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Introduction to
Geological Challenges in Radioactive Waste Isolation:
Fourth Worldwide Review

P.A.Witherspoon and G.S. Bodvarsson

Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, CA

Contact: Paul A.Witherspoon, pawitherspoon@l]bl.gov

I.1. INTRODUCTION

Over the past forty years, the development of the tech-
nology needed to isolate radioactive waste in under-
ground rock systems has been found to be a formidable
problem. This is especially the case in connection with
high-level waste (HLW) after its removal from opera-
tions in nuclear power plants. There is also the addition-
al problem of isolating low- and intermediate-level
waste (LILW). Significant quantities of LILW are gen-
erated from various sources, and while they are not as
long-lived in terms of radioactivity and do not pose the
same level of difficulty as HLW, they constitute another
problem for the nuclear industry.

The first investigations on isolating radioactive waste
underground were started in the United States in the
1960s, in a salt mine near Lyons, Kansas (Witherspoon
and deMarsily, 1991), and in West Germany in 1965
using an underground research laboratory (URL) in the
Asse salt mine (Langer et al., