structure, guarantee the protective functions
over its service life and indicate in good time any aftercare services which may
become necessary. The time of dismissal of the site from the mining supervision
is part of the long-term safety for the Geotechnical environmental structure. The
closure and release of the geotechnical environmental structure must be applied
for by the operator with the responsible mining authority. Due to the lack of base
sealing, an “perpetual task” must be assumed.

– The duration of the monitoring period is determined by the relevant mining office,
inwhich the operator’s application for release frommining supervision is approved
or rejected. Due to the lack of base waterproofing, a permanent supervision of the
mining authority must be assumed.

– The file (final documentation) is kept in the register of the mining authority and
remains there permanently.

The permanent collection of seepage water, water treatment, long-term monitor-
ing including the prognosis tools for the possible spread of contamination and its
limitation, as well as the securing of the area are components of the long-term safety
system and represent a de facto replacement for the missing base sealing.

Unplanned, extraordinary events—worst cases, which greatly reduce the func-
tionality of the respective geotechnical environmental structure, so that radio-toxic
can reach the biosphere pollutants in considerable amounts:

– Earthquake of a previously unknown scale
– aeroplane crashes
– Bombing (explosions), terrorist attacks
– tectonic events
– Climate change, extreme weather events
– External interventions; terrestrial interventions—human intrusion scenarios:
(drilling, exploration, etc.), except terrestrial interventions—impact events: (mete-
orite impacts), see [6]

– etc.
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A site rehabilitation concept for uranium mill tailings ponds also contains the
restrictions promulgated by the responsiblemining authority,withwhich anypossible
reuse of remediated areas have to comply. It may be possible to prohibit reuse, see
“Human Intrusion Scenarios8”.

The concept pursued in the long-term safe and long-term stable storage of the ura-
niummill tailings ponds of the SDAGWismut is referred to as a guardian-concept by
the Commission for the Storage of Highly Active Waste, [7] EndKomm (2016) and
rejected. This is justified by the fact that the monitoring, here the ceded uranium tail-
ings ponds, must be passed on to future generations. This must be done on the basis
that interventions from the outside (drill holes, holes etc.), affecting the cover and/or
the dam structure, so-called “human intrusion scenarios”, must be prevented. The
guardian-concept is seen here as uncritical, also because the registers of the mining
authority are among the best kept data collections in the German administrative sys-
tem and because “guarding—long-term environmental monitoring” should be part
of every repository concept. The long-term environmental monitoring is part of the
long-term safe and stable custody of the uranium mill tailings ponds of the SDAG
Wismut and therefore follows a guardian-concept. Here, however, this concept is
referred to as a “concept of long term, tracked permanently to the data situation,
proof of the functionality”. This also includes the worst case scenario in which
the geotechnical environmental structure loses its function (wholly or partially) and
radio-toxic contaminants enter the environment (air, groundwater, soil), unhindered
to the extent that the limitation of the external radiation exposure no longer exists
(accident scenario). The period during which the limits for external radiation expo-
sure are exceeded must be avoided in the long term. For further information see
Chap. 5.

8.3 Long-Term Safe and Stable Storage of Radioactive
Waste in Germany

8.3.1 Compilation of the Currently Valid Requirements
for Final Disposal

The national legal and subordinate regulations determine the essential frameworks
for the final disposal of radioactive waste. These include the Atomic Energy Act
(AtG), the Radiation Protection Ordinance (StrlSchV) and the Federal Mining Act
(BBergG) with the associated Federal Mining Ordinance (ABBergV). To this end,

8Especially in sparsely populated regions of the USA, attempts were made to unmistakable to
install the corresponding information about the hazard potential of the repository by means of
appropriate signage elements (linked to the respective design elements surrounding of the final
disposal construction) also for periods, for which administrative measures of the repository are no
longer effective. This is intended in particular to prevent unintentional human intrusion into the
tailings (“human intrusion scenario”).



8.3 Long-Term Safe and Stable Storage of Radioactive Waste in Germany 325

the relevant international recommendations of the ICRP, the IAEA and the OECD
NEAmust be taken into account, especially if they contain additions ormodifications
to the national regulations. The presentation here can only be based on the existing
legal standards and other applicable documents in Germany for the existing and/or
erected repository, and should reflect the final disposal concept to be developed for
heat-generating HAW, including not only the current legal requirements but also the
scientific findings about it, which decisively determine a safety philosophy, [8–12].

In the following chapters it will be shown that in the respective areas of assessment
are individual proofs for the various geotechnical environmental structures which are
highly location-dependent. Similarities in the basic requirements for the long-term
safety of the geotechnical environmental structures are highlighted and the differ-
ences in the requirement structure are shown. The fact that these cannot be justified
with the respective radio-toxic inventory shows, however, that a uniform require-
ments concept for all types of radioactive waste and residues was not considered
in Germany with the consequence, that a very diffuse picture has resulted by rea-
son of different safety standards and interpretations of geotechnical environmental
structures for radioactive waste and residues, see also Chaps. 5, 6 and 7.

8.3.2 Central Safety Requirements for a Repository System
to Be Developed in Germany

According to BMU [8], the central safety requirements to be met currently by a
repository system to be developed are:

• For a million years, it must be shown that only very small quantities of pollutants
will be released from the repository. For this purpose, the integrity of the effective
containment zone must be proven and the risk out of escapes from the repository
evaluated and presented.

• The safety of the repository, from planning to closure of the repository, must be
subjected to a continuous optimization process with periodic safety checks.

• A multi-barrier system must be established that follows the principles of redun-
dancy (dual safety systems) and diversity (independent mechanisms of action) that
are common in the nuclear field.

• A control and evidence protection program must be carried out even after the
repository has been decommissioned.

• The retrievability of radioactive waste must be possible during the operation of the
repository. In addition, the final disposal canisters must be able can be recovered
safely for up to 500 years after closure of the repository.

Except for the facts, that

• the observation period (detection period) is currently being discussed internation-
ally in a manner diverging from the above requirement, without questioning the
security situation as such, and
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• a control and evidence preservation program must include long-term environmen-
tal monitoring, which is close to a guardian-approach, but which, according to the
current safety philosophy, is rejected, these requirements can be fully endorsed
here. For both the period under consideration and the “guardian”- concept, an
assessment is presented below.

8.4 Long-Term Safe and Stable Storage of Radioactive
Waste in Germany

8.4.1 Final Disposal of Radioactive Waste with Low
(Negligible) Heat Generation

In Germany, there are two licensed repository sites for radioactive waste with low
(negligible) heat generation, theMorsleben repository for radioactive waste (ERAM)
and the Konrad shaft in Salzgitter/Bleckenstedt.

The Repository for radioactive waste Morsleben (ERAM) was selected by the
predecessor of the State Office for Atomic Safety and Radiation Protection (SAAS)
of the former GDR, from ten considered salt mines and also approved as a nuclear
facility. The SAAS commissioning approval was granted in 1978/79, although it had
already been used before for emplacements of low to intermediate level radioactive
waste during a trial operation. At present it is the only repository for low- and
intermediate-level radioactive waste in the Federal Republic of Germany, which
was operated on the basis of an atomic license. The operator on behalf of the federal
government is the BGE. The BGE is currently preparing the decommissioning of the
ERAM. However, the Federal Office for Radiation Protection (BfS) has drawn up the
plan approval documents, and the application already in September 2005 submitted to
the Ministry of the Environment of Saxony-Anhalt (MLU) acc. § 9 b of the Atomic
Energy Act to implement a plan approval procedure for decommissioning. This
includes proof of the long-term safety of the Geotechnical Environmental Structure.
The BGE now continues the procedure.

The federally-owned company “Bundesgesellschaft für Endlagerung” (BGE)
mbH was founded as the project executing agency for the operational tasks of site
search, construction and operation of the repositories and theAsse II mine. This com-
pany assumes the tasks of Asse-GmbH, Deutsche Gesellschaft zum Bau und Betrieb
von Endlagern für Abfallstoffe mbH (DBE) as well as the operator tasks of the Fed-
eral Office for Radiation Protection (BfS), i.e. also the operation of the Gorleben
exploration mine. The BGE has taken over the procedure from BfS, see Chap. 6 for
further details. The Länder of Lower Saxony and Saxony-Anhalt remain the nuclear
licensing authorities and thus responsible for the supervision of the Asse II mine,
Konrad repository and ERAM projects. The responsibility of the Länder ends for the
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Konrad repository with the commissioning and for the Morsleben repository with
the conclusion of the ongoing planning approval procedure for decommissioning.

In the case of repositories for radioactive waste with low heat generation, the
long-term safety assessment also has the objective of permanently preventing the
transfer of radionuclides from the repository inventory into the biosphere. However,
due to the situation described above, it is not expedient to present a long-term safety
assessment for the disposal of radioactivewaste in general. Instead, reference ismade
to the available evidence and these are evaluated. The justification is as follows:

– The selection of the location and thus also the type of final disposal has beenmade,
it is in each case a matter of storage in deep geological formations,

– Either no information was given in the respective planning approval documents
regarding the duration of accessibility to the storage areas or it is unnecessary.
Concepts of Reversibility, Retrievability and/or Recoverability play no role in the
repository concepts of the ERAM or the Konrad mine,

– A probability of failure has not been determined for these repository sites. Only
deterministic methods were used,

– The consideration of the containers as a technical barrier in themultibarrier concept
of a repository was not applied. The contribution of the waste matrix and the
containers to the isolation of the radionuclides and thus to the limitation of the
release of the radionuclides from the waste matrix and from the container into the
effective containment zone was not implemented in the repository concepts, see
Brennecke [13].

Within the framework of the licensing procedure for the Konrad repository, it was
determined, among other things, that the Konrad mine is suitable for conversion into
a repository for radioactive waste with low heat generation, especially because:

– the rock-mechanical conditions in the area of the emplacement chambers and the
mine works do not anticipate any faults will be expected and thus do not allow any
gas pressure build-up,

– the properties of the geological formations serve as barriers against the spread of
radionuclides (permeability and sorption behaviour),

– a long-term seismic stability of the site can be predicted,
– because the mine is exceptionally dry, etc.

The calculations for the long-term safety analysis for the shaft Konrad repository
showed that thewater pathways emanating from themineworkings can reach the bio-
sphere at the earliest after approx. 300,000 a and Thus, long-lived radionuclides from
the emplaced inventory on this water path can cause a potential radiation exposure of
the population that will remain far below the fluctuation range of the natural radiation
exposure of ≤0.3 mSv/a in the long term. The system of natural and geotechnical
barriers thus ensures that an impermissible load on the biosphere from the shaft
Konrad repository can be excluded in the long term, see Physikalisch-Technische
Bundesanstalt (PTB) (1982), application for initiation of a planning approval proce-
dure.
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Fig. 8.1 Geological section in the area of the Konrad mine; iron ore deposit thickness of (4–18) m
with a clay barrier approx. 400 m thickness. Source BfS

Only radioactive waste with negligible heat-generating capacity may be stored in
the Konrad repository. Negligible heat generation means that the so-called 3 K crite-
rion is complied with. 3 K-criterion refers to the limitation of the thermal influence
on the host rock to 3 K at butt (side wall of the mine works). From this it follows
that the radionuclide vector of the future inventory—as far as heat development is
concerned—is described largely.

A consistent concept for low- and intermediate-level radioactive waste has not
yet been defined separately. One reason may be that Germany did not follow the
principle of a single repository site. For this reason, reference is made here to the
presented concept of determining long-term safety for HAW, which to a large extent
can also be transferred to low- and intermediate-level radioactive waste or will find
application in the final disposal of waste which is being stored in the Asse mine.

An advantage for the process shown can be seen, however, in that the repository
sites for low and intermediate level radioactive waste are located in different host
rocks: in rock salt, a ductile host rock, the ERAM and in an iron ore horizon (coral-
lenoolite—sedimentary oolithic iron ore of the minette type), geological section of
the Konrad mine, see Fig. 8.1, in order to gain experience with different host rocks.

Chapter 6 described some site-specific individual evidence, how it was presented
at the different sites which is also of general interest.

8.4.2 Repository for Heat-Generating Radioactive Waste

In order to develop a repository for the BR Germany, a site search procedure was
initiated in 1973, see Chap. 7. The then Federal Government carried out a site search
for this purpose. In view of existing knowledge and experience from salt mining
and research work at the Asse mine, the focus of the investigations was on evaporite
rocks (rock salt). The advantages for salt include the high thermal conductivity and
ductility of the rock salt. Since the rock salt deposits of the Federal Republic of
Germany were mainly located on the territory of Lower Saxony at that time, the
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government of Lower Saxony carried out its own selection procedure parallel to
the process of the Federal Government. This took into account the selection criteria
adopted by the Federal Government. In February 1977, the then government of
Lower Saxony finally named the Gorleben salt dome as the only site for a repository
and a disposal centre. There is ample evidence that safety arguments, geoscientific
criteria and ethical objections were not the only decisive factors. The Site Selection
Act [9], completed the exploration of the Gorleben salt dome in July 2013 and
stipulated that the salt dome, like any other site in Germany, would be included in
a new site selection procedure. The previous investigations on the Gorleben site are
summarised in “Preliminary Safety Analysis Gorleben (VSG)” [14] for further use.
The site selection process is now to be carried out in an open-endedmanner, including
the Gorleben site.

8.4.3 Requirements for Long-Term Safe and Stable Storage
and Possible Areas for HAW Repository Sites
in Germany

The long-term safety proof must always be carried out on a site-specific basis, this
is regardless of the individual federal state. Nevertheless, the conditions found in
Germany will form the basis for further discussion. This enables the long-term safety
proof to be compared with the proofs in other countries.

8.4.3.1 Site Selection Procedure

Location Search In Germany

Pursuant to Sect. 8.3 of the StandAG, a “Commission for the Storage of Highly
Radioactive Waste” was set up to prepare the new site selection procedure, in which
had to prepare a report that should comprehensively address all issues relevant to
the decision. The Commission had to subject the StandAG to an examination and
to submit corresponding recommendations for action to the German Bundestag and
Federal Council, § 4 StandAG:

1. It is to assess and decide whether, instead of an immediate disposal of high-level
radioactive waste in deep geological formations, other possibilities for an orderly
disposal of this waste should be scientifically investigated and if the wastes in
above-ground interim storage facilities are to be stored until the investigations
have been completed,

2. for the basis for decision-making (general safety requirements for storage, geosci-
entific, water management and spatial planning exclusion criteria and minimum
requirements with regard to the suitability of geological formations for final dis-
posal as well as host rock-specific exclusion and selection criteria for the possible
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host rocks: salt, clay and crystalline as well as host rock-independent considera-
tion criteria and the methodology for the preliminary safety investigations to be
carried out), see also Baltes et al., [15].

3. for criteria for possible error correction (requirements for the design of
the storage facility, in particular with regard to the issues of Reversibil-
ity/Retrievability/Recoverability of radioactive waste as well as the issue of pos-
sible back tracking for some stages in the site selection procedure (Reversibility),
see Chap. 9, Fig. 9.1),

4. for requirements for the organisation and procedure of the selection process and
for the consideration of options,

5. for requirements for the participation and information of the public as well as to
ensure transparency as well as to discuss socio-political and technical-scientific
questions and make recommendations on how to deal with decisions taken and
specifications made in the repository question and international experiences and
conclusions to be drawn from this for a storage concept.

The final report, [7] EndKomm (2016), of the Commission on the storage of high
level radioactive waste has been published in the meantime. It is striking, that the
Commission’s basic requirements for the repository site, which are laid down from
BMU [8], have not been subjected to a complex critical evaluation, see Chap. 7.
Although these represent the basic matrix for long-term safety and thus for the best
possible repository location:

– one or more repository sites?
– 500 years retrievability after closure of the repository structure,
– Observation period (detection period) 1 million years?
– Positioning of geotechnical barriers, containers, packages in the long-term safety
concept,

– Deep geological formations or near-surface storage?
– Creation of transition storage?
– Implementation of the long-term safety assessment.

There may be doubts as to whether an open-ended selection procedure for the dis-
posal of high-level radioactive waste can be derived from the Commission’s instruc-
tions for action. Too many fields have already been excluded for the site search and
for the repository concept without a sound scientific analysis having been carried
out. Thus, essential and coordinated criteria, see BMU [8] and AkEnd [16, 17], were
ignored and watered down. However, it cannot be excluded that the new organisa-
tional structure in the field of radiation protection and final disposal will face up
to this task. This hope is nurtured by the fact that the Commission, in accordance
with Sect. 8.3 of the Standing Ordinance on Nuclear Safety and Waste Management
(StandAG), is focusing on reversibility and retrievability on a process path leading
to a repository.
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Reorganisationof the organisational structure in thefield of radiationprotection
and final disposal

According to StandAG § 7, a Federal Office for the Safety of Nuclear waste man-
agement (BfE) had be established. It provides for the state tasks of supervision
and licensing in the field of nuclear technology, interim storages, site selection and
repository surveillance to be concentrated mainly in the BfE. The service, legal and
technical supervision of the BfE is exercised by the FederalMinistry of Environment,
Nature Conservation and Nuclear Safety (BMU).

According to Section 9a (3) sentence 2 of the Atomic Energy Act, the project
sponsor is the third party responsible for implementing the site selection proce-
dure. In 2016, the “Gesetz zur Neuordnung der Organisationsstruktur im Bereich
des Strahlenschutzes und der Endlagerunges” [18] [Act on the Reorganisation of the
Organisational Structure in the Field of Radiation Protection and Disposal] came
into force. A Bundesgesellschaft für Endlagerung (BGE) mbH serves as the project
executing agency for the operational tasks of site search, construction and operation
of the repositories and the Asse II mine. The fundamental contradiction remains that
application, licensing, construction execution and supervision, release, operation and
decommissioning with aftercare in Germany are bundled in the public sector.

International site selection

The recommendations of the International Atomic Energy Agency (IAEA) and the
Nuclear Energy Agency (NEA) of the Organization for Economic Co-operation and
Development (OECD) are of fundamental importance for the site search, planning,
operation and decommissioning of radioactive waste repositories. From this work,
central elements for the realization of a repository with a high level of safety also
result in Germany.

Finland, for example has opted for direct disposal from the very beginning. At
the end of 2012, the Finnish Nuclear Safety Authority STUK (Säteilyturvakeskus) at
the nuclear licensing authority issued a positive safety assessment in January 2015
for the Finnish repository for HAW at Onkalo. On 12 November 2015, the Finnish
Government approved the construction of the repository. The operating license appli-
cation is due to be submitted in 2020. The storage at a depth of 400–700 m will take
place from the 2020s in a granite formation (crystalline), see also Chap. 7 (Fig. 8.2).

In Finland, the responsibility for site selection and final disposal lies exclusively
in the hands of the liable private companies. The state only acts in an authorising and
supervising role, which it performs through the Radiation Protection Authority and
the Ministry of Labour and Economic Affairs. The private company “Posiva Oy”,
in which the nuclear power plant operators—Fortum Oyj [40%] and Teollisuuden
Voima Oyj (TVO) [60%]—together hold 100% of the shares, was created for the
operational realisation of a central repository for spent fuel elements, see [19].

The following presentations on long-term safety follow the safety requirements
for the final disposal of heat-generating radioactive waste from [8, 17, 16]; they can
serve as support for solving of the task set out above.
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Fig. 8.2 Test gallery (tunnel) in the host rock granite, underground research laboratory (URL)
Onkalo/Finland. Source Posiva Oy

8.4.3.2 Basic Structure of the Suitability Proofs for a Repository System

The proof of suitability for a repository system in Germany is based on the pri-
mary objective of completely isolating the stored inventory by effectively sealing the
emplacement area against water ingress.

The aim is to develop and optimise a geotechnical environmental structure
designed as a multi-barrier system. Such a multi-barrier system consists of vari-
ous system components, each of which has its own, specific part in the insulation of
the waste. It can be assumed that no element of the multibarrier system is absolute
and impermeable forever. It is therefore important the barriers so to put together,
coordinate them with each other and equip them with immobilization in such a way
that the total insulation capacity of the effective containment zone (ECZ) remains
effective for as long as possible. For high-level radioactive waste (HAW), the barri-
ers must be able to guarantee an isolation period in the order of one million years
according to current specifications.

Implementation of the primary objective: It is therefore necessary to develop
a repository system consisting of the repository mining plant, the ECZ and the sur-
roundingor above layered geological layers up to the earth’s surface and the biosphere
with a multi-barrier system, in which the individual barriers are so out together, coor-
dinated and equipped with immobilization in such a way that an overall insulation
capacity of the ECZ is achieved for the entire period and as long as possible, in
Germany currently for 1 million years. It is therefore necessary to demonstrate the
long-term safety for the repository system with the repository construction and the
individual barriers, natural (geological), geotechnical and technical, see Fig. 8.6. The
demonstration of the long-term safety for the repository system is therefore based
on the individual proofs.
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If one follows the currently favoured proposal that heat-generating HAW in par-
ticular are to be deposited in deep geological formations, a repository mine will be
excavated in the horizon of a suitable host rock formation. The first step is to find a
suitable location,which is characterized by a known and suitable host rock formation.
Internationally, three host rock formations are being considered for the disposal of
radioactive waste, in particular heat-generating HAW: salt (salinar), clay (claystein)
and crystalline rocks (granites). These rock formations are all found in Germany,
while Scandinavia, for example, can only rely on crystalline rock formations. In arid
zones such as in the USA (Nevada), where solution inflows to the storage areas are
not expected to any considerable extent, it is also possible to access different forma-
tions, see Yucca Mountains—see Chap. 7, which, however, led to the consideration
of the scenario of climate change.

Each of these rock types has its specific advantages and disadvantages with regard
to the primary objective and thus on its suitability as host rock for the storage of
heat-generating radioactive waste. In principle, safe final disposal is possible in all
these host rocks, provided that the repository concept is adapted to the geological
formations in question. From the author’s point of view, at least two repository
concepts in two different host rock formations have to be compared to find out
whether one repository concept is better than the other. This makes it clear that an
isolated site selection will always have the flaw that arguments will be found to reject
it, without the general suitability of this site being refuted, because the assumption
will be expressed that a repository concept can be found in a corresponding different
host rock formations, which could be better suited.

The following individual proofs in the long-term safety demonstration are
described in more detail below:

Selection of suitable repository sites (ENW1),9 at least 2 in different host rocks,
which are then fed into the final selection procedure, for which the consent of the
respective host communities should also be obtained. For the pre-selection of suitable
repository sites in at least two different host rocks, a multi-stage selection procedure
with various basic and comparison-specific criteria should be applied. The various
basic and comparison-specific criteria have not yet been formulated in Germany.

At final disposal in deep geological formations, “rock preserving” cavities will
be excavated, similar to a mine; as underground laboratory on the one hand in order
to be able to carry out the corresponding rock investigations (geomechanical, geo-
hydraulic, geothermal, geochemical, etc.) and on the other hand in order to be able
to carry out the necessary geological investigations. Parameters to be investigated
include: water-bearing, insulating layers, thickness of host rock formations, overbur-
den and dirt bed, position of aquifers, fissures, etc. as well as for the construction
of emplacement areas, drifts, chambers, conveyor shafts; chamber seal- and dam
structures, etc. Thus the mine will be equipped, with various barriers provided to
meet the primary objective. A mine equipped in this way is called a repository mine.
The repository structure must be characterised by robustness and a high degree of
integrity, see also [20].

9ENW 1-Single proof 1.
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The stability and serviceability of the repository structure as well as the integrity
of the geological barrier are prerequisites for the guarantee of the specified normal
operation as well as for proving the permanent isolation of the waste for the post-
closure phase.

Proof of robustness and integrity of the repository structure (ENW2): A
repository system is designed as a multi-barrier system consisting of various system
components, each with its own time-dependent specific contribution to the isolation
and spreading prevention of the radioactive inventory. For the individual barriers,
natural (geological), geotechnical and technical barriers, which must also be adapted
to the selected host rock, the proof of integrity and robustness must be provided.
Thus, repository waste containers, which are used in rock salt, have a greater robust-
ness against acting rock pressure than that in the crystalline rock, because rock salt
converges and thus the waste containers are completely enclosed in the post-closure
phase of rock salt. Storage containers developed for rock salt are not generally suit-
able for crystalline host rocks and vice versa.

Proof of the integrity and robustness of the individual barriers of the multi-
barrier system of a repository (ENW3)—effective containment zone (ECZ).

Examples of Single Proofs

• Selection of suitable repository sites (ENW 1)

The selection of suitable repository sites should take place in a multi-stage selec-
tion procedure, in which different fundamental and comparison-specific criteria are
applied. These different fundamental and comparison-specific criteria have not yet
been formulated in Germany.

For the final decision at least 2 locations in different host rocks should be eval-
uated. In the final decision, from the author’s point of view, the consent of the host
community should be sought if the process of construction is not to be significantly
disturbed, as shown by the procedure for the Gorleben exploratory mine. But the
development of a repository for civilian HG-HAW in the US—Yucca Mountain
nuclear waste repository—is similarly politically influenced, see Chap. 7. For the
development of a repository system in Germany, both comparable site-independent
and site-specific criteria must be formulated. The development of a repository system
must, in addition to the current safety philosophy, also allow for the reversibility of
decisions by reversing decisions that have already been made in order to be able, if
necessary, to switch to other disposal paths. In the BfS10 safety philosophy presented
inBfS [21], see Table 8.1,measures taken in the event of extraordinary developments,
has introduced the reversibility of decisions and the reversibility of emplacement:
recovery and retrievability, other than dangerous-situations-depending decisions.

10The tasks for final disposal have been transferred from BfS to BfE. This means that the BfE has
also adopted the safety philosophy for the final storage of HG-HAW. I.e. of course not that the BfE
will not develop this further.
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Table 8.1 Development categories for the post-closure phase of a repository according to BfS [21],
adjusted

Development 
Categories Events and Processes Measures

1 Expected developments

Selection of the site in a multi-stage 
procedure

Safety distance to the loading limits of 
the geological barriers

Sealing of the repository according to 
the state of the art

2 Exceptional developments

Evaluation of the safety reserves of the 
site

Arrangement of complementary 
barriers

Reversibility of decisions *)

3

Human Intrusion Scenario

---------- Special cases ---------

Climate change
(Ice age, Warm period)

Transmission of information

Location selection

Design of the plant

Location selection

Recovery; Retrieval *)

* are not included in [21]

ByReversibility of decisions one understands oncemade decisions being undone
and if necessary to be able to change to other disposal paths.

The term Retrievability refers to the act of retrieving the waste containers from
the repository, even if it is partially backfilled and closed.

Under Recoverability we understand the possibility of recoverability of contain-
ers with HAW, if the repository mine is already completely closed.

Recoverability andRetrievability argue for a comprehensive investigation of near-
surface disposal paths for the heat generating HAW. The exclusion of these disposal
paths contradicts the listed principles from the final report of the commission accord-
ing to § 3 StandAG.

Internationally, 3 host rock formations have proved to be fundamentally suitable:
rock salt (Salinar), clay/mudstone, crystalline (granite, gneiss). In Germany it is



336 8 Long-Term Safety of Geotechnical Environmental Structures …

Table 8.2 Influence of host rock on system components of a repository according to BGR [22]

* is adapted to the respective host rock

known where these can be found. Surprises are not expected due to the density and
depth of exploration.

The investigation of the suitability of the repository formation is based on the
investigation of the host rock typical parameters with regard to the expected effects
and insolation properties. It is known thatwith the development ofwaste containers in
connection with site-specific conditions, significant improvements in the insulation
properties of the multi-barrier system can be achieved. Table 8.2 lists influences on
the configuration of the repository system derived from the site selection and host
rock formation, BGR [22].

The assessment carried out of the influence of the host rock on the system com-
ponents of a repository by the BGR in 2007 seems outdated. The compilation of the
BGR also appears to tend to make the rock salt (salinar) appear advantageous over
clay/claystone and crystalline rock. Points of interest:

– Emplacement method: is completely unproblematic and can be optimized for the
respective final storage configuration,

– Backfilling (filling) material*): The use of bentonite in the barriers: drifts, cham-
bers, final storage containers appears to promote integrity, see Chap. 7,

– Max. Design temperature*): With the final repository configuration, the tempera-
ture influence of the HG-HAW on the host rock can be considerably reduced, see
also [14],

– Necessary interim storage time: this is of no interest for the German repository
concept because the commissioning of a repository in Germany is delayed to such
an extent that the required interim storage time is fulfilled,

– Final storage container concept: e.g. in Sweden and Finland there are container
developments (based on to the host rock granite) with very long isolation times,
see also Chap. 7.
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• Proof of robustness and integrity of the repository structure (ENW 2)

In a proof and safety concept, the first step is to provide here quantitative safety proofs
(e.g. verification of serviceability, cavity stability, barrier integrity), for a repository
structure. An essential requirement for long-term safety is that a repository system
and its subsystems, such as repository structure and barriers, must be characterised
by robustness. Robustness refers to the reliability and quality and thus the strength of
the safety functions of the repository system and its barriers to internal and external
influences and disturbances as well as the insensitivity of the results of the safety
analysis to deviations from the underlying assumptions.

For the repository system and its subsystems, integrity must be guaranteed over
the entire observation period (detection period). Integrity describes the preservation
of the properties of the containment capacity of the effective containment zone of a
repository, i.e. the repository system consisting of natural and technical and geotech-
nical barriers in their interactions, their redundancy and diversity. The first of the
central safety requirements according to BMU [8] describes the task comprehen-
sively: “For one million years it must be shown that at most very small quantities of
pollutants can be released from the repository. For this purpose, the integrity of the
effective containment zone must be verified and the risk emanating from the reposi-
tory evaluated and presented”. The observation period (detection period) is currently
1 million years.

The proof of robustness and integrity of a repository structure is a special com-
prehensive geotechnical safety proof, which not only represents a great challenge,
but is also of great importance and requires a great deal of special experience. This
always involves the holistic consideration and evaluation of theoretical, experimental
and visual investigations (e.g. geological and engineering geological investigations,
laboratory tests on the material behaviour of the rock strata, determination of the
thermal-hydraulic-mechanical effects, rock-mechanical modelling, numerical model
calculations, inclusion of in situ measurements and local observations if necessary).
The model calculations are of particular importance, since the long-term behaviour
of repositories in the post-closure phase can no longer be described and assessed by
measurements and observations, but only by theoretical prognosis models including
thermal, hydraulic, mechanical and chemical effects (coupled THMC processes).
The correlations are not only highly non-linear but also are stochastical in nature.
At time t, the material properties characterise a state of the geotechnical body which
is subject to changes in the course of time. The material properties are distributed
statically over, or in, the rock area under consideration. The effects are associated
with probabilities of occurrence, which often do not follow any laws. The proof of
the robustness of a repository structure can be investigated according to the method
described in Fig. 8.12. According to the current understanding, the repository waste
containers deposited in the storage fields are initially completely filled with salt grit.
The emplacement fields are then closed. The convergence of the surrounding rock
mass exerts considerable pressure on the waste containers. The backfill assumes
the same strength as the surrounding rock. The investigation of the convergence
behaviour of the rock is part of the methodology according to Fig. 8.3.
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Fig. 8.3 Methodological procedure for geotechnical safety proofs, according to a Federal Institute
for Geosciences and Natural Resources (BGR) proposal

The methodical procedure shown in Fig. 8.3 can also be applied to the integrity
verification. However, it must be adapted accordingly. Model calculations are then
used for hydrological and mass transport models.

A hydrological model represents a simplified description, that realistically
describes the physical, chemical and biological processes (hydrological process) or
sub-processes taking place in the hydrological system. The stated variables put into
the hydrological model include the permeability of the rock element; the dynamic
viscosity and density of the fluid; the thermal conductivity and the specific heat
capacity of both as well as the rock element and the fluid (advection and diffusion),
the milieu conditions (temperature, pH value, etc.).

These stated variables are derived from the area-differentiated investigations of the
rock andfluid properties (distribution of parameters). For the consideration of random
changes in the hydrological system, a distinction has to be made between stochastic
and deterministic models and between linear and non-linear models according to the
dependence, aswell as after consideration of the dependence of themodel parameters
from temporal system behaviour, in time-invariant and time-variant models.

Table 8.3 lists some repository-relevant properties of potential host rocks accord-
ing to BGR [22]. These are applied in the integrity investigation of the repository
structure.

Table 8.3 also shows that this compilation tends tomake the host rock salt (salinar)
appear advantageous over clay/claystone and crystalline rock. If fissured and strongly
fissured granite formations, which are not included under “best possible” in the pre-
selection, are removed from the evaluation, this formation obtains further, favourable,
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Table 8.3 Repository-relevant properties of potential host rocks compiled according to BGR [22]

*) a fractured or strongly jointed granite base would fail in the selection of locations, because this
does not fall under the category “best possible”

properties. From area-differentiated geotechnical investigations of the rock and fluid
properties it becomes clear that with a considerable bandwidth in the distribution
of parameters, both location- and time-related, anomalies are to be expected. It has
happened here, before during detail investigations that there is a need to further
investigate the area by appropriate geophysical field studies.

When developing the security and proof concept, suitable methods for the sys-
tematic handling of inherent uncertainties must also be applied. These uncertainties
affect inter alia not only the present location data, see Table 8.3, but also the future
development of the repository system over the long periods to be considered, and the
knowledge of the processes in progress. Some of the uncertainties that arise when
describing the processes in progress are the result of investigations obtaining the
necessary data required for modeling, especially in the parameterization of the mod-
els used. For their treatment, these data and parameter uncertainties are identified
in connection with the description of the corresponding models or treated during
the evaluation of model calculation results. To take account of data and modeling
uncertainties, probabilistic analyzes need to be carried out. For example, probabilistic
methods are used for taking into account parameter uncertainties in the assessment
of the inclusion of radionuclides in the ECZ and possibly in the radiological con-
sequences analysis and partial safety factors in the consideration of uncertainties of
the load cases for the geotechnical structures, GRS [23].

In addition, a repository concept should take into account the uncertainties of the
occurrence, timing and characteristics of future events at the site, for example in
connection with future cold periods. The occurrence of such events is to be expected
with a probability, so that with the systematic handling of inherent uncertainties a
failure probability of the repository system can be identified.
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The determination of a failure probability of repository systems is currently not
part of the standard design procedure.However, it is not unlikely, that the probabilistic
model calculations might also lead to opening up this area for consideration.

• Probability of failure of the repository system or its subsystems

Afailure probability for both the repository systemor its subsystemspoints to remain-
ing risks (residual risk) in a probabilistic investigation. The probability of failure
results from the probability of the occurrence of the unplannable, extraordinary events
and the probability that two (several) of these events can occur simultaneously. Some
principles for their determination are given below.

In order to be able to evaluate the safety of a repository site with a probabilitymea-
sure, two conditions are introducedwhich aremutually exclusive, i.e. complementary
to each other. These are, on the one hand, the failure event, which is designated V,
and, on the other hand, its complementary event, the non-failure, which is designated
Ṽ. There is then the difference quantity V to Ṽ.

Both events are assigned corresponding probabilities: The probability of failure
(Pf) and the probability of surviving (reliability) (Pr).

The following applies here:

pr + p f = 1 (8.1)

The prerequisite for this is the safety, in this case of a repository structure, and
to be able to evaluate with a probability measure, which enables the formation of
a mathematical relation between its input (action process) and its output (action
process) and for which a sufficiently large amount of statistical information on the
basic variables is available. The condition of the repository structure depends on
a number of variables that are considered to be statistically detectable. These are
also called base variables (or random variables). For cavity stability, these include
the mechanical properties of the host rock, the effects, e.g. the static equivalent
loads, the geometry of the cavity and the geometric imperfections, the effects from
the environment, overburden, etc., as well as the effects of the host rock. The state
variables can be summarized in a vector vekX.

vekX =

⎛
⎜⎜⎜⎜⎜⎜⎝

X1

X2

X3

. . .

Xn

⎞
⎟⎟⎟⎟⎟⎟⎠

(8.2)

Using suitable probability theoretical approaches, it is not formally difficult, to
determine the probability measure for the occurrence of a certain, clearly defined
limit state g(vekX) for a mechanical calculation mode,

Pf = P(g(X1, X2, . . . , Xn) ≤ 0) = P(Z ≤ 0), (8.3)
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Pf ≤ 0 − f ailure; →← P f > 0 − no failure

that is, the probability that the failure condition is satisfied or the security zone is
negative.

Z is referred to as the safety zone, Xi as random variables whose probability
distribution Fi and -densities fi are known.

Z = g(X1, X2, . . . , Xn) ≤ 0 (8.4)

In n-dimensional space, the boundary state function g(vekX) ≡ 0 represents an
(n − 1)-hyperface which divides the whole space into an unsafe, i.e. failure area
{vekX |g(vekX) < 0} and a safe area {vekX | g(vekX) ≥ 0}. Geometrically, is a limit
state the surface of the safe area.

At many boundary states it is not difficult to consider the resulting resistance
R and the resulting action S as stochastically independent partial states in the state
function, so that the two-dimensional example calculation shown in Fig. 8.13 results.
If the base variables are random variables or random processes, this also applies to
R and S. It applies:

g(vekX) = R − S = X1 − X2 (8.5)

The difference Z=R− S is called the safety distance. If Z≡ 0, then the limit state
is reached. If Z < 0, failure is present; if Z ≥ 0, this is not the case. According to the
above considerations, the safety distance can also be understood in its most general
interpretation as a random variable or random process Z ≡ g(vekX), see Fig. 8.4.

If one set e.g. earthquakes and tectonic events as static equivalence loads, one
can consider the calculation method as a calculation of probability of failure static
systems with random, stochastically dependent properties and under random effects
defines, see Spaethe [24].

The correlations presented above can be regarded as the basis of probabilistic
safety analysis (PSA) or probabilistic risk analysis (PRA), which investigates the
risks of repository structures using methods of probability calculation and systems
analysis, see further Sect. 8.4.2. A number of probabilistic models have become
known with which risk analyses of repository structures can be performed, GRS
[25].

It is important in probabilistic calculations that a very high sensitivity of the
theoretical failure probability to changes in the selected stochastic models can be
demonstrated, see also Sect. 8.4—Sensitivity Analysis.

• Proof of the integrity and robustness of individual barriers of themultibarrier
system of a repository system (ENW 3)

According to BMU [8], the search space for a repository is currently specified as
follows: “The safety requirements specify, which safety level a repository for heat-
generating radioactivewaste in deep geological formations has to comply to fulfill the
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Fig. 8.4 Calculation of the failure probability Pf for a two-dimensional example calculation accord-
ing to Spaethe [24]

nuclear requirements. This safety level is not determined solely by general protection
objectives and protection criteria, …. These safety requirements are based on a
repository concept in which the radioactive waste is permanently stored of in a deep
geological formation with high isolation capacity”. According to this concept, the
effective containment zone is defined as follows: “… is the part of the repository
system which, in conjunction with the technical closures (shaft closures, chamber
closure structures, dam constructions, backfilling, …), ensures the containment of
waste”.

A long-term proof of safety shall be based on the central safety requirements
according to BMU [8]. From today’s point of view, it is not possible to assess
with certainty whether these requirements will ultimately be implemented, so it
should be pointed out here what can also be assessed differently without reducing
the safety level of the repository for heat-generating HAW. Near-surface reposito-
ries are excluded according to the currently valid philosophy. Whether this can be
maintained in the long term is currently uncertain.

The long-term safety proof for a repository in deep geological formations must
therefore be carried out for a multibarrier system and must meet the requirements of
redundancy and diversity. Depending on the host rock and the type of waste, adapted
multibarrier systems can be developed for suitable sites.

Barriers are natural or (geo)technical components of the repository system. Bar-
riers are, for example, the waste matrices, the waste containers, the chamber and
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shaft closure constructions, the effective containment zone (ECZ) and the geological
layers surrounding or overlying this ECZ.

A barrier can perform various safety functions. The safety function of a barrier can
be a physical or chemical property or a physical or chemical process. For example,
the obstruction or hindrance of access of liquids to the waste or the protection of the
effective containment zone from erosion can all be considered safety functions.

For a repository in salt, for example, the barrier system would look different
compared to a site in granite or clay and, in particular, for a repository near the surface.
Salt as a host rock has the advantage that the geological conditions, in particular the
dryness, provide a much greater barrier effect than with a repository in granite,
through which water flows. The geotechnical and technical barriers therefore play
a much more important role in granite than in salt. Dissolved nuclides are retained
relatively well in the claystone. Due to the moisture present in the clay, however, the
requirements for the final storage container are also significantly higher than for salt.

• Natural Barriers

The mode of action of the natural barriers is determined by the isolation potential of
the host rock. The behaviour of rocks anddeposits in nature, even over longgeological
periods, has been well researched. We therefore know that the retention capacity of
different types of rock (salt, clay, granite) is different. This is just as important for the
selection and planning of a repository as the comprehensive investigation of geology
at a specific site, see Fig. 8.6.

Barrier assessment host rock:

– Reducing conditions (no free oxygen), i.e. no or onlyminor corrosion of repository
containers

– Concentrated and heavier salt solutions in relation to water in deep geological
subsoil above the host rock

– Different barrier effect of formations with different water permeabilities located
above each other (e.g. in overburden).

• Technical and geotechnical barriers

– Conditioning, with the aim of reducing the volume and immobilising the pollutants
– Packages, containers, final disposal containers
– Mineral mixtures such as bentonite, which keep incoming water away from the
containers or those which bind nuclides dissolved in the water/immobilisates

– Tight backfill material for filling boreholes and chambers/volcanic ash (industrial
bentonite)/immobilizing materials

– Borehole or chamber seals
– Drift closure structures, dam constructions, see Fig. 8.5
– Shaft filling
– Shaft seals.
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Fig. 8.5 Experimental shaft seal construction (dam) according to SITZ [26]

The interaction of natural and geotechnical barriers is determined on the one
hand by the host rock and on the other hand by the safety requirements resulting
from the safety analysis. The search for a suitable site, reduced to a suitable host
rock, is therefore also dependent on the state of development of the technical and
geotechnical barriers. Hereman has the greatest potential for influence. The argument
that natural barriers have proven their barrier effect over a long period of time must
be countered by the fact that technical and geotechnical barriers have not yet been
given the time to do so. It would be unfounded to deduce from this that these barriers
cannot develop a long-term barrier effect. Rather, the development shows that they
have an important function in isolating the radioactive inventory.

There are counterarguments that the barrier effect (barrier parameter) is lowered
by the heat-generating waste, such as:

– Permeability increases can occur when existing pathways in a barrier rock or in
the material of a technical barrier are widened due to thermal volume changes or
if, in the event of a hindered change in volume, tensile stresses occur which form
new networked paths, when local strength overshoots occur.
The advective transport of substances is made easier by a lower viscosity.

– Sorption capacity: The sorption capacity of the bentonite introduced plays a role
in the host rock types clay and crystalline. It must therefore be ensured in these
concepts that the necessary sorption capacity is not impaired by thermally induced
mineral transformations.

– Stability of the glass matrix, the transition temperature of glass coquilles should
not be exceeded, etc.

It is hereby reiterated that heat generation of the waste can be reduced to such an
extent by transmutation, decay storage or lower emplacement density of the heat-
generating waste such that negative effects on the barrier are limited or even excluded
and the barrier effect is maintained throughout the observation period. As evidenced
by the building permit for the Finnish repository Onkalo for HAW, in which copper
containers are used with an enveloping layer of prefabricated bentonite rings, the
second intent has already been taken into account (Fig. 8.6).
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Fig. 8.6 Sealed repository mine in the post-closure phase

• Geotechnical barrier—final disposal container

Themulti-barrier system of a repository consists of natural (geological) and geotech-
nical barriers. The geological barriers are essentially determined by site selection.
The geotechnical barriers are adjusted in an iterative process. For example, [8] spec-
ifies as a protection criterion that for the post-closure phase it can be shown that
for probable developments, as well as for less probable developments, release of
radionuclides originating from the stored radioactive waste, may result in additional
effective dose in the range of only 10 microsieverts per year for individuals of the
population.

In the case of uncertainties, such as input data for the consequence analysis, the
type and location of the impairment as well as their temporal classification must be
determined. In the case of partial failure of the geological barrier and the related
likely developments, such as the inflows of surface-, overburden- and formation
solutions, it should also be examined whether and to what extent the sealing system
is so impaired, so that a release of dissolved radionuclides in the biosphere cannot
be excluded. A special task is assigned to the repository waste containers, see also
[27, 28].

For the final disposal of the heat-generatingHAW, these are conditioned andwaste
packages consisting of radioactive waste product and waste container are produced,
see Chap. 2. After conditioning, the radioactive waste product is enclosed by the
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waste matrix and fixed in the waste container. The currently valid safety concept
BMU [8] stipulates: “On the basis of the properties of the radioactive waste produced
or still to be produced and the appropriate conditioning procedure, the safety-relevant
properties of the final storedwaste packages are to be derived from the safety analyses
by the operator of the repository and implemented as disposal conditions”.

A particularly noteworthy criterion here is the exclusion of criticality: it must be
shown that self-preserving chain reactions are excluded in both probable and less
probable developments. This applies to each individual container and the emplace-
ment areas as well as the repository as a whole.

For the Gorleben repository concept, repository container developments are avail-
able for drifts and borehole emplacement aswell as for a so-called difference analysis,
in which the use of transport and storage containers (TLB) as repository containers
for Pressurized Water Reactor (PWR), Boiling Water Reactor (BWR) and Water-
Water Energy Reactor11-fuel elements was considered. These transport and storage
casks are approved for the transport and interim storage of spent fuel elements and
reprocessing waste. The proof of suitability of such casks for final disposal has not
yet been provided. Self-shielding POLLUX® and CASTOR® casks, for which the
following requirements apply, are provided for the storage of fuel assemblies and
reprocessing waste:

– mechanical stability against the rock pressure to be expected in the emplacement
horizon

– gas-tight containment of the radioactive substances packed in the final storage
container

– sufficient shielding of the radioactive substances packed in the final disposal con-
tainer during transport, intermediate storage and handling

– Long-term stability to corrosion until other barriers ensure safe confinement, see
GRS [29].

The POLLUX casks, with the dimensions listed in Table 8.4, were developed by
the enterprise GNS mbH for the direct final disposal of spent fuel elements in salt.
The POLLUX is equippedwith a forged steel inner cask, which is designed to receive
compacted waste and ensure the containment of the radionuclides. A second outer
container made of spheroidal graphite iron GGG 40 serves to shield the radioactive
radiation, but has no sealing function and therefore only has a comparatively simple
screw cap. It seems extremely unlikely that Pollux containers will ever be used in this
development. For example the long-term stability against corrosion is insufficient, to
meet the criteria of retrieval and recovery. These final storage containers effect only
a low long-term isolation of the radionuclides.

It should be noted that the previous German repository container concept does
not meet the requirements for the crystalline host rock formation (Fig. 8.7).

The contribution of the waste matrix and the container to the isolation of the
radionuclides consists in limiting the release of the radionuclides from the waste

11Russian reactor type.
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Table 8.4 Dimensions and masses of final storage casks for drift emplacement according to GRS
[29]

Dimensions/Final
disposal
containers

Length/Height
(mm)

Diameter
(mm)

Package-
volume
(m3)

Max.
package-
mass
(Mg)

Transport
package-
volume
(m3)

POLLUX®-10
(POLLUX®-9*)

5517 1.560a 10.55 65 10.55

CASTOR®

THTR/AVR
2784 1.380a 4.16 26 4.16

CASTOR® KNK 2784 1.380a 4.16 26 4.16

CASTOR® MTR
2

1631 1.430a 2.62 16 2.62

alifting lugs; *) assumed equal dimensions

Fig. 8.7 General
construction of a
double-jacketed copper
waste container. Source
Raiko et al. [30]

matrix and the container into the effective containment zone. A basic requirement
is that the waste matrix currently meets the criteria of long-term stability. A release
of radionuclides from the waste matrix can only begin when the waste container has
already failed. A release of radionuclides from the waste matrix, however, requires
water inflow at the waste matrix. Water ingress to highly radioactive waste leads to
corrosion of the waste products in the long term.
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However, it is now known that the resulting corrosion products can also bind
radionuclides and thus effectively prevent their mobilisation. It will therefore be nec-
essary to investigate the possibilities of adding immobilizing agents to the container
that largely prevent or considerably delay the mobilization of the radionuclides. A
number of immobilizing agents are known, many of which do not fulfil the require-
ment of corrosion inhibition, see also vitrified waste.

Vitrifiedwaste from the reprocessing of fuel elements fromGerman nuclear power
plants is also to be transferred to a repository for heat-generating HAW. If aqueous
solutions come into contact with the glass matrix, corrosion will also occur. The
question of which container solution can be found for use with the vitrified waste is
still open. In principle, the same procedure could be used as for the fuel rods.

A platinum-catalyzed, room temperature-curing silicone foam DOE [31] was
used for the conditioning of wastes containing a high proportion of nitrates and
chlorides. For this purpose, the contaminated waste is mixed with the silicone foam
and poured into a container in the liquid state. The investigations carried out so far
show that the mixture produced is highly resistant to leaching, which is necessary
for long-term stability. In addition, good compatibility of the salt-containing waste
with the polysiloxane material was determined, see [32]. Internationally, container
development, as a technical barrier in connection with storage technology, is given
outstanding importance because it can provide a high proportion of insulation for
the radiotoxic material. This is related to the fact that even nature does not offer an
immaculate host rock, even if the impression arises from some expert reports that
this the case.

An interesting solution has become known from Sweden and Finland, which in
principle can also be transferred to Germany, Bollingerfehr et al. [33]. The spent
fuel elements are placed in a double container with a welded cap. The inner cask is
made of corrosion-resistant steel to ensure mechanical stability, while the outer cask
is made of copper to ensure chemical stability. The stability of steel containers is
assessed at 1000 years [34, CROP], see also Table 8.6; that of copper containers at
least 105 years [35, NAGRAb].

The copper container described above is surrounded by an enveloping layer of
prefabricated bentonite rings.Water entering the container first reaches the swellable
bentonite barrier and cannot therefore reach the double container. The retrievability
of this container type was investigated by Pettersson [36]. The final selection of the
material should be made according to the site-specific boundary conditions, see also
Chap. 7.

The containers are accepted in accordance with the acceptance conditions of the
repository operator and placed in prepared emplacement chambers. The protection
of the personnel in the repository plays a special role here.

• Interim storage

The fuel rods removed from the cooling pond are packed in a prepared Castor con-
tainer and taken to the interim storage facility. There are different types of Castors.12

12Castors—cask for storage and transport of radioactive material, [37].
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Fig. 8.8 CASTOR® V/19
containers. Source GNS [39]

The CASTOR® V/19 cask is designed for the transport and storage of irradiated
fuel assemblies from Pressurized Water Reactors (PWR). The fuel assemblies are
at 400°–500° when loaded into the castors. The casks are therefore equipped with
cooling fins to ensure that the surface temperature does not rise above 85°.Moderator
rods are also installed in the container walls to slow down the gamma and neutron
radiation.

The loading capacities is max. 19 PWR fuel elements. Total heat output is 39 kW,
total activity: 1900 PBq. The Castor container is approx. six metres long, has an
outer diameter of approx. 2.5 m and a wall thickness of 42 cm. This Castor type
consists of stainless steel and weighs approx. 126 tons when loaded, see Fig. 8.8.
The CASTOR® V/19 has all necessary permits for transport, permits for long-term
interim storage as well as for Loading capacity in nuclear facilities, see [38] www.
gns.de Product info. The CASTOR® V/19 container is not suitable for final disposal.

Irrespective of whether or not interim storage facilities are assigned to a final
storage concept, in Germany the duration of the approval of interim storage facilities
is 40 years according to Atomic Energy law (AtG), measured from the first storage of
a container which will not be sufficient until a repository for heat generating HAW is
available in Germany, 12 interim on-site storage facilities are available at the nuclear
power plants and two central interim storage facilities at Ahaus and Gorleben. The

http://www.gns.de
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permit forAhaus expires in 2032 and that forGorleben in 2035. The permitsmay only
be extended for irrefutable reasons and after prior referral to the German Bundestag.
From the author’s point of view, the fact that there is no public participation here is
in stark contradiction to the remarks of König [40], who ascribes the interim storage
facilities to the German waste management concept. In the meantime, all interim
storage facilities have been transferred to the Federal Republic of Germany.

It is proposed here to construct 3–5 shallow interim storage facilities in caverns or
bunkers, whereby at least one at the same time could be a pilot project for a shallow
final disposal. For further details, see Chap. 9.

The Castor containers placed in interim storage have to ensure a prescribed shield-
ing, both for transport and for storage. In [39], the IAEAhas laid down the framework
for national regulations for this purpose. For this purpose, the surface local dose rate
of the containers is limited. For the on-site interim storage facilities, containers only
receive a permit for a maximum permitted surface local dose rate of 0.35 mSv/h.13,14

The Castor containers, however, shield the neutron radiation relatively poorly. A sec-
ond limit value applies to shielding in Germany, namely that the radiation exposure
at the fence of the interim storage facility should not exceed 0.3 millisieverts per
calendar year.

It is to be assumed that other stricter limitations will be prescribed for the final
storage containers. The decisive factors for this are probably the long operating period
of the repository and the 500 years retrievability currently specified, which would
result in unacceptably high loads for the personnel at unmodified surface dose rates,
see Chaps. 2 and 3. However, there is currently no proof method for long-term safety,
which that also guarantees compliance as far as possible.

The storage chambers are located in the effective containment zone (ECZ) of the
repository. They are equipped as transition locations (intermediate disposal). It can
be assumed that in the case of an open-ended site search, even near-surface repository
solutionsmust be subjected to a detailed scientific investigation before a final decision
can be made, especially if the transmutation with the aim of deliberately changing
the radioactivity of the inventory is integrated into a repository concept, see Chap. 7.
However, the [7] EndKomm (2016) proposes not to pursue transmutation further
in a repository concept with the justifications that this is an independent treatment
procedure for HAW and it is too long term and too expensive, see also Chap. 7.
It must be pointed out that transmutation can only be a partial aspect of disposal.
First of all, it must be assumed that no quick solution for HAW can be found in
Germany and that it is not necessary to find one. But, it is to be expected that the
safety requirements for a repository site may lead to equipment requirements that
far exceed the costs for transmutation. Thus [7] EndKomm (2016) has determined a
limitation of the outside temperature of the containers at 100 °C until other proofs are
available, without knowing the effects on the host rock and its physically maximum

13An one-hour stay immediately adjacent to the container results in a dose of approximately
0.35 mSv. This corresponds to around one-seventh of the normal annual radiation exposure of
the population of 2.5 mSv.
14Of these, a maximum of 0.25 mSv/h may be caused by neutron radiation.
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tolerable temperature as well as the resulting requirements. Due to the longer interim
storage periods and the lower storage density, the temperature inGermany falls below
100 °C anyway. The maximum limit temperature in the respective host rocks and
geotechnical barriers is thus becoming less important, of course because transmuted
waste does not cause a heat-induced process, see BGR [41]. The extent to which
international P & T capacities for the transmutation of the German HAW can be used
has not yet been exhaustively investigated, see Chap. 7. For the sake of completeness,
it must be noted here, that near-surface repositories, supported by the longer interim
storage periods and a lower emplacement density, could also be considered more
closely.

Comprehensive Safety Proof for All Operating States

Safety proofs for geotechnical structures (tunnels, dams, caverns, etc.) depend on the
risks and threats they pose to “innocent bystanders” and future generations. Acci-
dents or failures in risk technologies (structures) produce irreversibilities (deaths,
contamination of land, water and air, genetic damage to humans, animals and plants)
that invalidate the expected handling of technical accidents, namely that they are
repairable and reversible. In addition, even the normal operation of risk systems
requires safety precautions that far exceed the organisational requirements of the
environment to these technical systems. According to the author’s assessment, the
interim storage, the transport of heat developingHAWs to be finally stored, the condi-
tioning plants, the operating phase and the decommissioning phase can be absolutely
regarded as risk systems. In the post-closure phase, a repository is assessed as a sys-
tem with development uncertainties, but its probability of occurrence is so low that
irreversibility as a result of failure can practically be ruled out. The following safety
proofs can also be derived from this, Halfmann and Japp [42]. According to the
current deterministic repository philosophy, the probability of occurrence of failure
is not considered.

According to BMU [8] “a comprehensive safety proof shall be performed for
all operating conditions of the repository including the above-ground facilities. In
particular, plant-specific safety analyses shall be performed for emplacement opera-
tion and decommissioning, taking into account defined design basis accidents which
prove the protection of operating personnel, population and environment required
by the Radiation Protection Ordinance. This includes analysing and presenting the
robustness of the repository system. Furthermore, for the safety-related systems, sub-
systems or individual components, the respective probabilities of impacts, failures or
deviations from the expected case (reference case) shall be calculated or estimated
as far as possible and the effects on the respective associated safety function shall be
analysed”.
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Proof of Long-Term Safety for the Repository System

Long-term safety is the condition of the repository structure for which the relevant
safety requirements are met after decommissioning. Proof of long-term safety is
essential before any substantive determination is taken, and a comprehensive, site-
specific safety analysis and safety assessment covering a period of one million years
should be performed.

Numerical analyses of the long-term behaviour of the repository shall be per-
formed for:

– Integrity of the effective containment zone (ECZ)
– Radiological consequences of the escape of radionuclides from the inventory of
the ECZ

– Mobilisation of natural radionuclides from the geological barrier, the overburden
and dirt bed

– The properties of container and backfill as part of the geotechnical barriers
– The properties of the sealing constructions.

According to the current repository philosophy, deterministic calculations are to
be carried out on the basis of modelling that is as realistic as possible (e.g. median
values as input parameters).

As results of these numerical calculations the following outcomes are expected:

– Demonstration of the expected system behavior
– Derivation of time-dependent requirements, if any, for the components of the
repository system

– Optimization of the repository system.

In addition, uncertainty and sensitivity analyses must be carried out in order to
show the possible solution space and to be able to assess the influence of the uncer-
tainties. The model uncertainties have to be considered. Compliance with numerical
criteria, taking into account the uncertainties resulting from or derived from these
safety analyses, determines the reliability of the numerical results. These and any
numerical failures of these criteria resulting from the analyses shall be evaluated for
their relevance.

For the period of the optimisation process in which the uncertainty in the input
data and calculation models is too great, reference models (e.g. reference biosphere)
should be applied if necessary. For this period and in the final evaluation, qualitative
arguments should also be consulted.
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8.5 Elements of a Long-Term Safety Assessment

8.5.1 Analysis of the Repository System (System Analysis)

The core of the repository system analysis is the long-term safety analysis. This is
the analysis of the long-term behaviour of the repository after decommissioning. It
comprises all the information, analyses and arguments which prove the long-term
safety of the repository andmust explainwhy confidence in this evaluation is justified.
The system analysis shall include the following key areas of analysis:

• Long-term statement on the integrity of the effective containment zone (ECZ)

The integrity of the effective containment zone is proved for probable developments
on the basis of a long-term geoscientific forecast. This must be ensured over a period
of one million years. For this purpose, the effective containment zone must be clearly
defined both spatially and temporally.

• Radiological long-term statement

For probable and less probable developments it has to be proven that according to
the current German safety concept BMU [8] the following criteria are met:

(a) “For the post-closure phase, it shall be demonstrated that for probable develop-
ments due to the release of radionuclides originating from the stored radioactive
waste, only an additional effective dose in the range of 10 microsieverts15 per
year can occur for individuals of the population. Individuals with today’s life
expectancy who are exposed during the entire lifetime should be considered”;
ICRP [43].

(b) For less likely developments in the post-closure phase, it shall be demonstrated
that the additional effective dose caused by the release of radionuclides from
the stored radioactive waste does not exceed 0.1 millisieverts16 per year for
the people affected thereby. Individuals with a present-day life expectancy who
are exposed during the entire lifetime must also be considered, ICRP [44]. To
the extent that sufficiently reliable statements can be made for a period of one
million years about the effectiveness of safety functions of the overburden and
dirt bed of the effective containment zone, these can be included in the long-term
radiological statement.

• Long-term robustness of technical components of the repository system

The proof of the robustness of technical components of the repository system must
be predicted and presented on the basis of theoretical considerations. If technical
barriers take on important safety functions with regard to long-term safety and are
subject to special requirements and there are no recognised rules of technology for

15See Chap. 2.
16The effective dose is higher here because of the low probability of occurrence, thus lower risk for
individuals (risk < 10−5/a), see also Chap. 2.
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this, their manufacture, construction and function must be fundamentally tested.
These investigations are currently not conducted in Germany, in particular not for
different host rocks.

• Exclusion from criticality

It should be shown that self-sustaining chain reactions are excluded in both probable
and less probable developments.

• Control- and evidence collection program

A control- and evidence collection program during emplacement operation, decom-
missioning and a limited period after decommissioning shall be used to demonstrate
that the input data, assumptions and statements of the safety analyses and safety
demonstrations performed for this phase are complied with. In particular, this mea-
surement programme shall record the effects of the thermomechanical reactions of
the rock on the heat-generating wastes and the technical measures as well as the rock
mechanical processes. An extrapolation to an observation period of 1 million years
cannot be scientifically proven from the current point of view and is therefore subject
to considerable uncertainties. A long-term monitoring programme should therefore
also be included. With the maintenance of an underground laboratory (transition
storage) for 500 years, a sufficiently long period would be defined, which goes hand
in hand with the period of retrievability to be guaranteed.

A central aspect is the analysis of the isolation capacity and reliability of the
repository system. It includes, for example, the development of conceptual models,
scenario development, consequence analysis, uncertainty analysis and comparison
of the results with specified safety principles, protection criteria and other proof
requirements.

The requirements for long-term safety analyses are

• the collection of data (site surveys, experiments, research and development),
• ensuring that the requirements for technical and geotechnical barriers are met,
• the determination of safety-relevant processes and events—scenarios development
(natural and technical analogues, site- and plant-specific research),

• the scientific description of these processes and events (basic research, natural
analogues, experiments, in situ experiments),

• the implementation of adequate models,
• the qualification of the models (natural analogues, experiments, in situ experi-
ments, reviews) and the associated computer programs,

• the qualified treatment of the problem as well as an evaluation by arguments and
analyses.

Uncertainties occur in each procedural step of the long-term safety analysis, which
must be presented and taken into account in the decision-making processes, see
Fig. 8.9.
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Fig. 8.9 Main steps of a long-term safety analysis according to BMU [8]

These uncertainties result from, Baltes et al. [16], as a consequence:

– the limited knowledge of geological development, the given geological conditions
in situ and the characteristics of sub-areas, siting regions and sites,

– a full of fissures knowledge of the safety relevance of geological conditions,
– the limited predictability of geological developments in view of the duration of
the periods under consideration,

– the different quality of the respective data (input data) for the comparative assess-
ment of sub-areas, siting regions and sites.

– From the current point of view, the geological conditions represent boundary and
initial conditions, so that the numerical calculationmethods aremethods with vari-
able boundary and initial conditions. The prediction of geological developments
at the site is also a prediction of boundary and initial conditions, which ultimately
cannot be verified.

The methodology of the long-term safety analysis in its main steps is summa-
rized in Fig. 8.9. Besides analyses for the evaluation of uncertainties in the data and
models (uncertainty analysis), for the evaluation of the robustness of the repository
system against changes of data or boundary conditions, determinations regarding
the sensitivity to individual input parameters (sensitivity analysis and probabilistic
analysis) must also be carried out. A sensitivity analysis is a calculation method,
which delivers a certain result with fixed input values. In a sensitivity analysis, the
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dependency of the result on a change in the input values is determined. In this way,
those input values to which the result reacts most sensitively can be determined.
The sensitivity and uncertainty analysis are therefore essential elements in the safety
analysis in order to verify the statements of the calculations. Long-term safety anal-
ysis is ultimately about pointing out the possible solution space and assessing the
influence of the uncertainties. Model uncertainties are also taken into account. The
observance of numerical criteria which result from these safety analyses, or were
derived from them, must be done with sufficient reliability and consideration of the
uncertainties. The relevance of any numerical variations of these criteria resulting
from the analyses must be assessed, see also [45].

The uncertainty of the forecasts of future developments inevitably results from
that the following factors:

– the (repository) system is extraordinarily complex and its initial state can only be
described with a limited degree of detail, and

– the detection period is generally very long, so that temporal extrapolations may
be subject to large errors due to uncertainties regarding the initial state and the
description of the processes.

In order to carry out analyses for a period of one million years, it is necessary to
identify possible developments of the repository system. This is based, for example,
on forecasts of developments at the site (geological, anthropological) as well as on
changes in the natural barriers associated with the construction and operation of a
repository. From this, scenarios are derived which are incorporated as assumptions
in the subsequent analyses. This must also include unusual events that cannot be
planned such as extraordinary events and worst cases.

Many extraordinary events can be excluded on the basis of comprehensive evi-
dence that these impair the integrity of a repository, see also Hertzsch [6].

Two of these extraordinary events which cannot be planned for and which also
point to the remaining risks of a repository should not be absent from a long-term
safety demonstration:

– Terrestrial interventions from outside (drilling, test pittings, etc.)—Human Intru-
sion Scenarios, see ESK [46]

– Time and any history of climate change (glacial and warm periods scenario), Petit
et al. [47]; Cyclic occurrence of glacial and warm periods, interglacial periods,
Fig. 8.10.

In the investigation of tectonic scenarios AkEnd [16] came to the following con-
clusion: “Areas in which the barrier system of a repository located at a depth of about
1000 m is significantly influenced over millions of years or whose development can-
not be predicted over this period should be identified as particularly unfavourable”.

The demarcation of areas with obviously unfavourable geological conditions,
which are excluded from the search areas for repository sites, was defined as follows:

• Large-scale verticalmovements: The final repository regionmust not exhibit large-
scale elevations of more than one millimetre per year on average in the foreseeable
period.
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Fig. 8.10 Change in temperature (deviation from the mean temperature of the Holocene) and CO2
concentration of the Antarctic atmosphere in the last 420,000 years after ice core measurements at
the Antarctic station Vostok according to Petit et al. [47] and Barnola et al. [48]

• Active fault zones: There must be no active fault zones in the repository area.
• Seismic activity: The seismic activity to be expected in the repository area must
not exceed earthquake zone 1 according to DIN 4149.

• Volcanic activity: In the repository region, no quaternary or future expected vul-
canism may be present.

• Groundwater age: No young groundwater may be present in the effective contain-
ment zone. The groundwater must therefore not contain tritium and/or C-14.

System analyses must take into account all probable and less probable scenarios
such as partial failure of sealing structures, see Fig. 8.5, or release of radionuclides
from the waste matrix into the effective containment zone. For the scenarios, the
influence on the effectiveness of the barriers is determined by means of special
geomechanical and hydraulic simulation programs. In particular, analysis will be
used to determine whether the protective function of the effective containment zone
is maintained or not.

The hydraulic calculations and radionuclide transport analyses include the fol-
lowing aspects:

• Verification of the barrier effect of the sealing system (shafts and drifts closures,
compacted salt breeze backfilling)

• Clarification if it is possible that solution inflows may occur in the emplacement
areas

• Analysis of the release dynamics and transport of dissolved and gaseous radionu-
clides

• Analysis of the effect of gas pressures due to corrosion processes
• Assessment of radiological consequences using scientifically recognised exposure
models.
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A long-term safety analysis should include the following main steps, GRS [49],
see also Fig. 8.9:

– Preparation of a catalogue of the relevant scenarios on the basis of the properties,
events and processes (FEP)17 relevant for the temporal development of a repository
system as well as the site properties and the repository concept,

– Development of conceptual models to describe the processes running in the repos-
itory system. In this context, the possible chemical/geochemical reactions that can
take place between the stored waste, the host rock and aqueous phases (ground-
water) play an important role,

– quantitative description of the processes and scenario sequences with numerical
models,

– Calculation of the radiological consequences and analysis of the consequences
with regard to the protection objectives,

– Performing further analyses to evaluate uncertainties, robustness and sensitivity.

8.5.2 Scenarios Analysis—Scenarios Development

The aim of scenario development (scenario analysis) is to select from the multitude
of conceivable development possibilities of the repository system in the post-closure
phase those which represent the probable developments and the range of less prob-
able developments. Concrete design steps of the repository system follow from the
scenarios.

In this step of the long-term safety analysis, the so-called FEP—“Features”,
“Events”, and “Processes” are first compiled. FEPs describe properties, events and
processes that characterize the various scenarios, i.e. all development possibilities of
the repository system. In this sense:

– “Properties”: Conditions or conditions characterising a particular system or sub-
system at any given time, such as the radionuclide inventory, available gas storage
volume or backfilling permeability,18

– “Events” means natural events, spontaneous processes and changes, human inter-
vention and seismic events in the area of the repository,

– “Processes”: slow and long-lasting processes and changes such as corrosion, leach-
ing, cavity convergence, diapirism or decay of long-lived radionuclides.

The selected FEPs are then combined into scenarios. A scenario results from
the changes in the repository system and the barrier effect of its components in the
post-closure phase under the influence of events and processes. Various international

17FEP: acronym formed from “Features”, “Events”, and “Processes” that is used in international
literature; is used in the context of repository safety analyses.
18See also temperature dependence.
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methods are used to combine the FEPs into scenarios, although a uniform method-
ology has not yet been established.

When compiling the FEPs, both site-specific information and generic databases
such as the “NEA-FEP database” are used. The database contains a compilation
of all FEPs from various international long-term safety analyses, which reduces
the probability that relevant FEPs will be disregarded. This is followed by “FEP
screening”, NEA [50].19

The scenario catalogue determined in the scenario analysis is the starting point
for the long-term safety analysis, in which the sequence of scenarios is simulated
with the aid of calculation models. In particular, the models for the long-term safety
analysis, in which the processes taking place in the repository are mapped, are con-
structed on the basis of the scenario analysis. The probability of occurrence is a
quantitative or qualitative indication of the probability with which a risk event (sce-
nario) occurs within a certain period of time. The complete specification of a scenario
(risk) includes its effects (consequences) and its probability of occurrence pE. These
two parameters are determined as part of scenario analysis and serve as criteria
for long-term safety analysis (scenario catalog). The scenarios can be classified as
follows:

• “Reference scenarios” whose occurrence is certain or very likely,
• “Hypothetical scenarios” for which either low probabilities of occurrence or large
uncertainties exist,

• “Practically excluded scenarios” with very low expected consequences or proba-
bilities of occurrence or irrelevance for the concrete analysis and

• “Stylized scenarios”, as a predefined (e.g. regulatory) development of the reposi-
tory system or a subsystem inwhich the event sequences at the site to be considered
are not taken into account in detail.

Reference scenarios are used to limit the high uncertainty of the input data and
calculationmodels, because the reference case is based on the expected development,
currently preferred hypotheses, the reference interpretation of the conceptual models
(reference model and stylized models) and the following fundamental phenomena:

• Radioactive decay
• Period of complete containment of fuel elements and of high-level waste in the
cask

• Inclusion in the waste matrices
• Geochemical immobilization and retention of released radionuclides by the waste
matrices

• Limitation of the mobility of released radionuclides in the ECZ and during trans-
port through natural and geotechnical barriers, dilution by regional aquifers and
reduction of release in the biosphere.

It can be seen that reference scenarios depend on the location. Thus, reference
scenarios for the different host rocks (salinar, crystalline, clay) are different.

19Nuclear Energy Agency (NEA) is an intergovernmental agency that is part of the Organisation
for Economic Co-operation and Development (OECD).
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Fig. 8.11 Scenario “Solution inflow from a limited solution (brine) inclusion”: Flowchart of the
characteristic FEP’s

Once a host rock has been selected, possible failures must also be investigated for
long-term safe and stable storage, and from this, failure scenarios must be developed
that examine the possible effects of a failure affecting the biosphere, see Fig. 8.11
Scenario solution inflow in the ECZ.

This means that compliance with long-term radiation protection targets must be
demonstrated by means of a safety analysis for both the expected developments and
the unlikely incidents.

A failure scenario that is to be expected with a probability of occurrence pE in
a period t should be able to be assigned a probability of failure pf of the reposi-
tory system in the period under consideration of 1 Million years, see equations for
determination regulations. (Eqs. 8.13–8.17). The probability of failure within the
observation period is not constant. It only makes sense to specify the probability
of failure by specifying a time period. The specification of the probability density
function would be mathematically correct, see Fig. 8.12.

The probability that an event at time t (e.g. earthquake) assumes a value between
a and b (values on the Richter scale, or assigned accelerations) corresponds to the
content of the area Fx (probability distribution). The graph at time t is the probability
density function fx, see also Eqs. (8.3) and (8.4).

In the case of assumed solution inflows in the ECZ, the probability of solution
inflows in the ECZ must first be determined. According to the author’s assessment,
according to the classification described above, the scenario “solution inflows in
the ECZ” is a hypothetical scenario with a very low probability of occurrence and

Fig. 8.12 Time-dependent
probability density function
fx(x,t)
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major uncertainties in the prognosis. Figure 8.11 shows the failure scenario with the
following chain of events: solution inflow from the host rock into the emplacement
areas (ECZ) → Formation of a radionuclide source term (radionuclides in (brine)
solution), reaching the boundary of the ECZ and transition into the overburden, fluid-
related radionuclide transport into the biosphere → Radiological Consequences →
The final assessment is whether a violation of the protection target is to be expected
or not, see Fig. 8.14.

Solution inflows to the emplacement areas may occur in the event of a disturbed
repository development. How the solution inflows get to the emplacement areas
depends on the host rock type, see Fig. 8.13.

This representation implies the following events (partial failures) which can then
lead to the total failure of the repository system, with assigned time periods:

– Inflow of solution water from the host rock into the ECZ, failure of external
barriers (geological barrier host rock/overburden, borehole or chamber seals, dam
structures, shaft backfilling, shaft seals, etc., prediction of the probability of the
occurrence of the event and earliest possible inflow);

– Earliest possible formation of a radionuclide source term in the ECZ, failure of
internal barriers (backfillmaterial,mineralmixtures such as bentonites, containers,
waste matrix/immobilisates etc.)

– Fluid-related radionuclide transport from the ECZ into the host rock/overburden,
calculation of the probability of the occurrence of the event and earliest possi-
ble formation of the source term, determination, definition of the radionuclide
source term for the near range;

– Determination as early as possible of the solution with radionuclides entered in
the solution from the emplacement areas to the limits of the ECZ;

– Fluid-related radionuclide transport with seepage waters into water-bearing
horizons (deep aquifers), propagation of the radionuclide vector in the host
rock/overburden; determination of the propagation paths of the radionuclide
source term of the far range and the time period of the earliest possible reach-
ing of water-bearing horizons;

– Fluid-related radionuclide transport in the overburden—transport period until
radionuclides reach the biosphere, calculation of the propagation of the source
term in the overburden until reaching the biosphere, probability of the occur-
rence of the event, earliest possible reaching of the biosphere, see Fig. 8.14.
Radiological consequences—use of scientifically recognised exposure models.

It is well known that the proof of safety in the post closure phase of the repository
cannot be carried out in a strictly scientific sense, since the potential consequences
from the implementation of the repository elude a metrological check or verification
due to the long observation period (proof period). Regarding the long-term safe,
long-term stable decommissioning, this not only requires a continuous optimization
process with periodic safety reviews, but it must also be pointed out here that there
are possibilities to reduce the observation period in which e.g. long-lived radioactive
isotopes are transformed into short-lived ones (partitioning and transmutation, acat-
ech [51] or that the long-term safety assessment is carried out along time windows
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Fig. 8.13 Effectiveness of the repository system in salt formations in case of disturbed development
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Fig. 8.14 Failure scenario—fluid-related radionuclide transport

with different uncertainties in the probability of occurrence of events and risks in the
effects, without the safety requirements having to be reduced.

It onlymakes sense to specify the probability of occurrence by specifying a period
for which this probability applies, as events with a very low probability density, con-
sidered across an unlimited period of time,will occurwith certainty. The specification
of the time-dependent probability density function would be mathematically correct,
since it takes into account, for example, that a risk event (scenario) occurs more
frequently at certain times than at others, see Fig. 8.12. The reference to the extent
of damage is not included here.
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Due to the high heat generation of the waste and the resulting mechanical and
hydraulic stress on the host rock, FEPs, which dominate initially are characterised
by geotechnical events or developments (e.g. the backfill compaction) and hydraulic
events (e.g. the re-saturation of bentonite in seals). The group of scenarios, which are
determined by climate-related FEPs (e.g. ice ages with glacial cover, warm periods
after about 10,000 to 100,000 years, see Fig. 8.10) only gains importance later. After
that, the scenarios with geological FEP (e.g. diapirism, subrosion, plate tectonics
(continental drift), mountain formation), Mrugalla [52] dominate.

In principle, the protective objectives of final disposal are not subject to any time
limit. It is assumed here that the general evaluation of the final repository design
for heat-generating HAW includes the fact that the proof of compliance with the
protection goals reaches the limits of the knowledge base due to the time periods
to be considered. While, for carefully selected sites, it has to be possible to make
scientifically sound statements about the repository system and its development over
a period of about 1million years, it is actually only possible tomake a sound statement
about the development of the biosphere over a maximum of several thousand years.

A prognosis about the development of man and human society with its demands
and needs is possible for periods of 4–6 generations at the best. It is therefore
proposed here to select a repository system as a target-oriented solution in such
a way that, during its normal development, the release of radionuclides from
the effective-containment zone in the first 104 years is not to be expected. For
the period of proof of 106 years, it must be ensured that releases of radioactive
substances from the repository onlymarginally increase the risks resulting from
natural radiation exposure in the long term. For less probable developments in
the post-closure phase, it shall be demonstrated that the additional effective
dose caused by the release of radionuclides from the stored radioactive waste
does not exceed 0.1 millisieverts per year for the people affected.

The long-term proof of safety could thus be performed along the following time
windows (current state of knowledge). It should be noted that the indicated durations
initially represent an expectation which is confirmed or not at the end of the proof:

• 0–500 years: Information about the repository is available/up to 500 years after
the repository has been closed it is retrieved possible

• >500 years of human intrusion possible (Human Intrusion scenario)
• >50,000 years: earliest possible access of solution waters from the host rock
• >100,000 years: Earliest possible formation of a radionuclide source term
• >100,000 years: earliest possible reaching of a deep aquifer
• >1,000,000 years of radiation exposure of the population remains well below the
applicable protection targets (0.1 mSv/a)

• Beyond 1,000,000 years: qualitative assessment.
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8.5.3 Definition of Scenarios for Repository Development
in the Post-closure Phase

The long-term safety of repositories for radioactive waste depends decisively on
the possible effects of aqueous solutions on the waste, the release of radioactive
substances and their migration through the rock strata of the host rock and of the
overburden into the biosphere. For this reason, the long-term dryness of a reposi-
tory is of utmost importance and the investigation of the failure scenario “solution
inflows into the ECZ” is mandatory for the approval of the site. Within the process
of optimising the repository concept, the inclusion of this failure scenario also has
implications on the design of the multi-barrier system and thus the isolation poten-
tial of the repository system, and thus helps to improve the safety functions of the
effective containment zone, Baltes et al. [16], as well as the technical measures.
Requirements for waste are derived from the safety requirements in the operating
phase and post-operation phase. It is the responsibility of the applicant to derive
the final disposal and emplacement conditions in individual cases and to have them
officially approved. This does not include the possibility of treating HAWwith P&T.

In the following, the respective scenarios of undisturbed development are pre-
sented for the three host rock formations salt rock, clay rock and crystalline rock
that are basically available in Germany for use in the final disposal of high-level
radioactive heat-generating wastes, see also Fig. 8.12. Internationally, repositories
for heat-generating HAW in these three host rock formations have already been
approved, so that the general approval capability has been demonstrated. As a matter
of course such approval has to be applied for and approved on a site-related basis
again and again.

The host rock formations which are under consideration, contain chemically dif-
ferent aqueous media (highly saline solutions, clay-pore and granite water) and thus
very different corrosion behaviours for the stored, site-specific waste containers
have to be taken into account. Long-term stability of containers (waste matrices)
>100,000 years, Raiko et al. [30], are dependent on the chemistry of the aqueous
solutions. The radiological consequences of radionuclide leakage are determined
using scientifically recognized exposure models.

Instead of the term “Scenario of undisturbed repository development”, “Scenario
of normal case—Normal Evolution Scenario” can also be used.

8.5.3.1 Scenario of the Undisturbed Development for a Repository
in Salt Rock

The scenario of undisturbed development for a repository in salt rock can be described
as follows: Within a period of up to a few hundred years, convergence will lead to
the complete disappearance of the remaining cavities left after the closure of the
repository. The porous salt breeze backfilling will be compacted to such an extent
that it has a low permeability similar to the surrounding undisturbed salt rock. Until
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the waste packages are completely enclosed in the salt formation, no convective
spread of pollutants will take place. According to current ideas, no long-term safety
analytical dispersion calculation for this period is necessary. Since the natural salt
rock and the backfill contain only very small amounts of water, anaerobic container
corrosion, and thus gas formation, is limited. Prevention of leakage of containers is
part of the undisturbed development of a repository.

Due to the tight containment of the corrosion gases, high local gas pressures may
build up under certain circumstances. The effects and how to deal with them are
currently undergoing a complex investigation.

8.5.3.2 Scenario of the Undisturbed Development for a Repository
in Clay Rock (Clay)

In the case of clay formations, groundwater movement through the host rock to
the repository area occurs in the reference case. However, due to the low hydraulic
permeability of the clay rock, this movement is extremely slow. The galleries and
cavities of the repository structure are generally backfilled with material that has
similar properties to the host rock, such as bentonite or bentonite-sand mixtures. In
the end zone, the host rock is loosened up by the tensile stresses occurring during
excavation and, partially desaturated as a result of drying out by ventilationwith fresh
air in the operating phase. When water enters the near-field (emplacement areas), the
loosened rock formation and the backfill in the sections and cavities are completely
re-saturated again. Due to the re-saturation, the backfill swells, which in conjunction
with the rock pressure leads to the healing of the cracks in the loosened zone, so that
the low hydraulic permeabilities of the undisturbed host rock reappear there over
time.

Depending on the type of waste container, the amount of incoming water may
cause corrosion over time. The failure of the containers and the dissolution of the
waste matrix can eventually lead to mobilisation of radionuclides.

Some of these radionuclides will precipitate again in the near-field when the
solubility limits are exceeded and will thus be immobilised again.

The mobilized radionuclides are transported almost exclusively diffusively
through the technical barriers, the host rock and further into the overburden. The
advective transport through the technical barriers and the host rock is very slow and
irrelevant due to their low permeability. A noticeable retention of the pollutants is
achieved first by sorption on the backfill materials and subsequently effected to a
great extent by sorption of the host rock. Radionuclide transport in the overburden is
follows advective, with the groundwater. As a result of contamination of the ground-
water occurs such that during its using as drinking water or for the production of
foodstuffs it becomes a potential source of radiation exposure for the population.



8.5 Elements of a Long-Term Safety Assessment 367

8.5.3.3 Scenario for Undisturbed Development of a Repository
in Crystalline Formations (E.g. Granites)

In crystalline rock formations the presence of fissures is to be expected. It is there-
fore assumed that water will enter the emplacement areas through the fissures and
re-saturate the bentonite lining of the containers—the so-called bentonite buffer, see
Chap. 7—in the near-field. “Bentonite buffer” is the term used to describe the embed-
ding of the waste packages in the repository, whichmay consist of moulded bentonite
blocks surrounding the waste, see Chap. 7. Since water ingress is not limited, it is
possible that, depending on the type of waste container, corrosion may also occur
in the waste containers. This does not necessarily lead to the mobilisation of the
radionuclides and possibly only to a small portion of them. This is highly dependent
on the geochemical environment in which the process takes place. In some cases,
mobilized radionuclides in the near-field become immobile again, independent of
the exceedance of the solubility limits (precipitation). When assessing this host rock
type, attention should also be paid to the fact, that a release of radionuclides from the
site-specific waste containers cannot be expected until well after over one hundred
thousand years.

Once escaped from the waste container, the mobilized radionuclides can be dif-
fusively transported through the bentonite buffer and released into fissures of the
granite formation. In the fissures radionuclides can be transported by advection. The
retention of radionuclides is activated by matrix diffusion and sorption in the rock
matrix as well as on any fissure coatings or fillings.

If the gas penetration pressure for the bentonite is exceeded, gases formed in the
storage areas can escape through the bentonite and be transported away through the
fissures in the formation. The gas transport paths in the bentonite close again as
soon as the gas pressure falls below the gas penetration pressure, so that there is no
permanent damage to the bentonite buffer.

8.5.3.4 Alternative, Further Noteworthy Scenarios

These alternative developments can affect all areas of the repository system—near-
field, far-field and biosphere. In these scenarios, developments of the repository
system are described which deviate in one or more points from the expected course
of the scenario of undisturbed development.

(a) Un intended development of a repository in rock salt

As described above, a repository in salt rock under undisturbed conditions, see
Sect. 8.4.3.1, is not expected to allow water to enter the waste and release pollu-
tants. However, disturbances may occur which result in alternative developments,
such as access of water to the waste. It is assumed that water from the overburden
and/or from solution inclusions in the rock inflows to an early stage after the closure
of the repository, see also Chap. 6 (Asse II Mine). The solution inflow comes into
contact with the waste packages, corrodes the containers, reaches the radioactive
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waste and thus will become contaminated. As soon as the remaining cavities in the
repository are completely filled with liquid, the direction of the fluid flow reverses
due to the convergence of the cavities. The contaminated solution is then pressed out
of the repository into the overburden and can be transported from there via the water
path into the biosphere. The radionuclide term is transported via aquifers into the bio-
sphere with a laminar flow, see Fig. 8.14. The potential radiological consequences of
this failure for the population are calculated in the long-term safety analysis. The use
of contaminated groundwater by the people, which can lead to a potential radiation
exposure of the population, is highlighted.

Due to which further events can aqueous solutions enter the ECZ although the
selection of the site actually excludes them?

(b) exceptional occurrences:

• (b1) Terrestrial interventions from outside (drilling, exploration, etc.)—human
intrusion scenarios,

• (b2) Temporal development of the climate (glacial and warm periods—scenario—
Glacial and Interglacial periods), see Fig. 8.10 Cyclic occurrence of interglacial,
l glacial and warm periods.

These lead to the loss or partial loss of the barrier effect of the multibarrier system
of the repositorywith simultaneous changes in the condition of the overburden,which
becomes fractured-porous in the long term and allows groundwater or overburden
water to inflow the repository.

(b1) The possibility of human intrusion into the repository area (human intrusion
scenario) and the consequences described is of particular interest. For this reason,
prevention should be provided in the selection of sites for the final disposal
of HAW in deep geological formations by excluding as far as possible as site
search areas where mineral deposits are already known. This could be made
more effective by keeping the file (final documentation) in the registry of the
respective responsible mining authority and retaining it there and maintaining
the entire field of deep geological formations and their surface projection in the
ownership of the federal state. There is a permanent obligation tomark the field
above ground and a ban of trenches and test pitting by the responsible mining
authority. This considerably reduces the probability of such intrusion events
occurring.

Pursuant to Section 3 of the StandAG, theCommission has excluded this important
aspect from its recommendation for action, regarding to the documentation

(b2) Petit et al. [47] has demonstrated that within a time window ≥100,000 years
(interglacial period) with some probability of occurrence in the region under con-
sideration, an ice age is to be expected which may lead to the weakening of the
overburden and the multibarrier system described above.
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In the case of heat-generating radioactive waste, depending on the storage condi-
tions, we have to consider:

– temperature-related changes in rock properties;
– the thermally induced stresses which can lead to the formation of water pathways;
– the formation of secondary permeability under the influence of temperature;
– Migration of fluid inclusions in salt under temperature increase etc.

In the event of any failure scenario, solution inflow must be taken into account
into the ECZ. The probability of occurrence during the observation period can be
considerably reduced by the emplacement conditions and excluded with transmuted
HAW.

8.6 Long-Term Safety Assessment

In Anon [53] a correlation between safety classes and annual failure probability is
presented.

If this scheme is also followed in relation to the probability of occurrence of
scenarios and is based on a probability of occurrence in the respective timewindow in
accordancewithTable 8.5, using the respective process equation systemsor substance
transport models, is it possible to determine the periods in which the events described
above can be expected. This refers to the probabilities of occurrence for the scenarios:

– Scenario of undisturbed development for a repository of generic host rock forma-
tions

– Scenario of a repository in rock salt with a not being according as intended devel-
opment

– Human Intrusion Scenario
– Glacial and warm periods—Scenario, interglacial
– Scenario: Loss or partial loss of the barrier effect of the multibarrier system of the
repository, with simultaneous changes of state in the host rock and overburden.

If the chain of events in Fig. 8.11 was ordered according to physical chemical
processes, submodels A to D would result, describing the entire process.

From Fig. 8.15, all necessary hydraulic calculations and radionuclide transport
analyses can be derived for the description of the overall process: solution inflows

Table 8.5 Safety classes
with annual failure
probability acc. Anon [53]

Safety classes Annual failure probability

Low <10−3

Medium <10−4

High <10−5

Unlikely <10−6
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Fig. 8.15 Model areas of the scenario “solution inflows in theECZand as a consequence: transitions
of radionuclides from the inventory of the repository to the biosphere”

in the ECZ and subsequent transition of radionuclides from the inventory of the
repository into the biosphere. These can be divided as follows as follows:

• Verification of the barrier effect of the closure system (shaft and drift sealings,
bentonite filling, compacted salt grit backfilling, etc.),

• Clarification as to whether there may be solution inflow into the emplacement
areas,

• Analysis of the release dynamics and transport of dissolved and gaseous radionu-
clides,

• Analysis of the effect of gas pressures due to corrosion processes of the final
disposal waste containers and -matrices,

• Assessment of radiological consequences using scientifically recognised exposure
models.

In the following, the overall process is subdivided into sub-processes (model areas)
and the fundamental relationships are shown for the model areas. The equations used
can be replaced by more recent developments, but this does not result in a different
verification scheme. In Germany, so far mainly generic safety analyses have been
carried out for repositories for high-level radioactive waste, i.e. they were based on
no specific site data. This approach is not pursued here because it does not do justice
to the site selection process currently taking place.

The host rock formation rock salt is generally assumed here, because this is the
area of greatest experience available in Germany. But, for other host rock formations
the detection scheme is similar. This procedure also allows the determination ofwhich
verifications are to be carried out in each case. The events listed above are related to
failure or partial failure of barriers of the multibarrier system, whereby failure can
also be described as loss of function. I.e. in a repository concept, the lifetimes of the
individual barriers in relation to the respective host rock must and can be coordinated
in such a way that the primary protective objective of a permanent isolation of the
radioactive material deposited is achieved with a probability bordering on safety.



8.6 Long-Term Safety Assessment 371

8.6.1 Model Area A—Failure (Partial Failure) of the Sealing
System

The design of the sealing system depends to a large extent on the choice of the
host rock and thus on the choice of location. In rock salt, for example, the sealing
system has to act as a fast-acting barrier by trapping the waste during the period, in
which the backfilling material salt grit has not yet developed its sealing effect. The
current German safety requirements state that the simultaneous failure of several
independent technical components need not be assumed. For this reason, the current
German repository design for the sealing systemwith shaft and drift sealings provides
for two independent geotechnical barriers, arranged in a row.

The sealing system in the crystalline rock (granite) has a completely different
structure and has hardly been researched in Germany. Due to the repository-relevant
properties of crystalline rocks, see Table 8.3, the barrier function must therefore
primarily be ensured by the repository container in combination with a bentonite
backfill. The outer sheath, the double-jacketed waste container in the Swedish and
Finnish repository concepts, see Fig. 8.7, consists of copper, see ESK [54].

Due to the potential fissurization (fractured crystalline rock) and the low radionu-
clide adsorption capacity of the granite, the cavities between the radioactive waste
containers and the rock are still filled with an additional geotechnical barrier of ben-
tonite (a swellable clay mineral). The barrier effect of the “sealing system” here is
characterised by the swelling capacity of the bentonite backfill in connection with the
temperature and the hydrological situation. A long-term barrier effect of currently
more than 100,000 years can be expected. However, the Scandinavian repository
concepts cannot be transferred to German conditions without adjustments. In Fin-
land and Sweden, the safety of the repository must be proven for 100,000 years. In
Germany, the verification period is 1 million years.

The exemplary analysis of a sealing system here assumes a repository in the host
rock salt. Solution inflows from the host rock into the emplacement areas (ECZ) may
occur if the sealing system fails or partial failure is present. In rock salt, the sealing
system installed with the closure of the repository, consists of drift- and shaft sealing
structures (dams and plugs) as well as chamber structures, see Fig. 8.14. An example
of a sealing structure is shown in Fig. 8.5.

According to the state of the art, shaft sealings are composed of several functional
elements. These can be divided into the following main groups:

• Abutments
• Sealing elements
• Filling column

can be subdivided.
As essential elements of the safety proof for technical barriers, according to the

state of the art, the following individual proofs can be described, according toKreien-
meyer et al. [55] and Herold and Müller-Hoeppe [56]:



372 8 Long-Term Safety of Geotechnical Environmental Structures …

• Proof of sufficient hydraulic resistance (tightness proof)
• Proof of load-bearing capacity
• Proof of deformation limitation
• Proof of crack limitation
• Proof of durability.

These proofs to be carried out are decisive for the proof of function of a shaft
sealing. The proof of manufacturability with the corresponding quality assurance
certificate must be anchored in the repository concept.

8.6.2 Model Area B—Formation of a Radionuclide Source
Term in the ECZ

With respect to the time windows, the probabilities of occurrence (occurrence of
events) of a failure scenario could be derived for solution inflow to the ECZ, see
Fig. 8.13:

– Earliest possible inflowof aqueous solutions into the ECZ, flows through or around
the geotechnical barriers, PE1;

– Earliest possible time of decay of the waste matrix—start of formation of radionu-
clide source term in the ECZ—chemical (corrosion) process—probability of
occurrence, PE2;

– Earliest possible starting time of radionuclide discharge into the host
rock/overburden—radionuclide transport (spreading) in the ECZ (process: spread-
ing and leakage of the radionuclide term from the ECZ—mass transport)—prob-
ability of occurrence, PE3;

– Earliest possible entry of the radionuclide source term into a deep aquifer—
radionuclide transport (spreading) in the overburden (process: mass transport in
porous media)—probability of occurrence, PE4;

– Earliest possible exit of the radionuclide source term into the biosphere—radionu-
clide transport (spreading) in the overburden—laminar flow process—probability
of occurrence, PE5;

– Radiological consequences—Use of scientifically recognised exposure models—
Probability of occurrence, PE6;

For the independent basis variables (random variables): X1, . . . , Xn the probabil-
ity of occurrence can be determined with

PE = P(X1, X2, . . . , Xn) (8.6)

And the probability density function with

f (x1, . . . xn) = f1(x1), . . . , fn(xn) (8.7)
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Can be determined. Where fi is the real probability density of Xi.
If the time periods ti are determined and the associated probabilities of occurrence

pEi are known, these are entered into a probabilistic model of the overall process and
the overall probability of failure Pf is determined from this with Eq. (8.3). The long-
term stability of the technical barrier of the waste container and thus the probability
of occurrence PE2 can be understood as a variable controlling the process. It makes
it clear that technical and geotechnical barriers can be compared with the natural
barriers to determine the insulation capacity of the repository system.

The relevance (consequences) in the event of events is an essential measure of the
precautions to be taken, see Table 8.6.

The overall probability of occurrence PE is called conditional probability. Defi-
nition: If A and B are events from the same sampling area and P(B) �= 0, then the
conditional probability of occurrence of A is under the condition.

P( A|B) := P(A ∩ B)

P(B)
(8.8)

An important conclusion from the definition of the conditional probability is the
multiplication theorem:

P( A|B) = P(B)P( A|B) (8.9)

This theorem can be generalised for any events A1, A2, A3,…, An; Krucker [57].
According to Eq. (8.9), the probability of the occurrence of the failure can be

calculated, when

pE = pE1 · pE2 · · · · · pEn (8.10)

Table 8.6 Assessment of relevance (consequences) in case of occurrence of events

Designation Relevance/consequence in case of occurrence of event

Desaster risk When the event occurs, the repository fails, causing mass discharge of
radio-toxic contaminants into the biosphere. In addition to the occurrence of
life-threatening radiation exposure, all aquifers in the far-area of the repository
will be contaminated. In case of such an occurrence evacuation is mandatory.
The choice of a different disposal channel in the event (recovery of radioactive
inventory) of an accident is imperative but risky for the personnel

High risk The occurrence of the event forces the evacuation (partial recovery of
radioactive inventory) and choice of another disposal channel

Medium risk The occurrence of the event forces partial evacuations until the elimination of
defects/faults (if possible)

Small risk The occurrence of the risk forces to make repairs/improvements, even
temporarily

Minor risk The occurrence of the event has no consequences, but increased environmental
monitoring in the surroundings area of the repository should be implemented
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It must now be shown that the probability of occurrence for the failure within the
period under consideration (detection period) is so small, here 1 million years, that
this event can be excluded or a release of radioactivity in this failure remains so low,
that it is within the tolerable range.

8.6.2.1 Solution Transport Inside the Effective Containment Zone
(ECZ)

The considerations here refer to a repository in rock salt, seeRübel andMönig [58]. In
the host rock formation of salt, the container has the function of acting as a retention
barrier until a dense enclosure is produced by the convergence of the rock and the
host rock assumes the retention function as a geological barrier.

The basis for this proof is the solution transport in the repository structure (close
range). The solution transport is determined by the driving forces and the flow resis-
tances in the mine works. If the driving forces are defined as the differences in the
solution pressure, then the corresponding transport process is advection, and if the
driving forces are defined as density differences, then the transport process is con-
vection. Density differences can be caused by differences in solution composition,
solution temperature or gas saturation.

Advective Solution Transport

The advective solution flowQ results from the hydraulic pressure difference p and the
permeability k of the medium flowed through according to Darcy’s law, Eq. (8.11):

Q = k · A
μ

∇ p (8.11)

A Cross-sectional area of the flowing through area
μ dynamic viscosity of the solution

In with salt grit backfilled mine workings, the permeability of the backfill depends
on its porosity, Eq. (8.12).

k = f p · c · ϕq (8.12)

ϕ Porosity of salt grit
c; q constants from experiments with salt grit.

Processes of dissolving and reprecipitating (redissolution) and settling phenomena
can lead to higher permeabilities in a drift, in this case the factor f p is taken into
account.
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Convective Solution Transport

With so-called free convection, the solution circulates within the repository mine
works. The driving mechanisms for this solution circulation are density gradients in
the solution. Density differences in the solution can be caused by inhomogeneities
in the chemical composition of the dissolved rock salt, by corrosion products of
the containers or the waste matrix and by temperature differences. The dissolved
radionuclides hardly influence the density differences and are neglected.According to
Storck [59]; the solution exchange flowQT,C can be calculated as follows, Eq. (8.13).

QT,C = g · k · β

8 · ν
H 2B

ΔT

ΔL
− g · k

8μ
H 2B

ΔρC

ΔL
(8.13)

With

B, H, L width, height, length of the distance
ΔT temperature difference
ΔρC Difference of the density of the solution due to the concentration of dis-

solved substances
g acceleration due to gravity
k Permeability
μ dynamic viscosity of the solution
ν kinematic viscosity
β Thermal expansion coefficient.

The exchange currents by temperature gradients and concentration gradients add
up and can be represented as a total exchange flow of solution. Convective solution
flows are generally excluded for radionuclide transport, since in all cases considered
here a release of radionuclides from the waste into the solution only occurs at a time
when the temperature increase in the repository due to the heat production of the
waste has already decreased.

8.6.2.2 Release of Radionuclides from the Waste Container

The radionuclides can only enter the solution when water enters, if there is a partial
or complete failure of the waste package. The release as such only leads to solution
transport if the radionuclides are mobilised. This depends on the one hand on the
radionuclide itself and on the other hand on the geochemical environment that is
formed. In addition, the timing of release is important. It is important whether the
release occurs after 10,000, after 100,000 years or even later. This makes it clear
that the retention properties of the waste packages are of outstanding importance.
Final storage concepts for argillaceous rock and granite are based on significantly
different conditions as far as those compared with salt with regard to the significance
of the retention function of the container, the backfill, the technical sealings and
the geological host rock formation. The backfilling and sealing concepts for clay
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and granite therefore differ significantly from those for salt. In Germany, there is a
great need for development in this area, not only because one has so far concentrated
on a repository in rock salt, but also because one has not paid much attention to
container development. The following statements are based on the findings available
internationally.

The German repository concept assumes the following behaviour: The contact
of the waste containers with water leads to their corrosion and can lead to a fail-
ure of the containers if there is sufficient water inflow and correspondingly across
long periods of time. The corrosion rate increases significantly with temperature. At
approx. 175 °C, a corrosion rate of approx. 0.3 mm/a was determined. If a shielding
Pollux container with a wall thickness of 435 mm steel/gray cast iron is used as a
basis for the storage of the tracks (see Table 8.4), then at an average corrosion rate
of 0.05 mm (corresponds to an average temperature of approx. 50 °C), the container
would corrode after 8700 years and the solution could reach the matrix. The matrix
itself has a retaining effect, so that radionuclides do not immediately go into solution
and if so, by no means completely then. This has not been investigated in Germany.
However, in its 380th meeting on 13.03.2005, the Reactor Safety Commission dealt
with the retention effect of the corrosion products of Pollux containers and stated:
“The corrosion of iron creates a reduced environment which is advantageous for the
immobilisation of radionuclides. The significantly larger amounts of iron in the case
of a POLLUX container therefore also have a significantly higher buffering effect
with regard to the “redox properties”.

Both the restraining effect of the matrix and the immobilizing effect of the milieu
play no role in the German repository concept. It is assumed that the mobilization
takes into account the solution-induced conversion of the waste matrix to corrosion
products and the diffusion of radionuclides from the waste matrix. Depending on
the type of waste, these sub-processes are described in detail or as a whole, e.g.
by a constant rate. It is assumed that the radionuclides distributed in the matrix are
initially completely transferred to the solution during mobilisation. A possible sub-
sequent precipitation or sorption on the corrosion products and on the offset material
is not treated in the mobilization models, but in the models for the radionuclide trans-
port. This does not adequately reflect the radionuclide transport that may actually
take place in the mine workings and leads to a considerable overestimation of the
radionuclide discharge into the biosphere.

• Loss of activity of the radionuclide inventory in the repository over time

Radioactive decay leads to a reduction in the radionuclide inventory in the reposi-
tory over time. The activity of a particular radionuclide i can be calculated on the
assumption that there is exactly one daughter nuclide for each parent nuclide and for
a known initial inventory Ai,0 at any time according to the Eq. (8.14):

Ai (t) = Ai,0e
−λi t + λi e

−λi t
∑
j

t∫

o

A j (t)e
λt dt (8.14)
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determine. And there are:

λi the decay constant of the radionuclide i, where λ = ln(2)/T 1
2
with T1/2 the

half-life of the radionuclide and
Aj the activity of the parent nuclide j.

The relative decline of the activity of the radioactivity inventory in relation to the
initial activity is plotted by spent fuel elements as a function of the decay time in
Chap. 2, Fig. 2.4.

• Failure of the waste containers

Whenmodelling the container failure, consider for each time point τ from the relative
number NB of containers which failed at this time the proportion

nB(τ ) = NB(τ )

NB(0)
(8.15)

calculated as a distribution function of the container life. In addition, the relative
increase in failed containers per time unit ∂nB(τ )/∂t is determined as the distribution
density of the container service life, whereby this quantity is referred to below as
the container failure rate. The relative values refer in each case to the total number
of containers NB(0) in the emplacement location under consideration. To simplify
matters, the addition “relative” is always omitted in the following, since all the sizes
given are relative sizes.

For an evenly distributed service life of the containers, the proportion of failed
containers nB(τ) increases linearly, from “zero” at the beginning of the container
failure to “one” at the maximum container service life, and so results

nB(τ ) =
{

τ/τB for 0 ≤ τ ≤ τB

1 for τ > τB
(8.16)

With uniform distribution, the maximum service life τB is twice as long as the
average service life of the containers. For times longer than the maximum service
life, the failure rate is zero. The CSD-V and CSD-C vitrified canisters have only a
small wall thickness of approx. 5 mm. At an average corrosion rate of 0.05 mm, these
would be corroded 100 years after solution inflow. A short average service life can
therefore be assumed in contrast to Pollux containers.

• Mobilization model: “Glass Matrix” (of vitrified waste canisters)

In the mobilization model, the glass matrix is considered to be proportional to the
surface of the glass. The effective surface is assumed to be about ten times the
geometric surface. For the surface-related reaction rate j(t) applies:

j (t) = jr · exp
(

−QG

R

(
1

T (t)
− 1

Tr

))
(8.17)

with
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jr Surface-related reaction rate at the reference temperature,
QG Activation energy for glass corrosion,
R general gas constant,
T(t) Temperature at the current time,
Tr Reference temperature.

• Mobilisation model: Fuel elements

The model for the description of the mobilisation of radionuclides from spent fuel
elements is based on work carried out by the Research Centre Karlsruhe [60] GRA
98 within the framework of a research contract of the Federal Office for Radiation
Protection (BfS). The activity release rate Ri(t) of the radionuclide i is calculated as
follows:

Ri (t) = nB(t)
∑

mX · cX,i (t) · rX (8.18)

with

nB Proportion of failed containers,
mX Initial mass in the area x,
cX,i Activity concentration of the radionuclide i in the area x,
rX Release rate from the area x.

To calculate the radionuclide flow from a container, the waste is divided into three
areas:

Area 1: Metal parts,
Area 2: Gas space in the fuel rods,
Area 3: Fuel matrix.

8.6.2.3 Transport of Radionuclides in Solution in the Mine Works

The radionuclides dissolved in the solution can be transported in the mine works
through three different effects. These are solution transport by pressure gradients,
exchange processes, dispersion and diffusion. The first two points have already been
discussed during solution transport. The activity stream of a radionuclide by a forced
solution movement results from the product of the solution stream and the concen-
tration of the radionuclide in the area from which the solution stream comes. A
solution movement also results in the dispersion, which is due to the heterogeneous
distribution of the flow velocities in a porous medium and leads to a balancing of
the radionuclide concentration in the water. The diffusive radionuclide stream JD
is determined by Fick’s first law. In addition, a diffuse radionuclide transport takes
place, which is driven by existing concentration gradients of the radionuclides. The
diffusive radionuclide stream JD is determined by the first Fick’s law Eq. (8.19):

JD = −D(T ) · A · ϕ · ∇c (8.19)
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with

c amount of substance concentration in mol m−3;
∇c Concentration gradient of radionuclides
D Diffusion coefficient at the temperature T,
A Cross section plane and
ϕ Porosity. The unit JD for example [JD] = mol m−2 s−1.

The total radionuclide transport results from superposition of all previously dis-
cussed processes (transport by forced solution movement, convective exchange pro-
cesses and diffusion), Eqs. (8.11), (8.13) and (8.19). These processes are very differ-
ent from each other, so that an analytical treatment of the superposition is not pos-
sible. Since exchange processes are generally of minor importance for radionuclide
transport, a simple approximation for the entire radionuclide transport is obtained by
summing the individual contributions to the activity stream. By summing the activ-
ity currents from exchange processes and from the enforced solution movements the
total current may be overestimated. This approach is conservative with respect to
radionuclide release.

8.6.2.4 Retention of Radionuclides in the Effective Containment Zone

Radionuclides released from the waste matrix by mobilisation can be retained in
the repository by sorption and precipitation, i.e. they no longer participate in the
radionuclide transport. Sorption is the process of retention of dissolved radionu-
clides by interaction with immobile materials in the repository, e.g. the backfill or
corrosion products. For most radionuclides, the salt grit backfill shows only a very
low interaction. Otherwise, no other substances in larger quantities are introduced
into the final repository in rock salt where a significant sorption of radionuclides is
to be expected. The retention of radionuclides by sorption on corrosion products of
the waste packages is known as a process, but is currently still little investigated in
Germany and not sufficiently quantifiable. For this reason, such sorption processes
are currently not considered in the context of a German repository project. When sol-
ubility limits are reached, radionuclides are precipitated in solid phases. The extent of
these processes depends on the geochemical environment of the solution. In radionu-
clide transport, this process is taken into account by considering solubility limits for
different geochemical milieus in a repository. The solubility limits are to be under-
stood in terms of maximum radionuclide concentrations in the solution. However,
with corresponding site-specific waste containers„ achievingmaximum radionuclide
concentrations is almost impossible and is onlymentioned internationally for the sake
of completeness. Within the framework of a German repository concept, differences
in the geochemical milieu within the mine workings are currently not considered.
In the German repository concept for rock salt, precipitation of radionuclides within
the mine works is only considered for the waste containers. If the radionuclides are
released from the repository into the overburden, they are strongly diluted by the
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groundwater flow in the overburden, so that precipitation of radionuclides is not
expected there either, see model area C.

8.6.2.5 Processes of Dissolving and Reprecipitating (Redissolution)20

In Germany, hydraulically setting salt concrete (Sorel concrete) with the following
composition ismostly used in themanufacture of sealing structures in theECZ in rock
salt: binder (cement), concrete additives (rock powder, coal fly ash, etc.), aggregates
(salt grit, quartz sand, etc.), mixing liquid (water, salt solutions, etc.), see Chap. 6. It is
stable against NaCl solution.When the solution containingmagnesium interacts with
the binder, calcium hydroxide is dissolved and magnesium hydroxide precipitates.
This increases the pore space in the salt concrete and the permeability increases.
After complete consumption of the magnesium in the solution, the reaction with the
salt concrete comes to a standstill. For a complete conversion of the salt concrete
and a corresponding permeability increase to the maximum, a certain amount of
magnesium-containing solution is therefore required. The availability of the solution
and its magnesium content thus determines the redissolution rate and thus the rate
of progress of the permeability increase of the salt concrete. The modelling of the
redissolution of the seals has been derived from the procedure in the Morsleben
Radioactive Waste Repository (ERAM), see Becker [61]. The permeability k of the
partially corroded seal thus results as a function of the quantity of solutionVL flowing
through to

k = k0
1

1 − VL
V p

n·κ
(1−n)+n·κ (1 − 10−ε)

< 10−ε (8.20)

with

κ Redissolution capacity
ε Number of decades
k0 Permeability of the non-corroded seal
VP Pore volume
n Porosity.

The integrity of the structure, here of sealing structures, is determined by the
design. In the case of chemical actions, a direct relationship can be established with
the proof of durability, in which the corrosion resistance of the structure is evaluated,
and in the case of mechanical actions with the proof of bearing capacity, in which the
load-bearing capacity is evaluated. Equation 8.20 is part of a proof of the long- term
durability. The corrosion of materials with cement or Sorel phases is initiated via the
initial conditions, and is then considered part of the process description. In summary,

20Redissolution: Interaction of unsaturated solutions with rocks by solution and crystallization
of individual components.
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it can be stated that the closure system exhibits sufficient resistance to corrosion-
induced access to the radioactive waste from surface-, overburden- and formation
water when an additional 10 m thick salt-concrete sacrificial layer is added. The
corrosion that occurs then concentrates on the sacrificial layer. For comprehensive
investigations to uncertainty and sensitivity analysis for the corrosion of salt concrete
by saline solutions see [62].

8.6.2.6 Gas Transport

In a repository for radioactive waste, gases can be produced by various processes in
the presence of water. During the design and construction of a repository in a salt
formation, the aim is to reliably prevent significant quantities of water from entering
the repository mine works from outside. However, even if the repository system is
developed undisturbed, there is always a certain amount of water available in the
repository mine works so that the processes can run at least partially, so that not all
of the available amount of material is converted. The gas-forming processes are

– Radiolysis,
– The corrosion of metals and
– The microbial degradation of organic substances.

The presence of water is a prerequisite for the gas formation processes. The sce-
nario of repository development considered in each case determines the quantities
of water to be considered. The water can be fed into the repository from different
sources, whereby some sources are only relevant in the case of disturbed develop-
ments of the repository system:

• Natural moisture on the layer boundaries of the salt crystals in the host rock (“pore
water”): Rock salt has a natural water content of 0.1–1‰.

• Microscopic solution inclusions in salt rock: The individual salt crystals of the
host rock may contain the smallest solution inclusions.

• Moisture introduced with the backfilling: Depending on the degree of drying, a
quantity of water of 2 (dry) to 20 (humid) kilograms per cubic metre of salt grit
backfill is introduced with the backfilling.

• Inflow from macroscopic solution inclusions in the host rock: In salt formations
there are usually solution inclusions whose volumes can be up to several hundred
cubic meters. If these solution inclusions are not detected during the exploration
work, they can release their solution content into the repository.

• Inflow from the overburden via the shaft or other pathways.

The spreading of the gas into the salt rock has to be considered especially against
the background of the concept of the complete encapsulation of the radionuclides in
the host rock formation. This includes the question whether the residual pore space
in the host rock, together with the gas storage capacity of the host rock, is sufficient
to store all the gases formed and how extensive the area impregnated with gases is,
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or whether gases are released from the host rock into the overburden. This would
compromise the integrity of the host rock formation.

Just like the natural barrier of the host rock, the function of geotechnical sealing
structures can also be impaired by the occurrence of high gas pressures. On the one
hand, this affects the permeability of the geotechnical sealing structures themselves,
as well as their coupling to the host rock. Possible disturbance zones around the
sealing structures could lead to peripheral pathways at the fluid movement. This
impairs the integrity of the closure structures.

The gas produced in the mine workings is transported in the pore space of the
backfill. The transport mechanisms are diffusion due to concentration differences of
the gases and gas pressure induced advection. In the case of the normal development
of the dry repository, this is a single-phase flow whose advective flow is determined
by the pressure gradient and the gas permeability of the materials flowed through.
For very impermeable materials, such as seals, a certain threshold pressure must be
exceeded before the gas flow can begin. This threshold pressure is also called the
gas penetration pressure. The gas pressure in the repository is determined on the
one hand by the quantity of gas from enclosed air and produced gases and on the
other hand by the available cavity, which is successively reduced by convergence.
The gas pressure thus increases due to two processes, the progressive gas production
and the reduction of the cavities due to convergence. As soon as the gas pressure
in the repository reaches the lithostatic pressure in the repository depth, the further
convergence of the cavities ends. If gas formation continues at this point, this would
in principle lead to a further increase in pressure above the rock pressure. On the
other hand, when the rock pressure is reached, the gases formed can penetrate the
rock salt mountains and be transported away. This overcomes the local strength of the
salt rock and increases the gas permeability of the rock. This process is reversible, so
that when the gas pressure drops, the original permeability of the salt rock is restored
Popp [63].

The gases formed in a repository can have an influence on the geochemical envi-
ronment and thus on processes and properties in the repository that are dependent
on the geochemical milieu. This concerns in particular the solubility of the radionu-
clides and their sorption behaviour in the mine works as well as the corrosion rate of
the fuel or glass matrix and thus the release rates of the radionuclides from the waste
matrix.

The gases influencing the geochemical milieu that can be formed in the reposi-
tory are mainly hydrogen from iron corrosion and carbon dioxide from the possible
degradation of organic components. With increasing hydrogen partial pressure, the
geochemical milieu becomes increasingly reducing and thus influences the states of
redox-sensitive radionuclides such as uranium, plutonium, neptunium, selenium and
technetium.
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8.6.3 Model Area C—Mass Transport Modelling
for the Far-Field

According to the scenario considered, pollutants from the near-field reach the far-
field and are transported from there with the groundwater into the biosphere. In the
case of repositories in crystalline formations (e.g. granite) or in clayey rock, far-field
is understood to mean the area outside the technical bentonite barriers, i.e. host rock
and overburden, whereas in the case of repositories in salt rock this will only be
the overburden and that part of the host rock regarded as far-field. In the scenario
of the undisturbed development of a repository in salt rock, a flow through the far
field is assumed, but due to the tightness of the salt rock the groundwater is not
contaminated and thus no radionuclide transport takes place. It is only in the case
of failure scenarios that radionuclides are released and transported through the far
field. The release of radionuclides from a repository in rock salt can be caused by
convergence and gas production, in which case the contaminated solution is also
pressed from the repository into the overburden. In this case, radionuclides from a
repository reach deep groundwater aquifers and can be transported from there via
the water path into the biosphere.

In the case of a repository in clay rock, it is assumed that radionuclide transport
in the host rock itself is purely diffusive; only within the overburden can advective
transport take place. In contrast, in a repository in crystalline rocks it is assumed that
advective radionuclide transport always takes place via fissures. The structure and
properties of the overburden must be described in detail. For the Gorleben site, see
Klinge [64]. When radionuclides are released from the ECZ into the overburden, the
radionuclide concentration is diluted in the groundwater flow in the overburden. The
transport of the radionuclides in the overburden takes place by advection, diffusion
and dispersion, as well as retention by sorption.

As already mentioned above, a sufficiently precise description of the groundwater
flow is a prerequisite for transport modelling. The following model can be regarded
as sufficiently reliable. The groundwater flow is assumed to be laminar. For the mod-
elling, the fluid mass is balanced locally (i.e. within a volume element) and for the
entire model area, Eq. (8.21). Density-driven flows will be additionally simultane-
ously balanced: the mass of the dissolved salt, Eq. (8.22), and/or the amount of heat.
In case of a non-density-driven flow, Eq. (8.22) is omitted, see potential flow, see
[65].

∂

∂t

(
nρ f

) + 
∇ · (
q̄ρ f

) = 0 (8.21)

∂

∂t

(
nρ f χS

) + 
∇ ·
(

qρ f 
∇χS − Dzρ f 
∇χS

)
= 0 (8.22)

n effective porosity (-);
ρ f density of fluid (kgm−3);

q filtration (Darcy-) velocity (m s−1);



384 8 Long-Term Safety of Geotechnical Environmental Structures …

χS- mass fraction of dissolved salt (kg kg−1);
DS diffusion-dispersion tensor for a salt solution (m2s−1).

In the case of laminar flow, the linear Darcy approach for streamline motions
or the extended Darcy approach for density currents applies to both the porous
and the fissured areas:


q = −K 
∇h = − k

μ

( 
∇ p + ρ 
g
)

(8.23)

K Permeability tensor (m s−1);

∇h Hydraulic gradient (-);
k Permeability (matrix) (m2);
μ dynamical viscosity (Pa s);

∇ p pressure gradient (Pa m−1);
ρ Density of fluid (kg m−3);

g local acceleration of gravity = 9.81 (m s−2).

To simulate the groundwater flow in porous media, Eqs. (8.21)–(8.23) are solved
numerically simultaneously for two or three dimensions with corresponding bound-
ary and initial conditions. For fissured-porous media the corresponding equations
can be taken from e.g. Kolditz [66]. The simulations of the flow field are generally
carried out in order to be able to reproduce the temporal development of the flow
system (historical matching). Since one is mainly interested in the description of the
flow in the deep underground, one generally assumes tense groundwater conditions.
There the piezometric heads are specified as pressure and the groundwater recharge
results from the calculation. This often leads to discrepancies between measurement
and simulation for groundwater recharge and/or the measured and assumed perme-
abilities in the uppermost layers of the model area. This procedure is acceptable
because of the long periods of time considered and because of the interest in the
flow in the deep subsurface, especially since the computational effort is considerably
reduced as a result.

8.6.4 Model Area D—Transition of Radionuclides
into the Biosphere; Possible Radiological
Effects—Radiation Exposures, Recognised Exposure
Models

In order to determine radiological effects in the biosphere, long-term safety analyses
must firstly model the transfer of radionuclides within the biosphere. In particular, a
person or a group of persons with their lifestyle must be defined for which the effects
are to be determined.
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Different objectives can be set for the modelling. The models can follow the
following objectives to illustrate the effects of radionuclide spreading in the biosphere

• as realistic as possible,
• in the sense of mean values,
• covering, with a certain percentile (e.g. 95% percentile),
• basically covering.

For long-term safety analyses, it is usually necessary to use models and values
that cover basically the relevant parameters or to carry out comprehensive uncertainty
analyses and sensitivity analyses with regard to the parameter values, for example in
order to record the effects of climate changes.

InGermany, reference is generallymade to a “reference person”whendetermining
the radiation exposure of persons in the population. This person is defined in the
Radiation Protection Ordinance (StrlSchV)with certain characteristics and habits for
use in the determination of radiation exposure, through discharges with air and water
from nuclear facilities; this process is mandatory. The model for the determination
of radiation exposure in the AVV is further specified in Section 45 StrlSchV, BA
[67]. The radioecological model specified in the AVV is, by is characterized by the
following basic defined facts:

• Real possibilities of use in the surroundings are to be taken as a basis, i.e. not the
currently available types of use such as residential area, agriculture, etc.

• The determination of the spreading into the environment is carried out as realisti-
cally as possible by using site-specific statistical data sets from long-term meteo-
rological measurements.

• Many parameter values are not to be regarded as broad, but rather as an average
of values, some of which scatter considerably (e.g. transfer factors soil plant, dose
coefficients).

• Food consumption rates are based on statistical data to cover the 95% percentile;
see [68, 69].

• Some assumptions are covering a great extent (e.g. year-round outdoor exposure
of the reference person, all food obtained by the reference person from the most
unfavourable site).

• Overall, the result should be wide ranging, which is achieved in particular by the
latter assumptions.

In the long-term safety analyses carried out so far, probabilistic exposure assess-
ments have already been carried out for several scenarios, see also VSG [14]. Thus, a
scenario “normal development” was also investigated. It was assumed that container
corrosion increasingly releases radionuclides into the mine works, so that they reach
water-bearing horizons with seepage water and are used as groundwater 18 km away.
Within the framework of this probabilistic analysis, the dose curves for this scenario
as well as the mean and median, the upper and lower limits of the 90% confidence
interval for the radiation exposure of all single simulations and the regulatory limit
values (0.15 mSv/a in the first 10,000 years of the decommissioning phase and there-
after 3.5 mSv/a) were determined and presented. This proof-sharing, described by
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the author as scientifically verifiable, is also used in the USA for the long-term proof
of safety for the approval of the central geological repository at Yucca Mountain.
This divides the observation period into a term of up to 10,000 years for which reli-
able scientific data and findings are available and a term of 10,000–1,000,000 years
for which the statements are associated with considerable uncertainties with regard
to data, processes and models. A temporal extrapolation of obtained data, derived
process descriptions and models is afflicted with large errors, so that this procedure
seems scientifically justified because of the very long period. Whether the regulatory
limit values at 0.15 mSv/a in the first 10,000 years of the decommissioning phase and
thereafter 3.5 mSv/a should be set in this way is initially a secondary consideration,
see EPA [70].

Since 1991, the “Working Group on Principles and Criteria for RadioactiveWaste
Disposal” (until 1995 “INWAC Subgroup on Principles and Criteria for Radioactive
Waste Disposal”) of the IAEA, which is assigned to the “International Radioactive
Waste Management Advisory Committee (INWAC)”, has been dealing with certain
issues relating to the disposal of radioactive waste. In its fourth report, IAEA [71],
the working group dealt with the “critical group” and the modelling of the biosphere
in connection with dose determination in the long-term safety demonstration of a
repository.

The BIOMASS programme initiated by the IAEAwas launched in October 1996.
According to IAEA [72], the first step in the determination of a representative bio-
sphere for dose estimation is the definition of the context for this estimation. This
step includes:

• Definition of the task of estimation and the assessment variables to be considered
(e.g. individual dose, collective dose, risk),

• Recording of the connection between repository and site,
• Determination of the source term, the work on with the interface of geosphere and
biosphere,

• Determination of the time horizon of the calculations as well as
• Definition of the underlying philosophy (in particular the degree of conservatism
sought).

The examples of reference biospheres developed in IAEA [72] serve on the one
hand to demonstrate the procedure, but on the other hand should also be suitable for
practical use in many contexts. Three reference biospheres were developed, which
refer to a moderate climate and constant conditions in the biosphere:

• Extraction of drinking water from the contaminated aquifer via a well,
• Irrigation of agriculturally used areas with water from the contaminated aquifer
via a well,

• Natural discharge from a contaminated aquifer into various habitats, including
arable land, pastures, semi-natural wetlands, inland lakes.



8.6 Long-Term Safety Assessment 387

In addition, in IAEA [72] three reference biospheres were developed for demon-
stration purposes, which contain changing biospheres. Two real sites for which
detailed information was available (Harwell/South England and Äspö/Sweden) and
one generic site were investigated.

8.7 Environmental Monitoring/Preserve Evidence

The designation of long-term safety, which should ultimately lead to the approval
of a repository at site X, does not rule out the possibility of failures occurring and
radionuclide transition into the biosphere. In the interests of transparency for the
citizens and public safety, it is imperative that the repository site be monitored on
a large scale. The task of environmental monitoring will be to ascertain the initial
state of the environment at the site of a future repository over a period of at least
10 years, then to monitor the development during the construction phase, the sub-
sequent operating phase and over an appropriate period also during the post-closure
phase, over least 500 years. Thus, even the smallest impact of the repository on the
environment can be determined. The proposed monitoring is independent of the type
of repository—deep geological repository or near surface. Sampling should include
meteorological observations as well as the air, water and soil paths. For this pur-
pose, permanent environmental monitoring stations must be set up both with sensors
and with conventional measurement technology coupled with appropriate analytical
technology. Inside of this area more detailed studies will be carried out in a reference
area of more than 200 km2.

The investigation system to be set up should contain several hundred stationary
observation points as well as data from satellite and aerial photographs, experimen-
tal plots and permanent monitoring stations (in the forest, in agricultural areas, air
monitoring stations and waters monitoring stations). The measuring network shall
follow themonitoring progress. Every year, flora and faunawill bemonitored atmore
than 1000 points, agricultural production at more than 100 points and more than one
tonne of samples will be taken and analysed to monitor the physico-chemical and
biological quality of the soil. The 10,000 data points will be collected in accordance
with best practice.

In order to ensure the traceability and sustainability of the data collected by an
independent authority. A public “eco-data registry” should be established and main-
tained, see Chap. 9, where samples from the local agricultural food chain (milk,
cheese, maize, vegetables, fruit…), from forest ecosystems (leaves, mushrooms,
wood, game …) and from the aquatic environment (water, fish …) can be stored.
The “eco-data registry” is to be operated for at least 500 years in order to be able to
follow the changes in the environment during the phases of the repository. In national
and international partnerships, scientific studies can be carried out using amonitoring
system (IAEA, EURATOM). A quality management system is being developed for
this purpose, which is to be certified by an independent authority within reasonable
periods of time. The explanations on repository monitoring can be found in Chap. 9.
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Fig. 8.16 Relationship between safety case, long-term safety assessment and long-term safety
analysis

8.8 Safety Case

The “Safety case” for a repository project describes the project and demonstrates
that the repository with the underlying safety concept fulfils the safety requirements
for both the operation and a long period after closure of the repository, see also [73].
In each case, the safety case represents the central set of documents for the approval
or decision for the individual development steps, see Fig. 8.16.

8.9 Outlook

The disadvantage of final disposal in deep geological formations is that—measured
by the longevity of the waste—observation of the processes taking place in the repos-
itory, such as geochemical interactions, is only possible for a relatively short time and
then only to a limited extent. The input values determined in the sensitivity analysis,
to which the result reacts most sensitively, and the supplementary uncertainty analy-
sis are further aids for limiting the range of possible solutions. However, they cannot
completely rule out misjudgements. Lasting disturbances only become recognizable
at a very long time interval after the occurrence of the disturbance, if at all. Even
a wrong location decision would then no longer be correctable and repair measures
in the repository itself would no longer be practically possible. The precautions for
reversibility, the retrieval, recoverability and retrievability are immense and it is not
certain that they will be maintained over a very long period of time.

A decision for final disposal in deep geological strata places high demands on the
site selection procedure, on the proof of suitability for the repository and, in partic-
ular, on the procedure for the long-term safety proof. It must be taken into account
that the essential basics for the long-term safety verification and the achievable prog-
nostic reliability are already set out with the site determination. The procedures must
therefore be methodically correct and coherent, fulfil the legal and social frame-
work conditions in an appropriate and binding manner, and be comprehensible to
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technical outsiders. This also includes communicating the scientific and technical
fundamentals and the international state of the art in science and technology.

A prognosis about the development of man and human society with its demands
is at best possible for periods of 4–6 generations. It is therefore advisable to select
a repository system in such a way that its normal development does not lead to a
release of radionuclides from the effective-inclusion mountain range in the first 104

years. For the verification period of 106 years, the release rate of radionuclides should
be small compared to the naturally occurring radionuclide concentrations, see also
EPA [70].

It is therefore worthwhile to examine extensively and carefully which alternatives
open up for final disposal in deep geological strata andwhether these are acceptable to
society. The careful examination of the treatment of heat-generating radioactivewaste
with the P&Tprocess towardsmore short-lived and less heat-generatingwaste should
not be omitted lightly, also against the background of international cooperation and
programmes, which Germany also supports and finances. Possibly a pilot repository
should be set up from which important detailed findings can be obtained. As there is
no hurry to build a repository for heat generating HAWs, there are several ways to
develop a German repository for heat generating HAWs:

• Since a worldwide phase-out of nuclear energy is not to be expected, one can
currently speak of a 1st generation of repositories. At least in other countries such
as France, Sweden, Finland, the USA, etc. more repositories are needed than those
which are currently under construction or be in the approval phase, so that this
will be accompanied by further development of disposal options and procedures.
As things stand at present, it is to be expected that Germany will not meet the
planned commissioning date in 2050 for a repository for heat-generating HAW.
The approval phase for the Konrad shaft alone took approx. 25 years. It can rather
be assumed that the commissioning will not take place before 2075.

• In such a long period of time, considerable knowledge gains and further devel-
opment of procedures and methods can be expected, so that it seems advisable
to involve the next generation(s) in the decision-making process. This may also
include the inclusion of partitioning& transmutation in the process. Strictly speak-
ing, however, this procedure is not currently available. On the one hand because
the process is not yet technically mature and on the other hand because repro-
cessing has been banned in Germany since July 2005. It violates the “harmless
recovery” required in § 9a (1) of the Atomic Energy Act; § 9a (1): “Whoever
erects, operates, otherwise holds, essentially modifies, decommissions or disposes
installations in which nuclear fuel is handled, or handles radioactive material
outside such installations, or operates installations for the generation of ionising
radiation, shall make provisions to assure that residual radioactive material as
well as disassembled or dismantled radioactive components are utilised without
detrimental effects in conformity with the purposes referred to in § 1, subparas. 2
to 4, or are disposed of as radioactive waste (direct disposal) in controlled manner.
The delivery of irradiated nuclear fuel originating from the operation of installa-
tions for the fission of nuclear fuel for the commercial generation of electricity to
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an installation for the reprocessing of irradiated nuclear fuel for the purposes of
non-detrimental utilisation shall become unlawful as of 1 July 2005”.
In the long term, however, a regional scenario in Europe could be considered with
shared facilities and costs, for example: shared use of fuel cycle facilities (fuel
production and processing, transmutation reactors).

• Until a final disposal facility for heat-generating HAW is commissioned, all oper-
ating permits for the existing interim storage facilities in Germany will expire. In
its statement of 11 July 2002, the RSK stated that the safety of German interim
storage facilities for irradiated fuel assemblies in storage casks is ensured in case
of a deliberate crash of large aircraft, as “… the transport and storage casks ensure
the essential protective function of the safe confinement of the radioactive mate-
rial due to their design under mechanical and thermal loading even in the case
of a deliberate crash of a large aircraft”. Nevertheless, the inclusion of interim
storage facilities in the waste management concept in Germany requires that the
safety requirements be raised so that they are brought up to the state of the art. The
establishment of 3–5 near-surface interim storage facilities in caverns or bunkers is
suggested, whereby a pilot project for near-surface final disposal could be carried
out simultaneously.

• It seems inappropriate to exclude near-surface final disposal for the following
generations and for all time, especially as reversibility of the waste containers
should be guaranteed formore than 500 years.With appropriately equipped interim
storage facilities, essential information and experience on final disposal can be
gained in order to ensure the best possible transition to final disposal. Appropriate
instrumentation, data acquisition and evaluation are required. The use of sensor
technology offers previously untapped possibilities [74].

• The establishment of a long-term monitoring system with comprehensive envi-
ronmental monitoring, which provides information on protracted processes, is
imperative.
The task of environmental monitoring will be to ascertain the initial state of the
environment at the site of a future repository, then monitor its development dur-
ing the construction phase, the subsequent operating phase and, over a reasonable
period of time, the post-closure phase, at least over 500 years. This will make it
possible to demonstrate even the smallest impact of the repository on the environ-
ment.

• This considerable effort is also necessary in order to transfer suitable procedures
and methods as well as extensive data material to the next generation, constantly
improving the security of the site and to further develop repository research. The
current generation is doing pioneering practical work in repository research.

The repository concept, which should be based as a multibarrier system of natural
and technical/geotechnical barriers, is generally considered safe. The fact that the
technical/geotechnical barriers will in particular contribute to the required isolation
capacity is to be emphasised once again here. It will be possible in the future to
produce containers with waste matrices that hold and fix the enclosed radionuclides
immobile for up to 500,000 years, even in the case of water ingress. It therefore
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seems appropriate that in Germany the period of observation for the post-closure
phase to determine long-term security (proof-sharing) should be divided as follows:

– into a period of 10,000 years, for which reliable scientific data and findings are
available, with a regulatory limit value for the local dose rate of 0.15mSv/a (release
of radionuclides from the ECZ not to be expected in this period) and

– into a period of 10,000–1,000,000 years, in which the statements are associated
with considerable uncertainties in data, processes and models, with a regulatory
limit value of 3.5mSv/a (release rate of radionuclides in this period small compared
to the naturally occurring radionuclide concentrations).

Technical barriers in a repository system that have a guaranteed insulation capacity
of up to 500,000 years are also a sign, that near-surface repositories are by all mean
justified, especially as they would be controlled during the post-closure phase and
accessible for aftercare.

The safety case should also include the scenarios: Human intrusion and climate
change; cyclic occurrence of glacial and warm periods.

The following activities are proposed:

• the selection of sites for the final disposal of heat developing HAW in deep geo-
logical formations, to exclude as far as possible already known promising raw
material areas (minerals, fossil fuels…etc.),

• that the file (final documentation) is kept and remains in the registry of the respon-
sible mining office,

• the entire field of deep geological formations and their surface projection remains
permanently the property of the federal state,

• there is a permanent above-ground labelling obligation and a ban on test pitting
and/or drilling by the responsible mining authority.

The human intrusion scenario practically requires a “guardian” concept, as indi-
cated above and as excluded in the current repository philosophy.
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Chapter 9
Environmental Monitoring

Environmentalmonitoring is an integral part of the repository concept for all geotech-
nical environmental structures used for the final disposal of radioactive residues and
waste. In this context, reference can be made to the explanations given in Chap.
5, where such environmental monitoring has been presented for the safe long-term
storage of uranium tailings ponds. Therefore, the statements made here are initially
limited to the final disposal of radioactive waste, in particular highly radioactive,
heat-generating waste (HAW-HG).

It is through carrying out monitoring that the operators and regulators can check
that the safety-relevant requirements for a repository are being met. This applies to
both the operating phase and the post-closure phase. In the following sections, the
requirements for a monitoring programme are presented in detail as an integral part
of a repository concept.

9.1 Repository Concept and Monitoring

The concept of maintenance-free, direct final disposal of high-level radioactive,
heat-generating waste (HAW-HG), which has long been favoured by many coun-
tries, has been seriously questioned in recent years. Some countries such as France,
Sweden, Finland, Switzerland amongst others, are moving away from the notion
of maintenance-free final disposal. They are considering new concepts, which are
usually in the form of a gradual approach with the retaining of options for targeted
retrieval and recovery of waste. It is therefore assumed that private or public opera-
tors have to monitor both the mine structure and the deposited waste over significant
periods of time. If this is done in a knowledge-based, systematic and risk-conscious
manner, it is subsumed under “monitoring” of a repository system. It is possible that
monitoring may shift the point in time, where the waste has to be completely trans-
ferred to waste disposal technology, well into the future Berkhout [1]. In Germany,
this cannot be ruled out although there is currently no need for timely final disposal
of high-level radioactive, heat-generating waste.
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In connection with the disposal of radioactive waste and residues, the term “mon-
itoring” is usually used to refer to the technical collection of data on the development
of a repository and its surroundings, see also Hocke et al. [2]. This implies the rep-
etition of geotechnical and technical measurements over long periods of time. The
repeated measurement of the data serves here as a basis for decisions for or against
an option. However, since decisions in the field of tension between technology and
geology always have effects on the social environment, Hocke et al. [2] suggest a
differentiation of the term monitoring between social and technical monitoring. In
contrast to technical monitoring, social monitoring does not focus on the collection
of data, but considers the social processes that are necessary to transform technical
data into options for action [2].

With the help of social monitoring, it is possible to identify suspected social
problems to be assumed in connection with the choice of location, construction,
operation and permanent safe closure of a repository, from which solutions can be
derived. Social monitoring usually uses the index procedure with selected indicators
(attention indicators) in order to classify and evaluate the social problems in different
social status- and dynamic classes. Indicators in connection with repository sites are,
for example, the presumed risk and the presumed disadvantages of the repository
site.

In 2016, the “Act on the Reorganisation of the Organisational Structure in the
Field of Final disposal”, [3], came into force. In accordance with § 8(1) of this Act, a
pluralistically composed National Supporting Body (NBG) was set up to support the
site selection procedure in Germany in the public interest. According to § 8 (2), the
“central tasks of the National Supporting Body are the mediating and independent
monitoring of the site selection procedure, in particular also the implementation of
public participation in the site selection procedure …”. The NBG is thus part of the
social monitoring in the site selection phase. One will have to think how this task
can be further defined through the various phases of the repository construction.

In order to develop and implement a repository programme for radioactive waste
and residues, it is therefore important that, in addition to engineering competence
and a sound safety strategy, there is also a growing understanding that social aspects
such as acceptance, participation and trust in of the regions, in society and also
on the part of interest groups, should be included on an equal footing. Monitoring,
especially long-termmonitoring is the key if engineering competence and a consistent
safety strategy are to be combined; on the one hand with social matters and ethical
issues on the other. Monitoring can be used as an important instrument for public
communication, which on the one hand proves the technical safety strategy, the
safety of the technology and its service life, and on the other hand promotes public
understanding of processes in operation and later in the decommissioning phase; and
it contributes to building confidence in the predicted repository development in the
post-operational phase.

The monitoring in a repository concept reacts to the task of ensuring that certain
protection goals with regard to radiation exposure of man and nature, but also to
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ensuring compliance with binding safety provisions, see BMU [4] “Safety Require-
ments for the Disposal of Heat-Generating Radioactive Waste”. In the operating and
decommissioning phase, this also includes the monitoring of personnel as persons
exposed to radiation.

If deviations from these objectives are detected, this may have different conse-
quences depending on the status of the procedure. The phase in which the repository
is located is a decisive factor here. If the repository is not yet in operation, deci-
sions that led to the potentially unsafe situation can be reversed. This also includes
the abandonment of the selected site or the termination of the selection procedure.
In the phases of operation, decommissioning or after closure of the repository, the
reversibility of decisions becomes more and more complex and thus more difficult.
Technical and social monitoring should therefore interlock in a specific way and
prepare problem-solving decisions.

The prerequisite, however, is that the monitoring provides the overseeing authori-
ties1 with data that allow them to review security and integrate assessment procedures
into governance2 processes [6], involving the small circle of the Government autho-
rised people, formally responsible officers, institutions, etc., as well as supervisory
authorities and others who guarantee or accompany public control.

The focus of presentation here is on technical monitoring.
In this context, “monitoring” is a technological sub-concept that is currently being

continually and that can help to shape, depending on its design and integration into the
respective political overall concept of waste management, the possible development
paths and the social interaction with uncertainties. What is certain is that monitoring
can always offer assistance in making qualified decisions based on reliable informa-
tion regarding the continuation, transformation or abandonment of the processes of
nuclear disposal above and below ground, especially in connection with reversibility
and retrievability. Since there is no uniform definition of the terms, reference is made
here to the broad definition of reversibility provided by the Nuclear Energy Agency
(NEA) of the Organisation for Economic Cooperation and Development (OECD).

Definition NEA-OECD [7]3: “Reversibility means the ability to reconsider and
reverse the course during the development and implementation (also progressive
implementation) of a disposal facility. Reversal is the actual action of going back
on (changing) a previous decision, either by changing direction, or perhaps even by
restoring the situation that existed prior to that decision. Reversibility impliesmaking
provisions in order to allow reversal, should it be required.”; see Fig. 9.1.

This definition also explicitly includes decisions in the post-operational phase.
The NEA stresses that retrievability becomes more and more complex the longer

1In Germany, the Federal Office for Safety of Nuclear Waste Management (BfE), see [5].
2Since the1990s, the term“governance”has beenused inEUresearch, including repository research,
to describe new, non-hierarchical forms of political control and “network governance”. It is contrast
to traditional forms of governance (“government”), for a coordination and integration of political
decision-making levels “Multi-Level-Governance”. Nuclear waste governance can be considered a
generic term here.
3There are, however, differences, among countries, in the use of terms and in the application of the
underlying concepts during the different repository development and implementation steps.
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Fig. 9.1 Definition of reversibility, according to NEA [7]

the post-operational phase lasts, NEA [7]. The task of monitoring in this phase
must, among other objectives, prepare the existing decision-making options on the
basis of measurement results, weighing them against each other and sharpening the
decision-making options. The current difficulties in obtaining relevant measurement
results in the post-closure phase should be pointed out. Against this background, it is
particularly difficult to weigh up whether retrieval at a specific point in time makes
sense or not. In addition to retrieval, there are other possibilities. For hazardous
situations, emergency planning tailored to the situation is always part of the scenarios
In this context, reference is made to the Asse II mine facility, see Chap. 6.

There is still a considerable need for research into the provision of relevant tech-
nical, geotechnical data, especially in the post-closure phase. On the one hand, the
installation of a suitable technical monitoring system must be carried out in such a
way that the integrity of the multi-barrier system is not violated; on the other hand,
wireless transmission systems with the associated power supply are not yet suffi-
ciently developed to be able to supply data from the sealed repository system from
the underground to the surface over a long period of time. Which technical possi-
bilities for the procurement of meaningful data (also for emergency scenarios) are
basically available or must be developed and for which “observation periods” can
be realized in the post-closure phase is currently an open field. At present, it is also
unclear which facts are to be empirically recorded in the post-closure phase, e.g.
which parameters allow reliable conclusions to be drawn on heat pulses, geological
deformations and stress redistributions in the host rock.
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Germany has decided to guarantee a retrieval time of 500 years, France only
wants to carry out the final closure of the Cigéo deep final storage facility after the
end of the monitoring period (> 100 years), see Sect. 7.4.2, Finland and Sweden
provide for an operating phase of around 100 years and other countries, including
Switzerland, have not yet adopted any binding declarations. On the question of the
“duration” of the observation phase after emplacement operation, there is currently
no internationally uniform position. But there is still enough time to reliably provide
solutions for the issues and developments that have been raised.

The task of monitoring to prepare existing decision possibilities on the basis of
measurement results, to weigh them up against each other and to refine decision pos-
sibilities can be transferred to the site search and the repository concept. A strategic
monitoring concept forms both the basis for a comparative site selection procedure
with a high degree of transparency and appropriate participation as basic building
blocks, and for the optimisation of a repository concept, from the planning to the
closure of a repository. Chapter 2 proposes the use of the Conceptional Site Model
(CSM), see also [8]. This includes a multi-stage procedure, see also Flüeler [9],
in which so-called branching points are introduced, at which stages the model is
checked again and a decision is made as to whether the reference path should be
pursued further or modified, or whether there should again be a step back in the
procedure by one or more stages, see also Fig. 9.1.

When optimizing a repository concept, the formulation of optimization goals is
of particular importance. Optimization goals are, see also Chap. 2:

– Radiation protection in the operating phase
– Long-term safety
– Operational safety of the repository
– Reliability and quality of long-term containment of waste
– Safety management
– Technical and financial feasibility.

The benchmarking procedure is particularly suitable for achieving optimization
goals. Here, actual conditions and targets, methods and procedures for achieving
the target field, etc. are compared in order to develop iterative solution strategies.
Benchmarking in the optimization of a repository concept is supported by a strate-
gic monitoring concept. In the course of geotechnical and technical measurements,
enormous amounts of data are generated over long periods of time. With the appli-
cation of data mining, the position of the actual conditions in the target area can
be determined. Data mining is therefore part of benchmarking. For this purpose,
the huge amount of data is processed using computer-aided methods and used to
optimize the repository concept. Data mining should therefore be understood here
as the systematic application of statistical methods to large databases with the aim
of identifying new cross-connections and trends. Data mining is carried out in all
phases of the repository project (site selection, construction, operation, decommis-
sioning and post-closure phase). The term data mining covers the entire process of
the so-called “Knowledge Discovery in Databases”, which also includes steps such
as pre-processing and evaluation, see Fayyad [10].
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Fig. 9.2 Environmental monitoring for the disposal of radioactivewaste in the various development
phases of the repository concept

Chapter 5 shows an environmental monitoring system used for the long-term safe
and stable storage of uranium tailings in ponds, see Chap. 5, Fig. 5.27. Based on this,
the following scheme for monitoring during the phases of a repository for HAW-HG
can be proposed, see Fig. 9.2.

In addition to the integration of a monitoring as a component of a repository con-
cept, data management is of central importance for technical monitoring. In addition
to the application of data mining, appropriate evaluation routines must be provided
and fed back into monitoring. The question of what to measure, how to measure
and which routines are to be used to evaluate the resulting data volumes has not yet
been conclusively answered. The submission of a generally recognized long-term
safety assessment is absolutely necessary for this purpose, see Chap. 8. Thus, it
seems initially to make sense to classify the monitoring sub-concepts according to:
site selection, construction of repositories, operation and decommissioning as well
as the post-closure phase.

9.2 Monitoring in Different Phases of Final Disposal

For the development of a monitoring programme as an integral part of a repository
concept, it makes sense to note that significant differences exist in whether the repos-
itory is unsealed and the accessibility to the emplaced waste still exists or whether
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the repository is sealed and the stored waste can only be reached after significant
interventions into the barrier system. The following remarks are arranged accord-
ingly.

9.2.1 Monitoring of the Unsealed Repository

The monitoring of the unsealed repository is divided into:

• Site search and selection procedure;
• Preservation of evidence before and during construction, environmental monitor-
ing;

• Monitoring during the operating phase

– Acceptance conditions; declaration; storage scheme
– Shielding of repository containers; exposure in the repository- room airmonitor-
ing, personnel monitoring (radiation passport (§ 40 para. 2 Radiation Protection
Ordinance))

– Temperature; rock behaviour;
– Environmental monitoring; food chain.

• Monitoring during the decommissioning phase;

– geotechnical and technical barriers; rock behaviour
– Shielding of repository containers; exposure in the repository- room air
monitoring-, personnel monitoring (radiation passport (§ 40 Para. 2 Radiation
Protection Ordinance))

– Environmental monitoring; food chain.

9.2.1.1 Monitoring the Site Search- and -Selection Procedure

For the site search- and -selection procedure in Germany the Act on the Further
Development of the Act on the Search and Selection of a Site for a Repository for
Heat-Generating RadioactiveWaste and other laws has been put to the vote, StandAG
[11]. This is also to regulate the investigation and selection criteria according to
which a preselection of the investigation areas, and ultimately the site, are to be pre-
selected. The Act integrates technical and social monitoring, in particular through
public participation, a National Monitoring Committee and the Council of Regions.
It is already foreseeable that the StandAG will not be able to solve the task set. It
requires not only an update but also a underpinning with directives and regulations,
which should ultimately form a body of rules. The body of rules should include the
basis for decision-making:
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– general safety requirements for storage, in particular HG-HAW,
– geoscientific, water management and spatial planning exclusion criteria and mini-
mum requirements with regard to the suitability of geological formations for final
disposal,

– host rock-specific exclusion and selection criteria for the possible host rocks: salt
rock, clay rock and crystalline rock,

– host rock independent balancing criteria and
– a methodology for carrying out the preliminary safety investigations.

As long as no site-specific properties have been determined, this can be done in
an index procedure for the consideration of the site selection, e.g. for the evaluation
of the barrier properties. The indexing can be classified as favourable, conditionally
favourable or less favourable; or 3 points, 2 points, 1 point etc. and be summarised in
an evaluation matrix, see Table 7.21 Chap. 7. In StandAG [11], Annex 1 to Sect. 24
Paragraph 3, are the evaluation-relevant properties for the criterion: transport of
radioactive substances by groundwater movements and diffusion in the effective
containment zone, given:

– the groundwater flow prevailing in the effective containment zone,
– the available groundwater and
– the diffusion rate.

According to Table 9.1.
A national site search and selection is subject to regional restrictions on the one

hand due to the geological formations and hydrological conditions found regionally
at sites available for selection and on the other hand due to the climatic zones in
which potential sites can be found. In Germany the focus will be on the host rock
formations salt rock, clay stone and crystalline rock (granite etc.). In other regions
this geological diversity is not found. This can be compensated by final disposal
containers which are adapted to the host rock formation. For the individual host
rock formations, differing designs of final disposal containers have to be provided.
Ultimately, however, a repository, regardless of the type of host rock, must meet the
long-term safety requirements and be capable of being approved. The observation
period, currently 1 million years in Germany, is also set independent of the host rock
type. According to the current state of affairs, the process of national site search and
selection can be arranged in accordance with Fig. 9.3.

In particular, the geoscientific evaluation criteria listed in StandAG [11] do not
do justice to the developments in repository research, see also Table 9.1. The fixing
of the evaluation-relevant properties and their admissibility ranges includes at least
the measurement methods and the methodology with which these properties are to
be determined.

From this point of view, the exclusion criterion must be that repository sites in
currently known promising raw material areas (minerals, fossil fuels … etc.) are
excluded, as in such locations an external intervention initiated by humans, e.g.
through exploration, over the long observation period is very likely. This does not
prevent possible later development of deposits found at repository sites. However,
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Table 9.1 Groundwater movements and diffusion in the effective containment zone; evaluation-
relevant properties; see StandAG [11], Annex 1 to Sect. 24 Paragraph 3

Valuation-relevant
property of the
criterion

Evaluation
parameter or
indicator of the
criterion

Ranking-group

Favourable Relatively
favourable

Less favourable

Groundwater flow Groundwater flow
velocity [mm/a]

<0.1 0.1–1 >1

Available
groundwater

Characteristic rock
permeability of the
rock type [m/s]

<10−12 10−12 –10−10 >10−10*

Diffusion rate Characteristic
effective diffusion
coefficient of the
rock type for
tritiated water
(HTO) at
25 °C [m2/s]

<10−11 10−11 –10−10 >10−10

Diffusion rate in
clay stone

Absolute porosity <20% 20–40% >40%

Material
consistence

Clay stone Firm clay Semi-firm clay

*For repository systems that are essentially based on geological barriers, sites with a rock perme-
ability of more than 10−10 m/s are to be excluded from the procedure as unsuitable, according to
StandAG Sect. 23 paragraph 4 number 1

Fig. 9.3 Process of national site search and -selection
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this is not affected by the principle of intent, as the Federal Mining Act currently
grants protection of deposits and guarantees the supply of raw materials in § 1,
amongst others.

9.2.1.2 Monitoring During Repository Construction—Pilot Waste
Storage; Specified Normal Operation; Decommissioning

The concept of monitored long term disposal of HAW-HG in deep geological for-
mations, as currently being established in some national repository sites (Finland,
Sweden, France, etc., see Chap. 7), consists of a test waste storage facility, a pilot
waste storage facility and a main waste storage facility. In the staged procedure, the
test waste storage facility is erected as the first part of the overall facility, see Fig. 9.4.
It is used for site-related investigations and carrying out the safety verifications for
the main waste storage facility. The existence of a generally recognised long-term
safety assessment is absolutely necessary for this purpose. The required proofs are
listed in Chap. 8. The assessment criteria, safety investigations etc., compiled in
Fig. 9.3, can be used for this purpose.

A pilot waste storage facility (transitional waste storage facility) was to be inte-
grated into a repository concept. The construction of a pilot waste storage facility

Pilot facility

Storage
LMA

Main installation
(for the emplacement of

the radioactive waste)
BE/HAW

Host rock

Test
area

Entrance tunnel
Operational shaft
Ventilation shaft

Surface installations
(main access)

Shaft head
(side entrance)

Development

approx. 1 kmapprox. 2 km

40
0–

90
0 

m

Fig. 9.4 Test waste storage facility; pilot waste storage facility; main waste storage facility—Nagra
concept source Nagra [12]; designed according to Infel AG Claudio Köppel
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(PL) for an observation phase to be defined also opens up the possibility of optimis-
ing the safety of the repository. A representative part of the planned total inventory
is stored and transferred to the pilot waste storage facility at a relatively early stage.
Systematic monitoring will be implemented. The technical and geotechnical barriers
are monitored beyond the operating time of the main waste storage facility. For this
purpose, the storage sections and the final storage containers will be surrounded by
an extensive and complex measuring and monitoring system (wired probes, sensors,
etc.). This measuring and observation system should be designed in such a way
that the integrity of the chambers and or sections is not compromised. Thus, the
behaviour of the safety barriers after closure can be analysed and results determined
in an observation phase which is currently not specified in more detail. Such actions
could allow conclusions to be drawn about the functioning of the main waste storage
facility and thus provide early optimization and empirical evidence for its safety, as
well as suggest emergency measures (such as retrievals) that would be necessary if
central conceptual weaknesses were to become apparent in the pilot waste storage
facility.

In addition, the knowledge forms the basis for the routine decisions as to whether
the repository should be finally closed or further monitored, whether technical barri-
ers in themain repository should be checked orwhether thewaste should be retrieved.
For the operation of a pilot storage facility in a German repository concept, an obser-
vation phase of about 500 years is recommended, during which retrievability is to
be guaranteed; because reversibility of disposal is in contrast to the retrievability of
a final sealed final storage. At present, however, not all technical possibilities for the
generation of meaningful data (also for emergency scenarios) have yet been explored
in principle. However, the need for research is largely outlined. This approach is also
sustainable, because the repositories for heat-generating HAWs which are built now,
are first-generation repositories. Future generations of repositorieswill certainly have
to be further developed if nuclear energy is to be used for energy supply in future.

The vast majority of radioactive waste is stored in the main repository after it has
been stored in the pilot repository. It is backfilled section by section and sealed as soon
as the waste is stored. These measures are carried out in such a way that it remains
relatively easy to retrieve the waste. The access and service tunnels remain open. No
measures should impair the passive safety barriers. The specified normal operation
of a repository requires in particular the monitoring of personnel exposure, personal
dosimetry and cyclical evaluation, as well as the monitoring of the acceptance and
storage of the waste inventory (declaration and localization), see Chap. 2. From both
the approval conditions for the specified normal operation and the monitoring results
of a pilot storage facility as well from the safety requirements a basic equipment list
of the instrumentation can be prepared. This will enable, considerable amounts of
data to be obtained during specified normal operation, with which conclusions can
be drawn on the long-term behavior or the data sets as well as supplementing the
data sets of the pilot repository.

At the French repositoryCigéo, the independent French publicwastemanagement
company ANDRA has presented a monitoring programme, see [12], which is to be
constructedwith the equipment for the repository facility. During the entire operating



408 9 Environmental Monitoring

phase, all safety-relevant parameters of the repository (speed of the machines, hydro-
gen concentration, performance of the highly effective air filters of the ventilation
system, etc.) are to be monitored. In addition to monitoring in the narrower sense,
parameters are monitored which may influence the development of the repository in
the medium and long term: Ambient air temperature, expansion of the waste facil-
ity (meeting of the galleries), concrete durability, steel corrosion, etc. For example,
individual monitoring of control containers is carried out in separate rooms, which
allows easy access to each control container and its regular inspection. In the first
phase of construction of the Cigéo deep storage facility, representative control struc-
tures of the various storage components (containment, chambers…) are constructed,
which are used only for observation and monitoring. These control structures are
extensively instrumented in order to follow their behaviour and evolution over time
in every detail. This means that tens of thousands of sensors are installed in the Cigéo
deep storage facility. The methods of investigation envisaged are based on proven
sensors already used in the French nuclear industry and in civil engineering, for
which a great deal of experience has been gained (several decades of use in nuclear
power stations, dams, etc.), as well as on innovative means currently being developed
within the framework of R&D programmes.

The chambers for MAW (SMA chambers), see Nagra [13], will be set up during
the operating period of the Cigéo deep storage facility. The first chambers will then
be fully equipped with instruments for detailed observation. In addition, ANDRA
proposes to close one of the control chambers a few years after the storage of the
waste containers and then to continue the observations in a closed configuration in
order to draw conclusions from these observations that can be used for the actual
decommissioning of the repository. The following monitoring areas are described in
detail for the Cigéo deep repository.

(a) Monitoring of the environment of the Cigéo deep storage facility

Already in 2011 in “Departement Meuse” near “Houdelainecourt” an air monitoring
station was set up, with a 120 m high mast which is equipped with meteorological
sensors and analytical measuring devices on the ground together with connected air
samplers.

In 2007, ANDRA set up a permanent environmental observation station (Obser-
vatoire pérenne de l’environnement—OPE), see [12]. Its task is to survey the initial
state of the environment at the site of the future repository over a period of 10 years
and then to monitor its development during the construction of the Cigéo repository
and its subsequent operation. Thus, even the smallest impact of the deep geological
repository on the environment can be evaluated.

The area monitored by the environmental monitoring station covers 900 km2

around the area where the Cigéo deep geological repository could be located. Within
this area,more detailed studieswill be carried out in a reference area of about 240km2.

The established inspection system is based on several hundred stationary obser-
vation points, satellite and aerial data, experimental plots and permanent monitoring
stations (in forests, agricultural areas, air monitoring stations and waters monitor-
ing stations). The monitoring network is adaptable. Every year, flora and fauna are
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monitored at about 2000 points, agricultural production at about 100 points, physical-
chemical and biological soil quality is monitored—more than a ton of samples are
taken and analysed, and more than 85,000 data points are collected and logged
according to best practice.

In order to ensure the traceability and sustainability of the data collected by the
OPE, ANDRA is setting up an “eco-data registry”, which went into operation in
2013. Here samples from the local agricultural food chain (milk, cheese, maize, veg-
etables, fruit…), from forest ecosystems (leaves, mushrooms, wood, game…) and
from the aquatic environment (water, fish…) can be stored. The “eco-data registry”
is to be operated for at least 100 years in order to monitor the changes in the environ-
ment during the operation of the Cigéo deep geological repository. In national and
international partnerships, scientific studies are carried out within this framework
using a monitoring system with a quality certification. For further details, see [12].

(b) Health surveillance

The local population has repeatedly expressed the wish for health monitoring in the
area of the repository. In the meantime, a group of experts has been set up to define
the technical conditions for this monitoring. ANDRA has approached its supervising
ministries to clarify the management and organisation of such an institution, see
monitoring concept in [12].

Whether and how the repository (main waste storage facility) is to be decom-
missioned and permanently closed will also be decided by the monitoring results of
the pilot storage facility. In addition, a repository concept will stipulate whether or
not underground monitoring is to be carried out in the post-closure phase. If this is
planned, the instrumentation must be installed during decommissioning and closure
of the repository. The highest principle is the integrity of the effective containment
zone.

Final repository monitoring in the post-closure phase is currently regarded as crit-
ical. Firstly, because of the measurement technology currently available. In sealed
repository areas, wire-based sensors cannot be used because they would impair the
sealing effect of the barriers and there are currently considerable limits to signal
transmission and power supply of wireless-based sensors. Other concepts have to
be developed. Data transmissions with magnetic waves at frequencies of 500 and
2500 Hz are being tested, and autonomous power supplies with thermoelectric iso-
tope generators or beta voltaic batteries are being discussed. Furthermore, a seismic
tomography technique is being developed which could be used to follow the devel-
opment in a repository area from a distance. Neutrino spectroscopy has also come
into focus, as neutrinos or antineutrinos are released in a repository at every beta-
plus or beta-minus decay. Neutrino spectroscopy, which has already been used for
geophysical investigations of natural radioactivity, could potentially also be applied
here. All this is not yet fully developed and there is a considerable need for research.
However, it is to be expected that, within the available time frame, solutions will be
added which have not yet being considered.

On the other hand, monitoring in the post-closure phase is more likely to be seen
as an additional security risk. This is also not completely unfounded, because the
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evaluation of information must not allow for different interpretations because there
is no longer any possibility of visual inspection. This raises the legitimate question
of how to deal with unexpected monitoring results which also have nothing to do
with the repository. It is also assumed that this can then lead to politically motivated
dangerous reactions arising from ignorance.

From the author‘s point of view, these questions are justified, but the closure of
a repository in Germany will take at least 150 years. It will take 2–3 generations
until a HAW-HG repository is closed. So it does not seem to make much sense today
to speculate about the technologies available at that time. Monitoring for the post-
closure phase may well be operational by then and this will considerably increase the
long-term safety of a geotechnical environmental structure—the repository structure.
Conveying this message is certainly an important contribution to transparency in
dealing with the question of final storage, see Chapman [14].

The strategy currently favoured is the errection of a pilot storage facility parallel
to the main storage facility and its operation beyond the time of closure of the main
storage facility, combined with the assessment of comprehensive long-term safety,
justified on the current state of the art and the long-term safety and continuous
optimisation of the repository system up to the time of closure.

Environmental monitoring is unaffected by this. It should cover at least the obser-
vation period of the pilot storage facility.

In addition, the following options are pursued worldwide, see [15]:

• Final disposal of HAW-HG in deep geological formations without monitoring and
precautions for retrieval (repository without monitoring—“ELo”); in accordance
with repository planning inGermany valid until 2010. This has been supplemented
by general requirements on retrievability, recoverability and monitoring (“control
and evidence preservation programme”).

• Final disposal of LAW/MAW and HAW-HG in deep geological formations with
monitoring and precautions for retrieval (repository with monitoring—“Elm”);

• Final disposal of HAW-HG in structures near the surface disposal, disposal option
(long-term storage near the surface—“LzLo”); see Dutch interim storage facility
(COVRA).

9.2.2 Monitoring the Sealed Repository

Little concrete work has so far been carried out on long-term monitoring as a whole
and on the post-closure phase. The generally accepted thesis is that underground
monitoring in the post-closure phase is not technically feasible at present. In StandAG
[11], Sect. 26 (2) 3. stipulates for a German repository for HAW-HG: “It shall be
ensured that the stored waste can be retrieved during the operational phase and that
sufficient provision is made for the possible recovery of the waste for a period of 500
years after the planned closure of the repository.”
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According to current understanding, the post-operational phase begins after the
complete closure of the repository structure, whereby the repository is transferred
to the passively safe state. After closure of an optimized repository (ELo b*)4 in
deep geological formations, however, the reversibility of the decisions becomes very
complex and difficult and is not possible without intervention in the barrier system
of the repository.

However, for a monitoring concept to be developed at the beginning of the post-
closure phase, the monitoring measures, some of which were already used in the
operating phase, can be started or continued in a modified form and with modified
objectives (e.g. preserve evidence, environmental monitoring). So far, it can still be
assumed that even after closure of the repository structure, above-ground monitoring
of the surroundings of the facility will take place, how long and with which firm
concept is not finally discussed. The only thing that is certain is that monitoring
should be carried out for the air, water and earth pathways, and that a possible
spread of radioactivity via the food chain must also be considered and also the
requirements of the population living in the region for a health surveillance must not
be forgotten. Monitoring concepts are available at the Federal Office for Radiation
Protection. The basis for further consideration of the monitoring concept in the post-
closure phase is the protection of future generations and the environment against
ionising radiation; this is to be implemented in the long-term safety proof. There is
international agreement that calculated or estimated risks or doses in this phase may
only be interpreted as indicators of the level of protection to be achieved with final
disposal. For a German repository concept for HAW-HG, the following evidence has
to be provided, see BMUB [4]:

– Proof of the integrity of the effective containment zone in the post-closure phase;
– For probable developments in the post-closure phase, it shall be demonstrated that
the release of radionuclides originating from the stored radioactive waste can only
result in an additional effective dose in the range of 10 microsieverts per year5

for individuals in the population. Here, it shall to be consider individuals with a
present-day life expectancy who are exposed during the entire lifetime.

– For less probable developments in the post-closure phase, it shall be demonstrated
that the additional effective dose caused by the release of radionuclides from
the radioactive waste stored does not exceed 0.1 millisieverts per year6 for the
people affected. Here also individuals with a present-day life expectancy who are
exposed during their entire lifetime should also be considered. Higher releases of
radioactive substances are permitted for such developments, as the occurrence of
such developments is less likely.

The long-term safety proof, see Chap. 8, must therefore include the following
modules

• Integrity proof of the effective containment zone and

4See [15]—Elo b*—Repository with retrievability and recovery.
5See ICRP 104 [16] (triviale Dosis).
6See [17] according to ICRP 81 (risk less than 10−5/a), see Chap. 8 Table 5.
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Fig. 9.5 Radionuclide spreading from the effective containment zone (near-range) into the bio-
sphere; spreading spheres (monitoring areas)

• The spread of radionuclides in the spheres:

• Repository (or near-range);
• Geosphere or overburden and
• Biosphere,

See Fig. 9.5.
Since different propagation processes take place in the three spheres, they are

edited with different numerical methods. The three modules are largely independent.
In amodelling of the entire repository systemwith the aim of calculating the radiation
exposure, the modules for the three spheres are processed sequentially. If monitoring
of the repository is to be installed in the post-closure phase, monitoring of the three
spheres, which require completely different instrumentation, would also have to take
place.

Radionuclide transport in the near-field of a repository begins at the time of
container failure and mobilisation of the radionuclides. The radionuclides can be
transported in dissolved form via the water phase (“transport via the water path”) or
via the gas phase (“transport via the gas path”). If radionuclides reach a near-surface
aquifer from the stored waste, they can be expected to reach the biosphere. The
limit value for the effective dose for the protection of individuals of the population
is 1 millisievert per year in accordance with Sect. 46 of the Radiation Protection
Ordinance.According to Sect. 47 of theRadiationProtectionOrdinance, the radiation
exposure from a single facility (here referred to as the repository) via the waste water
and exhaust air exposure paths must not exceed 0.3 millisieverts per year. First of
all, this limit value for the general population must also be complied with in the post
closure phase. Evidence can only be provided if permanent measurement is carried
out in any inflows and outflows to and from the repository area, the local dose rate is
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measured at several relevant locations, and the soil and the food chain are monitored
on a randombasis. It remains to be seenwhich part of the detection period of 1million
years would be prescribed for this activity.

Considering the monitoring of the biosphere, there is a risk of being “surprised”
by a large-scale radioactivity leakage into the biosphere that is difficult to locate.
Consideration must be given, for example, to constructing deep wells at relevant
points in the facility, through which a near-surface aquifer of the water dispersion
path could be sampled in a suitable manner and through which the radionuclide-
polluted waters can even be drawn off. These could then be cleaned in a water
treatment plant and discharged from there into the receiving water in a downstream
area. All the technical possibilities are already available to implement such a project,
see also Chap. 5. However, these are not currently part of the spectrum of measures
for the post-closure phase of a repository. If the unplanned release of radionuclides
from the stored waste cannot be restricted or stopped, and the limit value for the
effective dose for the protection of individuals of the population is approached, then
emergency measures must be initiated, which could also include the recovery of the
waste or part of it.

The author does not see a need to monitor the near-range in the post-closure
phase and to carry out integrity checks. Monitoring in the post-closure area could be
designed according to Fig. 9.6.

Of course, the great concern with a direct monitoring measure is that the overbur-
den is additionally perforated, thereby facilitating the spread of radionuclides. This
concern must be countered if radionuclides from the stored waste have found their
way into this aquifer and if there is a very high probability that they will also find
their way into the biosphere or food chain. This represents an irresponsible risk.

With the monitoring of a relevant near-surface aquifer, on the one hand the early
discovery of a dispersal path and thus the limitation of the emission of radioactivity

Fig. 9.6 Principle—direct monitoring in the post-closure phase (biosphere and geosphere)



414 9 Environmental Monitoring

is possible, on the other hand there is the possibility of isolating and removing
the radioactivity. In addition, the potential gain resulting from the controllability of
the repository behaviour outweighs the expense. For the author, this early detection
measure results in a responsible risk and is also robust, with regard to the unambiguity
of the results. This extension of direct monitoring would represent a fundamental
change in the configuration compared with the previous conceptual planning.

As an alternative, and in addition to the direct monitoring of the repository struc-
ture, a pilot storage facility would be an option, see Lux et al. [18]. A pilot storage
facility implemented in the repository concept could be arranged as a monitoring
floor above the emplacement floor, also known as the main storage facility, which
is kept open even after offsetting and closure of the emplacement floor and remains
connected to the emplacement floor via observation—or measuring boreholes. This
results in a two-level disposal mine structure. The controllability of the repository
behaviour described here results in confidence in the reliability of the repository
design and execution as well as in the possibility of a reliably well founded error cor-
rection. However, direct monitoring also requires that appropriate analysis routines
be available for these investigations. This results in the generalized sequence of the
HAW-HG disposal described here, see Fig. 9.7.

Fast TracKer (FTK)7 simulators are currently being developed and used in order
to obtain reliable results for the developments and processes of the effective contain-
ment zone (near-range) under repository-relevant effects. FTK simulators used in
Germany consist of a coupling of the known and established simulators FLAC3D8

for the mapping of thermomechanical processes and TOUGH29 for the mapping

Fig. 9.7 Currently emerging disposal option for HAW-HG in Germany according to [19] MSF—
Main Storage Facility; TSF—Test Storage Facility; PSF—Pilot Storage Facility, see [15]

7Fast TracKer (FTK)—A trigger and data acquisition system is equipped with a Fast Tracker
coprocessor.
8FLAC3D is a numerical modeling software for 3D geotechnical analysis of loose and hard rock,
groundwater, engineering design, risk analysis, etc.
9TOUGH2 is a universal numerical simulation program for multiphase liquid and heat flows in
porous and fissured media.
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of thermohydraulic processes, see Lux et al. [20]. The rock behaviour is simu-
lated in combination with the filling behaviour under mechanical, hydraulic and
thermal influences. With a FTK simulation it is also possible to study large-scale
3D structures with regard to their thermomechanical—thermohydraulic—behaviour
under repository-relevant impacts such as cavity excavation, waste emplacement and
residual cavity displacement, heat development and gas development for various host
rocks and in particular to investigate statements on the fluid dynamic processes in the
sealed repository for HAW-HGalso in the post-closure phasewithmore probable and
less probable development. Currently, an international benchmarking cooperation is
taking place, so that the whole range of possible host rocks can be investigated.

For the development of a monitoring system as an integrated part of a national
repository concept, which also includes the post-closure phase, it is advisable to
remember that a German repository for HAW-HGT, according to current plans, will
be closed at the earliest in 150 years and for a period of 500 years after the intended
closure of the repository, provision must be made for possible recovery of the waste.
Based on these facts alone, it can be expected that the scientific and technical develop-
ment will make it possible to present a monitoring concept for the post-closure phase
of a repository in deep geological formations that will satisfy all safety requirements.
This will also rely on direct monitoring of the geosphere. However, it is likely that a
considerable number of countries will need further repositories for their HAW-HG
waste in the future because it cannot be expected at present that nuclear energy will
be removed from their energy mix. The reach of uranium/thorium resources extends
far into the future, see Lersow [21] and is not an limitation on the long term use of
nuclear power.

9.2.3 Monitoring for Near-Surface Final Disposal

In the consideration of retrievability and recovery as well as the monitoring of the
HAW-HG repository in the post-closure phase, storage in deep geological formations
receives negative assessments. For this reason, near-surface disposal in caverns and
bunkers would be an option. Even though the final disposal of HAW-HG in deep
geological formations is currently favoured, it cannot be ruled out that near-surface
repositories in caverns and bunkers will become the focus of final disposal in the
future. Here, some elements and experiences from the long-term monitoring of ura-
nium tailings ponds could be used or modified, see Chap. 5 and 9.3. In particular,
this concerns the transition of radioactive contaminants into the biosphere, their con-
tainment and safe disposal. The procedures and methods described are of particular
interest for contingency planning at deep geological repositories.

In all evaluations of near-surface final disposal in caverns and bunkers, it is notice-
able that acceptance of this method by the affected population is not to be expected
currently. This is due to the justification (assumptions) from theoretical comparisons
that a direct release of radioactivity into the biosphere is possible from such near-
surface repository structures. There is no evidence that the storage of HAW-HG in
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caverns and near-surface bunkers poses a greater risk than in deep geological for-
mations, since the geotechnical and technical barriers tailored to near-surface final
disposal would also have to be assessed for this purpose, but they do not yet exist. A
first step in this direction could be the establishment of near-surface interim storage
facilities. In this context, however, it should be noted that the operating licences of
all existing interim storage facilities in Germany are not valid for a sufficiently long
time until a national repository is available. Here, too, considerable amounts of data
are generated.

Due to the fact that the existing interim storage facilities do not currently meet the
requirements of a long-term storage facility, an interesting project has been started.
In the Netherlands, in Vlissingen-Oost at the mouth of the Westerschelde, COVRA
operates a long-term interim storage facility on behalf of the Dutch Ministry of
Finance with 1.7 m thick external walls, earthquake-proof up to an earthquake of
magnitude 6.5 on the Richter scale, safe against the impact of a fighter jet, safe
against water levels of ten metres above sea level, etc. with an operating permit for
100 years, which can be extended. However, the current amount of HAW-HGT in
the Netherlands is very small at around 100 m3 and is increasing only slowly due
to the low annual amount of waste produced. The containers with the HAW-HGT
are located in concrete pipes, which are checked at regular intervals for radioactivity
leaks, see [22]. Although the Dutch waste management concept provides for the
search for a repository site for all types of radioactive waste in deep geological strata,
this long-term interim storage facility will provide significant insights into handling,
monitoring, central interim storage, container tightness, perhaps also acceptance,
etc. might be performed. This leaves the question of a near-surface final storage in
caverns and bunkers under discussion, also against the background of the expected
time sequences and the expected scientific-technical solution possibilities. Long-
term interim storage therefore means that in the foreseeable future no decision will
be made or expected on the final handling of high-level radioactive waste. Long-term
interim storage is therefore a planned condition. It follows from this that the overall
system must be taken into account when designing the long-term interim storage
facility (LzL) with an operating time of several hundred years. Due to their long-
term nature, the focus is on potential developments that are relevant to the design
and construction of nuclear facilities and have not played a role in the design of
nuclear facilities to date. these considerations are noted here in connection with the
transitional storage facilities discussed in Chaps. 5 and 7.

9.2.4 Central Database

One problem should be tackled very quickly: the establishment of a central database,
in which all data sets determined and compiled so far should be stored. This should
include data on the host rock formations that are suitable for site search in Ger-
many, on the repository containers, parameters for determining radiation exposures,
hydrological data of aquifers, parameters for determining stability in the repository
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structure, etc.,. This should also be available to the interested public. This creates
transparency and trust and ultimately the confidence to be able to organise a partici-
pation process in which the interest group feels its views have been adequately taken
into account.

9.3 Long-Term Monitoring of Uranium Mill Tailings Ponds
and in Landfill Construction

The long-termmonitoring for the geotechnical environmental structures for the long-
term safe storage of uranium mill tailings ponds is described extensively in Chap. 5,
so that the brief summary here emphasises the permitted differences in the effects
on the biosphere.

First of all, for the geotechnical environmental structures for the storage of the
uranium tailings ponds of the SDAG Wismut, the description “guardian principle”
can be used, because the (direct) long-term monitoring also indicates the long-term
safety, necessary aftercare measures are identified and arranged and because the
1 millisievert in the calendar year—criterion according to § 46 Radiation Protection
Ordinance—is also to be enforced here. On the one hand, radon exhalations are mon-
itored. This is monitored byWismut GmbHwith a limitation of the external radiation
exposure (ground radiation) of ≤ 0.15 µSv/h. In addition there are environmental
quality standards for the assessment of the condition of the watercourses around the
uranium tailings pond sites used by Wismut GmbH (discharge of mining water), in
accordance with the European Water Framework Directive (Directive 2000/60/EC).

In former uranium mining areas of Saxony and Thuringia, water-specific quality
standards were agreed with the water authorities, which generally range from 10 to
20µg/l Uranium.Now the Federal EnvironmentAgency has submitted a proposal for
an environmental quality standard (UQN)—for uranium (U-238) in surface waters
with a target value of 3 µg/L; UBA [22]. In Schmidt [23] has established the con-
nection between the remediation of the uranium ore mining legacies in Saxony and
Thuringia and the general radiation protection criterion, also valid for the final dis-
posal of radioactive waste, see Fig. 9.8. This path also seems to be expedient because
an UQN for uranium (U-238) is not to be expected in the medium term and in some
cases in the former uranium mining areas of Saxony and Thuringia existing guide
values are far exceeded.

This shows that considerable differences are permitted in the assessment and treat-
ment of radioactivity and their influence on the biosphere. What may be impossible
under the Atomic Energy Act in Germany is permitted on areas and objects which
fall under mining law. Through the European Directive 2013/59/Euratom, [3], the
conceptual separation of the regulatory regime for naturally occurring radionuclides
and radioactive substances whose ionising radiation or nuclear properties are used,
is abolished as far as possible; this comes too late for the remediation of the remains
of uranium mining in Saxony and Thuringia and has hardly any effect. The effects
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Fig. 9.8 Culminating radioactivity effects—1millisievert/calendar year—criterion for former ura-
nium mining areas, according to [23]

are documented using examples in Chap. 5 for the water path and in Chap. 6.1 for
the treatment residues (immobilisates) from water treatment plants.

The statements on the monitoring of landfills in accordance with the Closed Sub-
stance Cycle Waste Management Act and the Landfill Ordinance can be dispensed
with here because no newmonitoring aspects need to be listed, including decommis-
sioning and aftercare, see Chap. 4.

References

1. Berkhout, Frans (1991) Radioactive Waste: Politics and Technology. London; Routledge
2. Hocke, P.; Bergmans, A.; Kuppler, S., 2013: Einführung in den Schwerpunkt. In: Technikfol-

genabschätzung– Theorie und Praxis 21/3 (2012)
3. RICHTLINIE 2013/59/EURATOM DES RATES vom 5. Dezember 2013: zur Festlegung

grundlegender Sicherheitsnormen für den Schutz vor denGefahren einer Exposition gegenüber
ionisierender Strahlung und zur Aufhebung der Richtlinien 89/618/Euratom, 90/641/Euratom,
6/29/Euratom, 97/43/Euratom und 2003/122/Euratom

4. BMUB 2010: Sicherheitsanforderungen an die Endlagerung wärmeentwickelnder radioaktiver
Abfälle, Stand 30. September 2010

5. Gesetz zur Neuordnung der Organisationsstruktur im Bereich der Endlagerung, vom 26. Juli
2016

6. Brunnengräber, Achim [Hrsg.]: Problemfalle Endlager: Gesellschaftliche Herausforderungen
im Umgang mit Atommüll; Nomos; Berlin 2016

7. NEA No. 7085: Reversibility of Decisions and Retrievability of Radioactive Waste - Consid-
erations for National Geological Disposal Programmes © OECD 2012

8. Conceptual Site Model for Disposal of Depleted Uranium at the Clive Facility - Clive DU PA
Model v1.4; 5 November 2015; Prepared by NEPTUNE AND COMPANY, INC.; Los Alamos



References 419

9. Flüeler, T.: Decision making for complex socio-technical systems. Robustness from lessons
learned in long-term radioactive waste governance. Series Environment & Policy, Vol. 42.
Springer, Dordrecht NL, 2006

10. Usama M. Fayyad, Gregory Piatetsky-Shapiro, Padhraic Smyth: From Data Mining to Knowl-
edge Discovery in Databases; AI Magazine Volume 17 Number 3 (1996), p. 37–54

11. StandAG: Gesetz zur Fortentwicklung des Gesetzes zur Suche und Auswahl eines Standortes
für ein Endlager für Wärme entwickelnde radioaktive Abfälle und anderer Gesetze; vom 05.
Mai 2017

12. http://www.andra.fr/pages/fr/menu1/l-andra/nos-missions/realiser-l-inventaire-42.html
13. Projektkonzepte für die Lagerkammern und Versiegelungsstrecken und deren Bewertung

Arbeitsbericht NAB 16–45, Nationale Genossenschaft für die Lagerung radioaktiver Abfälle
(nagra), Juli 2016

14. Chapman, N.,C. McCombie. (2003). Principles and Standards for the Disposal of Long-lived
Radioactive Wastes; Imprint: Pergamon; 07. Oct. 2005

15. Appelt, D. et. al.: ENTRIA-Bericht-2015-01; Darstellung von Entsorgungsoptionen; K-MAT
40; Sept. 2015

16. ICRP Publication 81; Radiation protection recommendations as applied to the disposal of
long-lived solid radioactive waste; Ann. ICRP 28 (4), 1998

17. https://www.oecd-nea.org/rwm/profiles/Netherlands_report_web.pdf
18. Karl-Heinz Lux, Ralf Wolters und Juan Zhao: Auf dem langen Weg zu einem Endlager für

hochradioaktive, Wärme entwickelnde Abfälle; atw - International Journal for Nuclear Power
Vol. 62 (2017), Issue 4 (April)

19. http://www.nagra.ch/de/wasentsorgen.htm
20. Lux, K.-H., Wolters, R., Zhao, J., Rutenberg, M., Feierabend, J. & Pan, T. (2017): TH2 M-

basierte multiphysikalische Modellierung und Simulation von Referenz-Endlagersystemen
im Salinar- und Tonsteingebirge ohne bzw. mit Implementierung einer Möglichkeit für ein
direktes Monitoring des längerfristigen Systemverhaltens auch noch nach Verschluss der Ein-
lagerungssohle. Ein Beitrag zur Verbesserung der Robustheit von Sicherheitsfunktionen mit
sehr hoher Relevanz im Hinblick auf die Entwicklung von Bewertungsgrundlagen zum Ver-
gleich von Entsorgungsoptionen. Hannover/ Clausthal-Zellerfeld, ENTRIA-Arbeitsbericht-07,
ISSN (Print): 2367-3532, ISSN (Online): 2367-3540

21. Lersow, Michael: Energy Source Uranium – Resources, Production and Adequacy; Mining
Report 153 (2017) No. 3, p. 286–302

22. Wenzel, A.; Schlich, K.; Shemotyuk, L. und Nendza, M.: Revision der Umweltqualitätsnor-
men der Bundes-Oberflächengewässerverordnung nach Ende der Übergangsfrist für Richtlinie
2006/11/EG und Fortschreibung der europäischen Umweltqualitätsziele für prioritäre Stoffe;
Umweltbundesamt, Dessau-Roßlau; ISSN 1862-4804; Texte 47/2015, Juni 2015

23. ICRP Publication 104; Scope of Radiological Protection Control Measures; Ann. ICRP 37 (5),
2007

24. Stellungnahme zur zukünftigen Bewirtschaftung der von der Wismut GmbH beeinflussten
Oberflächenwasserkörper in Thüringen in Umsetzung der EU-WRRL - Bewirtschaf-
tungszeitraum 2015 bis 2021; Paul, M. et al., Wismut GmbH, Chemnitz, Mai 2014

http://www.andra.fr/pages/fr/menu1/l-andra/nos-missions/realiser-l-inventaire-42.html
https://www.oecd-nea.org/rwm/profiles/Netherlands_report_web.pdf
http://www.nagra.ch/de/wasentsorgen.htm


Chapter 10
Summary/Outlook

In the preceding chapters, the author has attempted to discuss the various prob-
lems arising from the need to dispose of respective classes of radioactive waste and
residues and consequently the associated geotechnical environmental structures—
repository structures—without able to fulfil a necessary licensing practice. This task
initially requires reference to a legal and regulatory framework as this is the only way
geotechnical environmental structures can be compared. The author has decided to
refer to the German legal and regulatory framework. Where it appeared necessary,
a comparison was made with the legal and regulatory framework of the USA. On
the one hand because the USA has the greatest worldwide experience in dealing
with radioactivity; on the other hand because it is in the USA that by far the largest
quantities of radioactive waste and residues are generated annually, due to both the
peaceful and military uses of nuclear energy. In addition, because the USA uses a
different classification of radioactive waste compared to that in use in Germany. This
is due in part to tradition and in part because in the USA the need for classification
arose earlier, before the IAEA had published a classification system.

The fact that some technical terms are interpreted differently in the individual
countries has not been taken into account. This only results in minor differences in
the repository concepts of the individual countries. To enable the readers to make
a suitable comparison, examples of geotechnical environmental structures from dif-
ferent countries were presented in Chaps. 4–7 and compared with the geotechnical
environmental structures erected in Germany.

The author wanted to appeal to a broad readership and not to hide the fact that
a whole series of problems are still unsolved, this concerns in particular the final
disposal of highly radioactive, heat-generating waste; but also to be aware that the
safety structures of the existing geotechnical environmental structures—repository
structures—can often not be justified with the stored radioactive inventories, but
rather with whether the mining law or the Atomic Energy Act was used as the basis
for the geotechnical environmental structure design and the associated long-term
safety assessments. The reader is always in a position to make detailed comparisons
and receive suggestions, both with regard to site selection and design and creation
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of repository structures, and with regard to the radio-toxic inventories to be stored
in each case. A glossary is attached for clarification of the terms used in different
applications.

In order to enable comparison of the radioactive inventories stored or to be stored
in the various geotechnical environmental structures, irrespective of their location,
a dimensionless activity index has been defined. On the basis of this dimensionless
activity index, with which the activity of the respective radionuclide is related to
its exemption limit according to Radiation Protection Ordinance [StrlSchV—Annex
3, Table 1, Column 2], see Chap. 7, the radiotoxicity of the various radioactive
inventories can be compared with each other irrespective of location.

Efforts are being made worldwide, including in international benchmarking co-
operations, to solve outstanding problems, in particular in the final disposal of high-
level radioactive, heat-generating waste; also, the acute pressure for action appears
to be only moderate due to the amount of high-level radioactive, heat-generating
waste generated to date, in particular in Germany, and the existing interim storage
capacities. A considerable pressure to act could arise in Germany if the operating
licences were also to be questioned due to safety concerns at the existing interim
storage facilities. In the meantime in Germany the interim storage facilities for high-
level radioactivewaste havebeen takenover by the federally ownedBGZGesellschaft
für Zwischenlagerung mbH,1 based in Essen, in accordance with [1]. This does not
change the duration of the operating permits for the interim storage facilities.

According to Nuclear Waste Management [2] and others, 12,000 metric tons of
high-level radioactive waste are produced worldwide every year. As a result of Ger-
many’s announcedwithdrawal from the peaceful use of nuclear energy, the amount of
high-level radioactive waste is known precisely and after 2022 only extremely small
amounts will be added each year. According to the US Department of Energy (US
DOE), approximately 90,000 tonnes of HAW are currently stored at 80 sites in 35
states in the USA, including 14,000 tonnes arising from the US government’s nuclear
weapons program. Approximately 3000 tonnes are added to this total annually.

The total amount of Heat-Generating, High Active Waste in the USA is expected
to increase to about 140,000 tonnes over the next several decades.

Also in the USA are 1.57E+05m3 of transuranic (TRU)waste, with a total activity
of approximately 176 PBq (4.76E+06 Ci), see DOE [3].

According to IAEA estimates [4] 1.3millionm3 of LLW (LAW) and ILW (MAW)
are produced annually worldwide.

In addition the corresponding worldwide production of uranium mill tailings is
between 100 and 200 million tonnes, containing 4.0 PBq of Ra-226; 4.0 PBq of
Th-230, see [5]. These are large quantities of radioactive waste and residues, which
have to be stored safely and remain stable over long periods of time, as described in
this publication.

Globally recognized practice is to rely on national disposal concepts. This is
tacitly justified by the Treaty on the Non-Proliferation of Nuclear Weapons (Nuclear
Non-Proliferation Treaty), which is intended to prevent misuse of fissile materials

1BGZ Company for Interim Storage mbH.
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becoming possible, including for terrorist purposes,. In general, the handling of
high-level radioactive waste for final disposal, transmutation or reuse is seen as an
important task for mankind. It should be noted here that internationally, in addition to
final disposal, the reuse (reprocessing) and transmutation of high-level radioactive,
heat-generating waste are also components of national disposal concepts. Both are
prohibited by law in Germany., No plants for reprocessing such materials exist in
Germany and transport to reprocessing plants in France and Great Britain has been
forbidden by law since 1 July 2005. Also since the agreement between the Federal
Government and the energy supply companies of 15 June 2000 (nuclear energy
consensus) a ban on new construction for the construction of new nuclear power
plants applies (no licences). As a result, the construction of transmutation plants in
Germany is currently ruled out. The components of reprocessing and transmutation
are missing from Germany’s national waste management programme, while they are
included in the French waste management programme. This means, that regardless
of the German phase-out scenario, further international work is being carried out on
both reprocessing and transmutation.

It should be noted that generally although international recommendations and
guidelines by the IAEA exist, the disposal of radioactive waste is ultimately subject
to national legal requirements.

The IAEA is discussing an international storage facility for high-level waste.
However, the fact that an international disposal centre under IAEA control could
be a possible solution has met with little positive international response, let alone
acceptance. From the point of view of most states, the safety concept presented is
not sufficient to deal with the high risks associated with the handling of radioactive
materials. The safety precautions deemed necessary for this purpose, as they may
be found in various countries, are far from being taken into account sufficiently. In
conclusion, however, it can be stated that the establishment of an international waste
disposal centre cannot be ruled out for all time, and that it would then be subject to
both national legislation and international supervision. The extent to which this can
be agreed has not been clarified conclusively.

In the preceding chapters, various national disposal concepts are presented and
compared. Of course, the German disposal concept with the various existing sites and
geotechnical environmental structures, which are dealt with in detail in Chaps. 4–7,
has been emphasised here. The examples include the closure concepts of Wismut
GmbH, the repository for radioactive waste in Morsleben and the Asse II mine facil-
ity. Also included are the conversion of the Konrad mine facility into a repository for
low-level and intermediate-level radioactive waste—which is currently in the imple-
mentation phase—and the initial work on the development of a repository concept
for high-level radioactive, heat-developing waste. Not only repository structures but
also the radioactive inventories to be stored are presented. The comparison drawn on
the basis of the dimensionless activity index shows that the differences in the inven-
tories to be stored worldwide are small, i.e. location-independent, and therefore the
requirements for the repository concepts are similar, see Chap. 7. Nevertheless, in
the specific case of application, this is a site-dependent repository concept, which
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arises in particular from the geological and hydrogeological conditions encountered
situate each site.

In Olkiluoto/Finland, the first repository for heat-generating, high-level radioac-
tive waste is expected to be operational in 2022. The storage sections will run
400–450 m below ground level in a granite formation. The final storage contain-
ers are mainly made of copper and will be surrounded by a Betonite buffer. The
concept of the repositories is adapted to the host rock formation. The ONKALO
underground laboratory is directly integrated into the repository as a pilot plant.
Sweden and France will follow with the commissioning of repository structures.
This will also have an influence on the development of the repository concept in
Germany, see Chap. 7. Many of the objections previously raised can now no longer
be upheld.

It is interesting to note in this context that in the USA, Yucca Mountain/Nevada,
which essentially consists of Miocene volcanic tuffs, was selected as the host rock
formation for the civil repository for heat-generating HAW. Miocene volcanic tuffs
differ significantly in their retention capacity from other previously favoured geolog-
ical formations such as saltstone and claystone. The focus of the selection was that
the transition conditions for radionuclides into the biosphere overall—into deeper
groundwater horizons and to the surface—in relation to a multi-barrier system are
many times lower than at comparable sites, especially because of the arid climate
there. In accordancewith theAmerican disposal concept and the submitted long-term
safety concept, it is certainly possible to obtain a permit. There are similarities to the
Swedish and Finnish repository concepts. The USA has thus made a considerable
contribution to repository research. With the submitted work the author has consis-
tently shown that the earth has not been created for a repository. The individual host
rock formations also exhibit more or less large defects, which must be compensated
for by a multi-barrier concept. In the case of approval, repositories in different host
rock formations are comparable on the basis of safety.

In Germany, the search for a site for a repository for high-level radioactive, heat-
generating waste will focus on the host rock formations of salt rock, clay rock and
crystalline rock (granite, etc.) with open-ended results. In other regions of Europe
and beyond this geological diversity is not found. For each individual host rock for-
mation different repository containers have to be provided. In this way, shortcomings
in the host rock formation can be compensated for by the development of repository
containers adapted to the host rock formation, as shown by the Finnish and Swedish
repository concepts. Ultimately, however, a repository, regardless of the type of host
rock, must meet the long-term safety requirements and be capable of being approved.
The Finns and the Swedes have achieved this and, by optimising their repositories
during the construction, operation and decommissioning phases, will not only meet
the national protection targets for the long-term safe and stable disposal of their
high-level radioactive, heat-generating waste, but will also make a significant contri-
bution to gaining further knowledge about the long-term behaviour of the repository
structures, see Chaps. 7 and 8.

It is therefore by no means absurd that an engineering, geotechnical structure of
a repository close to the surface with only a small overlap could also be suitable
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in principle. It is possible that such a geotechnical environmental structure can be
proven to be safe in the long term. Because the period of recovery is left at 500 years
in Germany, a repository will meet this requirement in full. Also, the requirement for
an installation of a long-term monitoring network in this type of storage of HAW-
HG could not only be realized, but the system could be operated for long periods
in the post closure phase. If international cooperation in the research and design of
repositories is further intensified, future generations will be able to benefit greatly
from the repository development of the present generation. It cannot be ruled out
that near-surface storage of HAW-HG will be realised in the future.

The final development of a German repository concept for high-level radioactive,
heat-generatingwaste started anew in 2017with the passing of the “Act on the Further
Development of the Act on the Search and Selection of a Site for a Repository
for Heat-Generating Radioactive Waste …”, StandAG [6]. According to current,
realistic planning, the operating phase will not be able to begin before 2070, so that
the repository structure will be sealed at the earliest in 150 years and that sufficient
precautions will be taken for a possible recovery of thewaste for a period of 500 years
after the planned sealing of the repository. Based on these facts alone, it can be
expected that scientific and technical developments will make it possible to solve
problems that are still unresolved today. This also includes a monitoring concept
for the post-closure phase of a repository in deep geological formations, see Chap.
9. Monitoring can be used as an important instrument for public communication
which, on the one hand, documents the technical safety strategy, the safety of the
technology and its service life, and, on the other hand, promotes public understanding
of processes during operation and later in the decommissioning phase. This should
contribute to building public confidence in the predicted repository development for
the post-operation phase.

It is likely that a number of countries will also need further repositories in the
future for their high-level radioactive, heat-generating waste, because nuclear energy
cannot be expected to be removed from their energy mix. The useable amount of
uranium/thorium resources extends far into the future, see Lersow [7], and is not
an obstacle to long term use of nuclear power. Thus the present generation also
contributes considerably to the increase in knowledge about the long-term behaviour
of repository structures for future generations. What can be stated in that in Germany
at present the interim storage of radioactive waste, both for low-level and medium-
level radioactive waste with negligible heat generation and for high-level radioactive,
heat-generating waste is being undertaken. The Konrad mine facility will not be
completed before 2022, see Chap. 6 and the long road to a repository for high-level
radioactive, heat-generating waste has only just begun, see Chaps. 7 and 8. The
disposal option currently emerging for high-level radioactive heat-generating waste
in Germany is summarised in Fig. 10.1.

The repository concept for high-level radioactive, heat-generating waste is
referred to as final disposal with monitoring and retrievability. How the development
will continue is open. A monitoring concept for the post-closure phase of a repos-
itory in deep geological formations is being worked on intensively. If near-surface
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Fig. 10.1 The currently emerging disposal option for HAW-HG in Germany, see [8]

disposal in caverns or bunkers becomes the focus of consideration or if transmuta-
tion is applied, this will also have an impact on the requirements for a monitoring
concept, see Chap. 7.

Another subject of intensive investigations is the development of a general long-
term scientifically-based safety plan that can be adapted to the respective site and
shows the remaining risks and expected probabilities of occurrence. The basic prin-
ciples are summarised in [9, 10].

If a risk assessment with probabilities of occurrence for the period under review
of one million years is not quantifiable, the long-term safety calculated on this basis
is subject to a high degree of uncertainty. It is suggested at least to assume a shorter
observation period of e.g. 10,000 years, for which the probability of occurrence of
processes and events can be quantified. From the long-term safety thus determined,
it is then possible to extrapolate to longer observation periods. The long-term safety
factors determined in this way are then assigned uncertainties which are equivalent
to the reliability with which the long-term safety factor was verified.

To this end, a methodology could be pursued which aims to present the proof
of long-term safety as a scientifically proven prognosis of the long-term safety risk
emanating from the repository structure and of the probabilities of occurrence of
various scenarios, while presenting possible, necessary measures to avert danger; in
particular for high-level radioactive, heat-generating waste and for the post-closure
phase of the repository structure. On this basis, a comparison of different repository
structures and the selection procedures have been undertaken, see Chap. 8.

In a matrix, Table 10.1, the radionuclide species are evaluated and compared with
the safety-relevant functional elements. The safety level of the effective containment
zone can be designed independently of the depth. The overburden is not considered
in some safety analyses. It is assumed here that the overburden certainly contributes
to the long-term safety of the geotechnical environmental structure. The degree of
dryness in the geotechnical environmental structure depends on the overburden.
In addition, the transition of the small quantities of substances escaping, into the
biosphere is delayed. A dilution effect is also achieved in the different groundwater
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Table 10.1 Evaluation matrix for various repository systems (Geotechnical Environmental Struc-
tures) for HG-HAW

Repository system
(Geotechnical
Environmental
structure)/functional
element

EBW TBL KuB

Effective containment
zone (ECZ)

+ + +

Overburden + + +a

Technical und
geotechnical barriers

Balanced Only containers, waste
matrix and sealing

Predominantly existing,
overburden is missed

Recovery possibility of
radioactive waste

~ – +

Reversibility ~ – +

Costs Very high Comparably low Comparably low

Total/review

aSince the overburden has a decisive influence on the degree of dryness in geotechnical environmen-
tal structures, even a thin layer of overburden can be advantageous in this respect if it is appropriately
located and designed
Rating: + fully achievable (4); ~ sufficient (2);—not achievable (0)
EBW—repository structure; TBL—deep boreholes; KuB—cavern construction

levels. The overburden has a considerable safety function in the event of external
influences such as earthquakes, aircraft crashes on the repository system or attempted
external attacks (penetration of overburden), which can/should lead to damage in the
effective containment zone.

For all possible events, probabilities of occurrence (PD) can be determined for
the site. According to current knowledge, the probability of occurrence of events that
have a negative impact on the effective containment zone has been divided into 3
categories:

– probable occurrence, significant influence on the functionality of the geotechnical
environmental structure, EW > 10−2;

– less probable occurrence; influence on the functionality of the geotechnical envi-
ronmental structure not to be neglected, 10−3 < EW ≤ 10−2;

– unlikely occurrence; not significant, negligible influence on the functionality of
the geotechnical environmental structure, EW ≤ 10−3.

If this standard is applied, then it must be proven in a long-term safety demonstra-
tion that the probability of failure (AW) of the geotechnical environmental structure
at location X (loss of functionality) is achieved in the verification period NZ < 10–3.
Loss of functionality is understood to mean that quantities of substances leave the
effective containment zone, resulting in radiation exposures in the biosphere, which
lie outside the socially accepted limits. The geotechnical environmental structure
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(repository system), in such a case, has lost its required protective function of “per-
manently protecting man and the environment from the consequences of ionising
radiation and the toxic effects of the radioactive waste absorbed”.

Thus, the long-term safety proof for the geotechnical environmental structure
(repository system) for the permanent protection of man and the environment against
the consequences of ionising radiation and the toxic effects of the radioactive waste
absorbed is initially broken down into two partial proofs:

– Long-term safety demonstration for the effective containment zone: demonstrates
that with a failure probability of only (VW) < 10−3 (this corresponds to an annual
failure probability of 10−6) the radio-toxic waste in the ECZ remains within the
demonstration period—demonstration of internal safety.

– Evidence that, during the period under consideration, no external impacts can
occur that violate the effective containment zone to such an extent that it can no
longer fulfil its protective function, EW of < 10−3—Evidence of safety against
external impacts.

If external security cannot be demonstrated, the location is not considered. If
internal safety cannot be demonstrated, this may have to lead to a different concept
of the geotechnical environmental structure—repository structure. This can have a
significant impact on the costs for the safe and stable long-term storage of radioactive
waste, see Table 9.1.

The long-term safety record for the geotechnical environmental structure for the
final disposal of radio-toxic waste must therefore take account of this:

– The safe confinement of radio-toxic waste
– Isolation of radio-toxic wastes
– The obstruction or delay of significant radionuclide releases or delay in
– Radionuclide migrations
– The guarantee that any radionuclide releases which cannot be avoided in the long
term will not lead to a significantly increased risk for humans and the environment

– Precautions to prevent the possibility of unintentional human intrusion into the
storage areas of waste and its associated impacts (violation integrity of ECZ).

The long-term safety certificate shall be preceded by a long-term safety analysis.
Parts of the long-term analysis may already be part of the site selection. A long-
term safety analysis, see BMUB [11], is understood to mean: “The analysis of the
long-term behaviour of the repository after decommissioning. The central aspect of
consideration is the analysis of the containment capacity of the repository system
and its reliability. It includes, for example, the development of conceptual models,
scenario development, consequence analysis, uncertainty analysis as well as the
comparison of the results with specified safety principles, protection criteria and
other verification requirements”.

In a licensing procedure for the operation and decommissioning of a repository,
the formal addressees of the long-term safety certificate are the Federal Office for



10 Summary/Outlook 429

Nuclear Safety of Disposal (BfE)2 and, in the case of a repository mine facility, the
competent mining authority with the participating authorities (water, radiation pro-
tection, etc.). They have to examine the evidence submitted by the applicant. They
can request additions and confirm the evidence as acceptable or refuse to confirm
it. Strictly speaking, this is also a Conceptual Site Model, which is contained in the
permit. However, the term model of the (site) repository system has prevailed. The
preparation of a long-term safety record can also be useful outside an approval pro-
cedure to support a decision-making process (e.g. in a legislative procedure, public
participation or approval procedure with municipalities). The Atomic Energy Act
(AtG) requires the implementation of a licensing procedure with an environmen-
tal impact assessment (EIA). A transboundary consideration for plants close to a
border is not only mandatory but can be also provide trust and confidence for oth-
ers. According to Article 37 of the EURATOM Treaty, each EU Member State is
obliged to provide the Commission with information on any plan for the disposal
of radioactive waste; “…. as will enable the Commission to determine whether the
implementation of such plans is likely to involve radioactive contamination of the
water, soil or airspace of another Member State.” Section 8 of the Environmental
Impact Assessment Act (UVPG) contains provisions on cross-border participation
by authorities in the assessment of environmental impacts; BMU [12].

The safeguarding of data records for the repository site, the repository register,
is currently not yet conclusively regulated in Germany. In the case of repository
mine facilities, the responsible registry ot the State Mining Agency would be the
best solution, in which the data records (mine plans) for a repository mine would be
permanently stored anyway.

The purpose of this presentation is to present and compare the necessary geotech-
nical environmental structures for the long-term safe and stable storage of the vast
majority of all radioactive residues and waste. And this as far as possible as neutral
scientists who cannot be assigned to one of the competing groups. Ultimately, all
these geotechnical environmental structures have the overarching objective of guar-
anteeing the isolation of radioactive waste and residues so that they are shielded and
encapsulated in such a way that the personnel and the environment (e.g. through
transport) do not suffer any damage when handling the waste as well as ensuring
that any radio-toxic substances cannot escape from the repository into the biosphere
during the observation period (detection period), or any escapes are only within the
socially and legally accepted limits. For this purpose, the repository structures are
equipped with a multi-barrier system. A multibarrier system can consist of coordi-
nated technical, geotechnical and geological barriers. The requirements, and thus the
approval criteria, for geotechnical environmental structures are handled very differ-
ently. While the uranium mill tailings ponds of SDAG Wismut were approved by
the authorities without base sealing, see Chap. 5, the supervision authority of Asse 2
mine facility is considering clearing the entire nuclear facilities in accordance with
Section 9 of the Atomic Energy Act, and taking the recovered radioactive waste and

2The BfE is not only responsible for the long term safety assessment, also for the safety during the
construction, operation and sealing of the repository.
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Fig. 10.2 Culminating radioactivity effects—1millisievert/year—criterion for former uranium ore
mining areas, according to [11]

transferring it to a repository, which is currently not available. A robust estimation
of the real exposures of the workers and the real and potential exposures of the pop-
ulation during the retrieval of the radioactive waste from the Asse 2 mine facility is
not possible on the basis of the current state of knowledge. see Chap. 6.

European Directive 2013/59/Euratom [13] repeals as far as possible the con-
ceptual separation of regulatory regimes for naturally occurring radionuclides and
radioactive substances whose ionising radiation or nuclear properties are used. Ger-
many transposed this Directive into national law in 2019. For the remediation of
the immense legacies of uranium ore mining in Saxony and Thuringia, this regula-
tion comes too late and thus has hardly any regulatory effect. Chapter 5 provides
extensive evidence of this fact with examples of the water path in the vicinity of
the uranium mill tailings ponds and the shipment of the water treatment residues of
Wismut GmbH, see also Chap. 6. The resulting radiation exposure at the respective
sites requires permanent monitoring. The associated concept of safekeeping is also
referred to as the “guardian principle”. Chapter 5 explains in detail that, especially for
the uranium mill tailings ponds of SDAG Wismut, the monitoring of contamination
and radiation exposures in connection with the management of mining-based water
at the former processing sites in Saxony and Thuringia still has to take place over an
extremely long period of time.

The limit value for the effective dose for the protection of individuals of the
population is 1 millisievert per year for all geotechnical environmental structures
considered here in accordance with § 46 of the Radiation Protection Ordinance.
Figure 10.2 shows an example of the uranium mill tailings at SDAG Wismut.
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It is definitely recommended that the results of the handling of large quantities of
radioactive material, the collection and safe disposal of leaked radioactive radionu-
clides in the biosphere and of the established long-term monitoring and its main-
tenance as well as data management from the remediation of the uranium tailings
ponds of SDAG Wismut are to be included in the consideration of repository plan-
ning for radioactive waste. Especially in relation to any emergency planning. Some
elements of the existing emergency planning could already be sensibly incorporated
or adapted site-specifically to the emergency planning for the Asse II mine facility.

One problem deserving special mention is the establishment of a central database
in which all the data records determined and compiled so far for the host rock forma-
tions that are suitable for site search in Germany can be accessed: for the repository
containers, parameters for determining radiation exposures, hydrological data from
aquifers, parameters for determining stability in the repository structure, etc. To link
this database with the databases of the responsible mining authorities seems to be
reasonable, because among other things those records also currently list known host
areas of mineral deposits.

From this point of view, the exclusion criterion must be that repository sites in
currently known host areas of mineral deposits are excluded, as in such locations
an external intervention initiated by humans, e.g. through exploration, is very likely
over the long period under consideration. Although this does not prevent mineral
deposits from being found at repository sites in the later stages of development, it
does not affect the principle of intent, as the Federal Mining Act in § 1, currently
serves to protect deposits and secure the supply of rawmaterials, among other things.

A central database should also be available to the interested public. This creates
transparency and trust and ultimately the confidence to be able to organise a partici-
pation process in which the interest groups feel their opinions have been adequately
taken into account.
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Glossary

(Radioactive Waste Management/Nuclear Terms—Geological
Repository/Mining Terms)

Absorbed dose—is a measure of the energy deposited in a medium by ionising
radiation. It is equal to the energy deposited per unit mass of a medium, and so has
the unit joules (J) per kilogram (kg), with the adopted name of gray (Gy) where 1
Gy = 1 Jkg−1. The absorbed dose is not a good indicator of the likely biological
effect. 1 Gy of alpha radiation would be much more biologically damaging than 1
Gy of photon radiation for example. Appropriate weighting factors can be applied
reflecting the different relative biological effects to find the equivalent dose.
Actinide—series encompasses the 15 metallic chemical elements with atomic num-
bers from 89 to 103. It does include: Actinium, Thorium, Uranium and the transuran-
ics: Neptunium, Plutonium, Americium, Curium, Berkelium, Californium, Ein-
steinium, Fermium, Mendelevium, Nobelium and Lawrencium.
Active safety—Safety, in particular long-term safety, of a storage or disposal facility
which relies substantially or solely on the technical barriers of the storage system and
measures to ensure its protective function for man and the environment (monitoring,
maintenance, repair).
Activity—Number of nuclear transformations occurring in a radioactive substance
per unit of time.
The unit of measurement of activity is Becquerel (Bq) or Curie (Ci). 1 Ci = 3.7 ×
1010 Bq = 37 GBq.
Advective transport—see transport.
Assessment1—The process, and the result, of analysing systematically and evalu-
ating the hazards associated with facilities and activities, and associated protection
and safety measures.
Assessment is often aimed at quantifying performancemeasures for comparisonwith
criteria.

1Full text see [1].
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In IAEApublications, assessment should be distinguished fromanalysis. Assessment
is aimed at providing information that forms the basis of a decision on whether or
not something is satisfactory. Various kinds of analysis may be used as tools in doing
this. Hence an assessment may include a number of analyses.
Varieties of assessment include: Consequence assessment; Risk assessment; Dose
assessment; Exposure assessment; Hazard assessment; Performance assessment;
Radiological environmental impact assessment; Safety assessment etc.

– Safety assessment: Assessment of all aspects of facilities and activities that are
relevant to protection and safety; for an authorized facility, this includes siting,
design and operation of the facility.
The systematic process that is carried out throughout the design process (and
throughout the lifetime of the facility or the activity) to ensure that all the relevant
safety requirements are met by the proposed (or actual) design.

– Consequence assessment: Assessment of the radiological consequences (e.g.
doses, activity concentrations) of normal operation and possible accidents asso-
ciated with an authorized facility or part thereof.
! Care should be taken in discussing ‘consequences’ in this context to distin-
guish between radiological consequences of events causing exposure, such as
doses, and health consequences, such as cancers, that could result from doses.
‘Consequences’ of the former type generally imply a probability of experiencing
‘consequences’ of the latter type.

– Radiological environmental impact assessment: Assessment of the poten-
tial radiological impacts of facilities and activities on the environment for the
purposes of protection of the public and protection of the environment against
radiation risks.

– Dose assessment: Assessment of the dose(s) to an individual or group of people.
For example, assessment of the dose received or committed by an individual on
the basis of results from workplace monitoring or bioassay.
The term exposure assessment is also sometimes used.

– Hazard assessment: Assessment of hazards associated with facilities, activities
or sources within or beyond the borders of a State in order to identify:
(a) those events and the associated areas for which protective actions and other
emergency response actions may be required within the State;
(b) actions that would be effective inmitigating the consequences of such events.

Atomic numbers—Atomic numbers indicate the number of protons in an atomic
nucleus. Atoms with the same number of protons but different neutron numbers are
called isotopes.
Barrier—A barrier is a natural or technical component of the final disposal (repos-
itory) system, which completely or partially prevents or delays the transport of
radionuclides or other substances into the biosphere. A distinction is made between
technical, geological and geotechnical barriers. Such barriers are, for example, the
waste matrices, the waste containers (canisters), the chamber- and shaft gate struc-
tures, the effective containment zone (ECZ) and the ECZ surrounding or overlapping
geological strata.
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Bentonite—isan absorbent aluminiumphyllosilicate clay consistingmostly ofmont-
morillonite. The different types of bentonite are each named after the respective dom-
inant element, such as potassium (K), sodium (Na), calcium (Ca), and aluminium
(Al). For example in final disposal structures (Finland, Sweden) the space around
the canisters will be filled with bentonite clay.
Big Bag (Wismut GmbH)—flexible bulk material container with glued inner foil
lining and 4 lifting loops with the dimensions 90 cm × 90 cm × 125 cm.
Biosphere—is the layer of the planet Earth, the earth’s surface and the atmosphere,
inhabited by living organisms and forming a variety of habitats.
Blind shafts—Shafts that have no connection with the surface.
Backfilling—The placing of backfill material (usually relatively inert) in the mine
structures to reduce the remaining underground volume.
Backfill material—Is often associated with the final disposal; the filling of cavities
among others to enclose the stored repository containers in storage areas with a
backfill material whose properties correspond as far as possible to those of the host
rock (salt rock: salt grit, clay rock: bentonite).
Cooling-down period—Cooling-down period, in the context of radioactive waste is
the period in which spent fuel must be stored in a cooling pond until, due to lower
heat output, it can be packed in containers (canisters) for interim storage.With regard
to the disposal of highly radioactive waste, the term also describes the cooling-down
period from which the heat release of the waste has diminished to such an extent that
it can be disposed of.
Castor- container (canister)—A transport and storage container for highly radioac-
tive waste.
Cladding tubes—External enclosure of fuel rods in fuel elements made of zircaloy
(alloy based on zirconium and tin).
Chemical speciation—in chemistry means either (a) the process (i.e. the formation)
of chemical characteristic forms of a substance as a result of an adjusting reaction
equilibrium or (b) the adjusting equilibrium state itself.
Curie—Non SI unit of activity of a radioactive substance has been replaced by the
SI unit Bq. 1Ci = 3.7 E+10 Bq.
Coefficient of permeability—Parameter for describing water permeability, in par-
ticular for rocks and mineral seals (bentonite); unit: meters per second; ms−1.
Containment—Primary safety function of the repository system. Radioactive waste
is isolated in a underground area in such a way that it essentially could remain at
the place of storage and at most small amounts of material leave this storage area.
Containment is the primary way of preventing contamination being released into the
environment or coming into contact or being ingested by humans. See also Effective
Containment Zone (ECZ).
Cavern—an (manmade) underground cavity.
Crevices—Surfaces or gaps through rock masses that are formed by tectonic move-
ments, among other processes.
Coquilles (also Vitrified waste containers (canisters))—In nuclear engineering,
the term used to describe a highly active waste from reprocessing that has been
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consolidated by vitrification, including its gas-tight welded metal casing made of
corrosion-resistant steel.
Conditioning—designates to the conversion of radioactive waste into a chemically
stable state, so that it may become water insoluble or difficult to dissolve.
Convergence, Convergence of cavity—Natural process of volume reduction of
underground cavities due to deformation or loosening due to the rock pressure.
Contamination—Contamination is the presence of an unwanted constituent, con-
taminant or impurity in a material, physical body, natural environment, persons,
workplace, etc. Contaminants are biological, chemical, physical or radiological sub-
stances, here especially a radiological substance.
Crystalline rocks—Term for rocks that were transformed during a regional meta-
morphism. The mineral elements of the rocks were completely crystallized. A dis-
tinction ismade between fine crystalline (e.g. marble or gneiss) and coarse crystalline
(e.g. many granites).
Criticality—The state of a nuclear reactor in which a self-sustaining chain reaction
takes place. Subcriticality is the state in which no chain reaction can be maintained.
Closure and repository sealing—It includes all measures taken after cessation of
storage, including closure of the repository to ensure a long-term maintenance-free
condition.
The closure and repository sealing related to the cessation of waste disposal oper-
ations at a site and the backfilling and sealing of access tunnels and shafts. The
intention of repository sealing is to prevent human access to the wastes. Sealing
should also promote a return to pre-excavation hydrogeological conditions. Individ-
ual sections of a repository may be closed in sequence, but: closure usually refers to
final closure of the whole repository, and will probably include removal of surface
installations.
Claystone (Mudstone)—is formed by settling the finest particles (diameter max 2
µm). It differs from plastic clays by its higher strength and its lower water content.
These properties are the result of pressure and compaction through superposed layers.
Decay chain—the decay chain refers to a series of radioactive decays of different
radioactive decay products as a sequential series of transformations. It is also known
as a “radioactive cascade”. Most radioisotopes do not decay directly to a stable state,
but rather undergo a series of decays until eventually a stable isotope is reached.
(Residual)Decay heat—The heat generated by the further decay of the fission prod-
ucts in the fuel elements, after the reactor has been shut down.
Decontamination—Removal of chemical, biological or radioactive contaminants
(contaminations) from persons, objects or unprotected areas.
Detection period—The long-term safety must be demonstrated throughout the
whole detection period.
Diapirism—is a type of geologic intrusion in which a more mobile and ductility
deformable material is forced into brittle overlying rocks. Geological process using
e.g. Salt rises due to its lower density and plasticity and can break through layers of
the overburden. In thisway, the salt domeof theNorthGerman lowlands has emerged.
This geological process is also observed in other rocks (for example granite).
Diffusive transport—see transport.
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Dispersion—Hydromechanical dispersion describes the distribution or mixing of
the same ingredients (or heat) in the moving pore water. This process is caused in
porous media by the different flow velocities in the pore, the pore size distribution
and the path length, which can traverse the individual particulate matter.
Dispersivity—Dispersivity is a characteristic that can be measured in the laboratory
or in the field. It is a geometricmeasure of the permeability- and storage heterogeneity
of the aquifer.
The order of magnitude of the dispersion coefficient depends on the scale as well as
porosity, grain shape and grain size.
It is necessary to distinguish between longitudinal dispersivity [m], transversal-
horizontal dispersivity [m], and transversal-vertical dispersivity [m]. Tracer tests
are suitable as a detection method.
Dose—Dose is a measure of the energy that is transmitted by the radiation to a living
being and the connected potential damage. See also Dose assessment.

– Absorbed dose—is a measure of the energy deposited in a medium by ionising
radiation. It is equal to the energy deposited per unit mass of a medium, and so
has the unit joules (J) per kilogram (kg), with the adopted name of gray (Gy)
where 1 Gy = 1 Jkg−1. The absorbed dose is not a good indicator of the likely
biological effect. 1 Gy of alpha radiation would be much more biologically
damaging than 1 Gy of photon radiation for example. Appropriate weighting
factors can be applied reflecting the different relative biological effects to find
the equivalent dose.

– Effective dose—Effective dose is a dose quantity in the International Commis-
sion on Radiological Protection (ICRP) system of radiological protection.
It is the tissue-weighted sum of the equivalent doses in all specified tissues and
organs of the human body and represents the stochastic health risk to the whole
body, which is the probability of cancer induction and genetic effects, of low
levels of ionising radiation. It takes into account the type of radiation and the
nature of each organ or tissue being irradiated, and enables summation of organ
doses due to varying levels and types of radiation, both internal and external, to
produce an overall calculated effective dose.
The SI unit for effective dose is the sievert (Sv). 1 sievert represents a 5.5% risk
of causing cancer.

– Equivalent dose—The equivalent dose is a measure of the radiation dose to
tissue, representing the stochastic health effects of low levels of ionizing radia-
tion on the human body. It is derived from the physical quantity absorbed dose,
but also takes into account the biological effectiveness of the radiation, which
is dependent on the radiation type and energy. In the SI system of units, the unit
of measure is the sievert (Sv).
Other units: Röntgen equivalent man (rem); In SI base units: Jkg−1 = m2s−2 =
1 Gy (Gray).
The rem has been defined since 1976 as equal to 0.01 Sievert, which is the more
commonly used SI unit outside the United States.
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Dose rate—Dose per unit time. The unit habitually used to measure the dose equiv-
alent is the Sievert or Milli-Sievert per hour (Sv/h or mSv/h).
Downcast ventilation shaft: Fresh air supply from the surface (intake air), see also
upcast ventilation shaft.
Drift—Mining term for a undergroundmine structure,which unlike a tunnel (gallery)
has no connection to the earth’s surface and usually extending horizontally or with a
slight inclination. General: A horizontal underground opening that follows along the
length of a vein or rock formation as opposed to a crosscut which crosses the rock
formation (Intake airway).
Drop (gravity) stowing—Backfill method, from a mine room above the backfill
drift backfill material is dropped into this.
Effective Containment Zone (ECZ)—The geological area which in a permanent
storage surrounds the storage chambers with radioactive waste. Effective Contain-
ment Zone (ECZ) should make sure in conjunction with technical and geotechnical
barriers that the containment of the waste is achieved for the required period of time.
End (Working face)—Side rock wall of the drift in a mine.
Evaporite rocks (rock salt)—Chemical sediments formed by progressive water
evaporation from seawater in the order of more rising solubility (first carbonates,
then sulphates, halides and finally potassium and magnesium salts). There are two
types of evaporite deposits: marine, which can also be described as ocean deposits,
and non-marine, which are found in standing bodies of water such as lakes.
Event—In the context of the reporting and analysis of events, an event is any occur-
rence unintended by the operator, including operating error, equipment failure or
other mishap, and deliberate action on the part of others, the consequences or poten-
tial consequences of which are not negligible from the point of view of protection
and safety.
Exposure—see radiation exposure.
Favorable overall geological situation—Geological site characteristics which,
taken as a whole, indicate that the requirements for final disposal are highly likely
to be met.
Federal state collection facilities—facilities of the federal states in Germany for
the interim storage or processing of radioactive waste generated in their territory.
FEP—“Features”, “Events”, and “Processes”; are terms used in the field of
radioactive waste management to define relevant scenarios for safety assessment
studies. For a radioactive waste repository, features would include the characteristics
of the site, such as the type of soil (rock) or geological formation the repository is
to be built on or under. Events would include things that may or will occur in the
future, like, e.g., glaciations, droughts, earthquakes, or formation of faults. Processes
are things that are ongoing, such as the erosion or subsidence of the landform where
the site is located on, or near.
Final storage (Disposal)—Permanent storage of radioactive waste (in deep geolog-
ical formations).
Flooding monitoring—Monitoring of all consequences on the environment of the
flooding of underground mining plant.
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Freshmine air supply, alsomine ventilation—Mining term for technical measures
to supply mines with fresh air.
Fuel assembly—Common fuel elements consist of several tens to several hundred
fuel rods, which are bundled by components. They form together with the other
internals the reactor core. The hermetically sealed fuel rods contain the nuclear fuel.
Burnt fuel elements additionally contain the highly radioactive products of fission
and newly formed actinides.
GAU—worst possible or foreseeable accident. The worst possible accident consid-
ered for controlling, engineering, or planning when designing something such as a
nuclear or industrial plant.
Geological barrier—Geological layers between the storage area and the biosphere
which, due to their properties and dimensions, hinder or prevent pollutant dispersion
(contamination plume).
Geotechnical barrier—Closure measures for shafts, galleries, tunnels and/or bore-
holes after completion of the storage of waste in a repository. These closure measures
will be used to achieve a secure long-term seal.
Governance—comprises all of the processes of governing—whether undertaken by
the government of a state, by a market or by a network—over a social system (family,
tribe, formal or informal organization, a territory or across territories) and whether
through the laws, norms, power or language of an organized society. It relates to
“the processes of interaction and decision-making among the actors involved in a
collective problem that lead to the creation, reinforcement, or reproduction of social
norms and institutions”.
GWd—Giga Watt-days; Electricity companies express power output from their
plants in terms of gigawatt-days rather than kilowatt-hours. One gigawatt-day equals
24 million kilowatt-hours, i.e. 1 million kilowatts during 24 h.
Half-lives (T1/2)—The time in which radioactivity of a nuclide is halved by radioac-
tive decay.
HAW-coquilles—Stainless steel container filled with vitrified High Active Waste
(HAW) from reprocessing.
HLW/HAW—HLW (abbreviation for High Level Waste)/HAW (abbreviation for
High Active Waste), both means highly radioactive waste.
Host rock—Suitable geological formation for receiving a repository. The nature,
composition and properties of the rocks surrounding of repository sites primarily
determine how well these natural barriers protect the environment from radiation.
Internationally, rock salt, clay, claystone andmagmatic rocks—crystalline rocks (e.g.
granite) are considered as possible host rocks.
IAEA—International Atomic Energy Agency.
Immobilisat—An active ingredient that achieves immobilization, with which one
of the effects can be achieved: Physical encapsulation; chemical integration; precip-
itation; sorption.
Immobilisation—Immobilisation is intended to influence the contaminatedmaterial
in such a way, that emissions of the contained pollutants are prevented in the long
term or are below specified target values. Physical encapsulation; chemical integra-
tion; precipitation; sorption. As a rule, there is no elimination or destruction of the
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pollutants. Example: In-situ immobilisation: In-situ immobilization of arsenic and
uranium by injectable amounts of iron particles and stimulated autotrophic sulfate
reduction.
Infiltration water—the part of the precipitation seeping into the ground.
Integrity—The term describes the preservation of the properties of the containment
capacity of the host rock and the ECZ and all other barriers of a repository in the
period under review.
Ionization—is the process by which an atom or a molecule acquires a negative or
positive charge by gaining or losing electrons to form ions, often in conjunction with
other chemical changes.
Ionising radiation—Any radiation that is able to cause ionization processes in atoms
and molecules in the matter it passes through.
Isolation—in the context of final disposal means that the release and transport of
radionuclides are impeded to such an extent that no or only small quantities of
radioactive substances enter the biosphere.
Isolation period—is the period of time for which technical and geotechnical barriers
have to work together so, that the isolation of waste and residues is ensured.
Isotopes—Atoms of the same chemical element with the same number of protons
and electrons, but different number of neutrons. Isotopes therefore have the same
chemical properties, but different nuclear physical characteristics.
Interim storage (temporary)—Storage of radioactive waste in an interim storage
facility until it is transported to the repository or conditioned for final storage.
Level—A series of structures in a mine all at the same horizontal level or elevation.
Liquid waste—Liquid wastes from nuclear power plants, industry, medicine and
research include oils, sludges, evaporator concentrates, ion exchange resins and filter
aids.
LLW/LAW—LLW(abbreviation for LowLevelWaste)/ LAW(abbreviation for Low
Active Waste), both describe low level radioactive waste.
Local dose rate—The radiation dose of gamma radiation absorbed per time unit,
measured at a fixed location, expressed in sieverts per hour (Sv/h).
Long term prognosis—A prognosis is generally defined as the prediction of future
developments with the aid of a probability conclusion based on experience or/and
calculations. The long-termprognosis is the scientifically based derivation of possible
developments of the repository system with its components relevant for safety and
their respective probability.
Long-term safety—Long-term safety is ensured by a repository system that sepa-
rates stored radioactive waste materials from the material cycles of the biosphere for
the required period of time.
Long-term safety analysis—describes the analysis of the long-termbehaviour of the
repository after decommissioning. A central aspect is the analysis of the containment
capacity of the repository system and its reliability. It is a prerequisite for long-term
safety assessment (proof).
Long-term safety assessment—Long-term safety assessment is the assessment of
the long-term safe containment of radioactive waste in geotechnical environmental
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structures, in this case repositories in geological formations. By combining all anal-
yses and arguments, the long-term safety assessment is founded to justify the safety
for the post-operational phase of the repository. The long-term safety assessment
may be divided into a set of radiological and non-radiological safety assessments to
be carried out for the operation and post-closure operation of a repository.
One element of the long-term safety assessment is the long-term safety analysis. In
this analysis, the future behaviour of the repository is investigated and the possible
future radiation exposure at the repository site is determined. In addition, the long-
term safety assessment also contains further justifications for the robustness and
reliability of the safety evaluation. The long-term safety assessment is not identical
to the approval of the repository. The long-term safety assessment is submitted to the
competent authority. The competent authorities have to check the proofs submitted
by the applicant. You can request changes or additions and confirm the assessments
as guided or refuse their confirmation.
Mine air—mining term for the air or the gas mixture in a mine.
Mining claim—The area of land which has been set aside to be developed bymining
activities.
Mine ventilation—Targeted control of the quality and quantity of the mine air
through the mine.
MLW/MAW—MLW (abbreviation for Medium Level Waste)/MAW (abbreviation
for Middle Active Waste), both mean medium level radioactive waste.
MOX—Abbreviation for Mixed oxide fuel, commonly referred to as MOX fuel, is
nuclear fuel that containsmore than one oxide of fissilematerial, usually consisting of
plutonium blended with natural uranium, reprocessed uranium, or depleted uranium.
NEA—Nuclear Energy Agency, the OECD’s nuclear energy department (Organisa-
tion for Economic Co-operation and Development).
(German) Nuclear Waste Management Commission (ESK)—advises the Federal
Environment Ministry on all aspects of nuclear waste management (Conditioning,
temporary storage and transport of radioactive substances and waste, decommission-
ing anddismantling of nuclear facilities, final disposal in deepgeological formations).
The members work voluntarily and are appointed on a temporary basis.
Nucleon—the main components of the atomic nucleus (protons and neutrons).
Nuclide—An atomic nucleus defined by its mass- and nuclear charge number.
Optimization—Optimization is the term used to describe the process that aims
to optimize the risks arising from final deposited waste to make them as low as
reasonably possible, taking into account the state of the art in science and technology
and taking into account all the circumstances of the individual case, including social
and economic factors.
Overburden—This refers to the geological strata above the effective containment
zone (ECZ); generally not of economic mineral value.
Partitioning—Separation of radionuclides with long half-lives (e.g. plutonium,
americium, curium) from a waste matrix.
Passive safety—Safety, in particular long-term safety, of a repository system derived
from the particularly favorable permanent inclusion properties of geological and
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geotechnical barriers (in Germany according to German Federal Ministry for Envi-
ronment, Protection of Nature and Reactor Safety 2010: safety requirements for the
disposal of heat-generating radioactive waste, in particular the effective containment
zone) and the technical barriers of a repository system, and the measures to ensure
their protective function for humans and the environment (monitoring, maintenance,
repair) demonstrably not required. The security functions of the barriers, which are
relevant for security, are based on natural laws, the validity and applicability ofwhich,
however, has to be proven for every repository system.
Permeability—Permeability in fluid mechanics and the earth sciences (commonly
symbolized as k) is a measure of the ability of a porous material (often, a rock or
an unconsolidated material) to allow fluids to pass through it. The permeability of a
medium is related to the porosity, but also to the shapes of the pores in the medium
and their level of connectedness.
Period under review (Detection period)—the relevant (required) period in a long-
term safety assessment for the radioactive waste stored in a repository that one
can almost certainly be assumed that these remain separated of material cycles of
biosphere.
Pilot storage facility—Temporary storage facility for monitoring a representative
portion of waste, underground geoscientific structures, infrastructure facilities and
access tunnels or shafts. The pilot storage facility is integrated into the repository
concept. A representative part of the planned total inventory is stored and transferred
to the pilot storage facility at a relatively early stage. Systematic monitoring is pre-
pared for this. The technical and geotechnical barriers are monitored beyond the
operating time of the main storage facility. Its storage sections and the final storage
containers will be surrounded by an extensive and complex measuring and moni-
toring system (wired probes, sensors, etc.). This measuring and observation system
should be designed in such a way that the integrity of the chambers and or sections
is not violated. In this way, the behaviour of the safety barriers after closure could
be analysed and results could be obtained in an observation phase that is currently
not specified in more detail. These could allow conclusions to be drawn about the
functioning of the main bearing and thus provide early optimisation and empirical
evidence for its safety, as well as signal emergency measures (such as retrievals)
which would be necessary if central conceptual weaknesses were already to become
apparent in the pilot storage facility.
Plan approval procedure—Special approval procedures with citizen participation
in major projects, regulated in the German Administrative Procedure Act (VwVfG).
Pollux Container—containers possibly intended for final storage/disposal of waste.
Pore diffusion—Pollutants are transported through water-filled rock pores. This
must be distinguished from solid-state diffusion, which is considerably slower goes
on than pore diffusion.
Pore volume—is the volume fraction, the sum of air and water volumes in a porous
medium, which consisting of a three-phase system of air/water/soil.
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Pore water—Water or aqueous solutions in a porous medium, here in soil or rock
pores. The understanding of such reactions, for example pore diffusion, which deter-
mine the solubility of the corresponding substances in pore water and thus also the
diffusion-controlled leaching, is of great importance.
Porosity—Porosity or void fraction is a measure of the void (i.e. “empty”) spaces in
a material, and is a fraction of the volume of voids over the total volume, between 0
and 1, or as a percentage between 0 and 100%.
Post closure phase—Period after the safe closure of the repository; Period after all
radioactive waste has been stored and the repository has been sealed.
Proliferation—Proliferation of nuclear weapons from states that possess such tech-
nologies to other states that do not yet have them, or the expansion and further
development of their own stocks.
Protection objective (goal)—Since the radioactivity is detectable throughout the
biosphere, a standard of comparison must be used, e.g. which deviation by intro-
duced radioactive waste and/or residues is tolerable in comparison to the natural
environmental radioactivity.
Pump stowing—Pumping a viscous thick matter into an open mine room to fill it.
Qualified permission issued under water law—Issued Permission (under water
law) for a project that has not yet been used and will later be activated (qualified).
Also “conditional approval”.
Radiation exposure—Influence of radiation on the human body. In the case of
external radiation exposure, the radiation acts on the body from the outside. In the
case of internal radiation exposure, radionuclides were taken in with the inhaled air
and the food (ingestion). Until the elimination of radionuclides, their radiation from
the inside affects organs and tissue. The measure of exposure to radiation by ionizing
radiation is the effective dose.
Radiation Protection Commission [German Radiation Protection Commission
(SSK)]—The German Radiation Protection Commission (SSK) advises the Federal
Ministry for Environment, Protection of Nature and Reactor Safety in all matters of
protection against ionizing and non-ionizing radiation. The results of the delibera-
tions are addressed to the Federal Ministry as recommendations or statements and
among others posted on a website. Its members are appointed on a temporary basis
and work voluntarily.
The International Commission on Radiological Protection (ICRP) is an indepen-
dent, international, non-governmental organization, with the mission to provide rec-
ommendations and guidance on radiation protection. The ICRP is a not-for-profit
organization registered as a charity in the United Kingdom and has its scientific
secretariat in Ottawa, Ontario, Canada.
Radioactivity—Decay of unstable atomic nuclei with the emission of ionizing radi-
ation.
Radiolysis—Radiolysis is the disassembling of a chemical bond under the influence
of ionizing.
Radionuclides—Are unstable atomic nuclei, which spontaneously decay with the
emission of high-energy (ionizing) radiation and thereby transform themselves into
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other types of atoms by releasing core components. Characteristic of each radionu-
clide is its half-life. There are both natural and artificial radionuclides.
Radiotoxicity—Harmfulness of incorporated radionuclides due to their ionizing
radiation. Radiotoxicity depends on the length of time the radionuclide is in the
body, the type of radiation (alpha rays, beta rays, gamma rays, relative biological
activity), the energy, the half-life (biological half-life) of the nuclide and its chemical
behavior in the body. Most dangerous are radionuclides with a large half-life that
emit alpha or beta rays. In addition to tissue damage and genetic damage (mutagens)
may occur as late damage i.a. Carcinomas and sarcomas (cancer).
Recoverability/Recovery—The term recovery is not included in the NEA concept.
It is a term from the German Repository Site Selection Act.
By “recoverability” ismeant a retrieval of containerswith high level radioactivewaste
when the repository mine is completely closed (covert, sealed). For the recovery
of high radioactive waste, no special precautions have been taken or no special
precautions are known. The recovery of waste from the already closed repository
or repository area, if necessary for a certain period of time after closure of the
repository, if necessary by excavating it again. For this purpose, the already stored
waste containers must remain intact for a fixed period of time (in Germany 500
years). Recovery is the unplanned retrieval of radioactive waste from a repository as
an emergency measure.
Redissolution (dissolving and reprecipitating)—Interaction of unsaturated solutions
with rocks by solution and crystallization of individual components.
Reference level—In an emergency exposure situation or an existing exposure situa-
tion, the level of dose, risk or activity concentration above which it is not appropriate
to plan to allow exposures to occur and below which optimization of protection and
safety would continue to be implemented.
Referencemeasuring—Representativemeasuring point which can be used to assess
a change in the environment during environmental monitoring.
Reference scenario—A hypothetical but possible evolution of a disposal facility
and its surroundings on the basis of activities, such as construction work, mining
or drilling, that have a high probability of being undertaken by people in the future
and that could cause a human intrusion into the disposal facility, and which can be
evaluated.
Regional and Local authorities—Authorities whose jurisdiction and membership
is determined territorially.
Release—The release is a formal act to releasewaste for disposal whose radionuclide
concentration no longer poses a danger. A distinction is made between conditional
and unconditional release with regard to the further use of the material.
Remaining opencast—after completion of the mining activity remaining part of an
opencast mine (also void or pit).
Repository system—A repository system consists of the repository mine, the effec-
tive containment zone (ECZ) and the surrounding or overlapping geological strata
up to the earth’s surface, insofar as they are important in terms of safety.



Glossary 445

Legacy mine—A legacy mine consists of various components such as shafts, drifts
and pits as well as waste rock dumps which no longer has a responsible owner and/or
operator” and is unrestored.
Reprocessing—A method of separating unused fissile material from the remaining
spent fuel components with the goal these are used again for energy generating. Not
allowed in Germany since 2005. Therefore, spent fuel since then is sent for direct
disposal.
Retrieval: retrieval of the deposited waste some time after closure of repository.
Retrievability—“Retrievability is the ability in principle to recover waste or entire
waste packages once they have been emplaced in a repository; retrieval is the concrete
action of removal of the waste. Retrievability implies making provisions in order to
allow retrieval should it be required.”
Retrievability: Legally prescribed in different countries so in Germany: Guaranteed
recovery of the radioactive waste over a period of 500 years after closure of the
repository. In the legislation of the USA, France, GB, Sweden, Finland, Switzerland,
etc., the retrievability anchored (The Nuclear Waste Policy Act- 1987- The U.S.
Nuclear Regulatory Commission requirements are given in Title 10 of the Code of
Federal Regulations (CFR), Part 60 and draft Part 63).
Reversibility—“Reversibility describes the ability in principle to reverse or recon-
sider decisions taken during the progressive implementation of a disposal system;
reversal is the concrete action of overturning a decision and moving back to a pre-
vious situation.” A new concept: is needed to allow mistakes to be corrected, to
leave scope for action for future generations—for example to take account of new
scientific knowledge—and can help to build trust in the procedure. Concepts for the
retrievability or recovery of the waste that enable the reversibility of decisions are
central here.
Risk—The International Atomic Energy Agency’s (IAEA) Glossary for Nuclear
Safety and radiation protection cites as a possible definition for the term risk: A
multi-parameter variable that is a measure of any accidental or causal, actual or
potential hazard that results in actual or potential health hazard or harm. (Risk: A
multi-attribute quantity expressing hazard, danger or chance of harmful or associated
with actual or potential exposures.)
The risk indicator used here is the probability that a person living near the repository
suffers serious health damage during its lifetime caused by radioactive substances
released from the effective containment zone (ECZ) of the repository.
As a measure of risk is often the expected loss, i. e. the sum over the amount of
possible damage, multiplied by the respective probabilities of their occurrence used.
Such a quantitative description of the overall risks posed by the repository is only
limited.
Robustness—Robustness denotes the reliability and quality, and thus the insensi-
tivity of, the security functions of the repository system and its barriers to internal
and external influences and disturbances, as well as the insensitivity of the safety
analysis results to deviations from the underlying assumptions.
Rock mass—rock which is loose from the deposit.



446 Glossary

Roof (of a cavern)—Mining term for the false ceiling between two chambers in a
mine.
Safety—The term safety is used in a technical sense. The repository is technically
safe enough if the risks to humans and the environment from the final disposal of
radioactive waste are less than the permissible risks.

– Active safety—Safety, in particular long-term safety, of a warehouse which
relies substantially or solely on the technical barriers of the storage system
and measures to ensure its protective function for man and the environment
(monitoring, maintenance, repair).

– Passive safety—Safety, in particular long-term safety, of a repository system
derived from the particularly favorable permanent inclusion properties of geo-
logical and geotechnical barriers (in Germany according to German Federal
Ministry for Environment, Protection of Nature and Reactor Safety 2010: safety
requirements for the disposal of heat-generating radioactive waste, in particular
the effective containment zone) and the technical barriers of a repository sys-
tem, and the measures to ensure their protective function for humans and the
environment (monitoring, maintenance, repair) demonstrably not required. The
security functions of the barriers, which are relevant for security, are based on
natural laws, the validity and applicability of which, however, has to be proven
for every repository system.

Safety analysis—The behavior of the repository system is analyzed under a variety
of load situations, taking into account data uncertainties, malfunctions and future
development opportunities with regard to the safety functions.
Safety case—A collection of arguments and evidence in support of the safety of a
facility or activity. This will normally include the findings of a safety assessment and
a statement of confidence in these findings. Safety assessment is the main component
of the safety case. For a repository, the safety case may relate to a given stage of
development. In such cases, the safety case should acknowledge the existence of
any unresolved issues and should provide guidance for work to resolve these issues
in future development stages. Includes the review and evaluation of data, measures,
analysis and arguments that demonstrate the safety of the repository. It includes the
pooling of all evidence to be provided. A distinction is made between evidence for
the operational phase of the repository and the post-operational phase (long-term
safety assessment).
Safety function—Aproperty or process that ensures the safety-relevant requirements
in a repository. The interaction of such functions ensures the fulfillment of all safety
requirements, both in the operating phase and in the post-closure phase.
Safety margins (reserves)—Properties that lead to a degree of safety beyond the
required safety, e.g. Safety reserves can be due to the sealing properties of the over-
burden.
Safety management—All activities of planning, organization, management and
control with the aim of defining and continue developing strategies and processes that
lead to the implementation of safety requirements and to the continuous improvement
of the safety level.
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Salt creep—property of salt rock to self close existing cavities.
Salt grit—Backfill material in the final disposal of radioactive waste in the host rock
salt.
Scenario—describes an assumed development of the repository system and its secu-
rity functions. For the long-term safety analysis, scenarios are to be selected that
represent probable developments and a representative range of less probable devel-
opments.
Silts (ISO 14688 grades slits)—Uncemented fine soils and sedimentary rocks con-
sisting of at least 95% components with a particle size of 0.002 to 0.063 mm.
Sinking—Mining term for creating vertical cavities, generally include shafts, bore-
holes or bunkers.
Solid waste—Solid wastes from nuclear power plants, industry, medicine and
research include paper, plastics, textiles, metal parts, tools, insulation material, con-
struction waste and structural parts.
Solution path—Transport path from radionuclides in dissolved form to the earth’s
surface. Pathway of radionuclides in dissolved form from the ECZ to the earth’s
surface.
Sorel concrete—Special salt concrete used for backfilling (pump stowing) of mine
salt mines. Components are rock salt, sand, limestone, cement and water.
Sorption—To be understood here as adsorption of pollutants to the host rock. Dis-
ables and limits the transport of radionuclides into the biosphere.
Spent nuclear fuel—Fuel elements that have reached their intended service life and
therefore need to be replaced, also reprocessed spent nuclear fuel.
Storage area—Astorage area is part of a repositorymine, where radioactive waste is
stored in storage fields and finally sealed against the infrastructure area and possibly
other against storage areas.
Storage field—A storage field is part of a storage area. It contains storage drifts
and/or—boreholes and -chambers, including cross cuts, through which the storage
field is connected to the transport galleries of the storage area.
Stratigraphy—Stratigraphy is a branch of geology concerned with the study of
rock layers (strata) and layering (stratification). It is primarily used in the study
of sedimentary and layered volcanic rocks. Science of the temporal succession of
deposited rocks. Rocks that have been deposited over other rocks are younger.
Subcriticality—State in which by fission fewer neutrons are produced, than disap-
pear by absorption and leakage, i.e. the number of nuclear fissions decreases continu-
ously. This conditionmust be permanently ensured in a repository or in the repository
containers.
Tailings—Mining residues, ground up rock residue from mineral processing and
extraction; here stored residues from the uranium ore processing in tailings ponds
(sedimentation ponds).
Tailings pond (sedimentation pond; tailings storage)—Sedimentation pond for
stored tailings, here residues from the uranium ore processing.
Tectonics—Science of the structure of the earth’s crust in its structure and its large-
scale movement.
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Temporary (interim) storage—Storage of radioactive waste in an interim storage
facility until it is transported to the repository or conditioned for final storage.
Test value—The safety proof is about detection, calculation, estimation or measure-
ment defined properties. For these properties, certain values have to be complied
with in some cases—so-called test values—and are specified (e.g. the risk indicators
or the criteria for evaluating the integrity of the ECZ).
If all the required properties are met and if all test values have a high probability to
be met, the safety assessment should assume that the protection goals are achieved
and the protection criteria are met.
Tons of heavy metal (tHM)—Tons of heavy metal as a unit of measure in the
reprocessing or disposal ofwaste fromnuclear technology.Corresponds tomegagram
(mg) heavy metal, usual unit of measurement for nuclear fuel; Mass of uranium and
plutonium in the fuel element before use in the reactor.
Transmutation—Conversion of long lived nuclides into shorter-lived radionuclides
to reduce radiotoxicity.
Transport—Here the movement of substances in another medium. Advective trans-
port refers to the movement of a substance dissolved or suspended in water with
the flow of water. Diffusive transport refers to the movement of a substance through
Brownian motion and concentration differences. The latter takes place with very
slow speed also in solid matter.
Transuranium elements—Elements with a higher atomic number than uranium.
They arise during nuclear fission.
Tunnel (gallery)—Mine structure, almost horizontal connection of a mine to the
earth’s surface.
Upcast air—from underground used air; exhaust air from mining installations.
Upcast ventilation shaft—Shaft through which used air and harmful gases from the
mine structures are discharged to the surface; Often the suction is amplified by fans.
See Mine ventilation.
Unexploited ground (deposit)—Mountain massif or deposit without mining
improvement, here without excavation for final disposal, underground laboratories
or sampling by drilling etc.
Vitrified, high-level radioactive fission products—In a borosilicate glass matrix
cemented high-level radioactive waste, which arise during the reprocessing of spent
fuel.
Waste rock (Tail) dump—Filling of waste rock, which arise in excavation of access
to the underground and extraction to ore.
Water handling—That means in mining, a part of the mine infrastructure, under-
ground rooms and technical facilities that serve to keep the mine clear of mine water.
This includes the removal ofminewater from the underground area; the natural drain-
ing from a tunnel; well systems for removing and lowering groundwater around the
open pit area (keeping dry). May also involve water treatment to achieve suitable
quality for discharge to the environment.
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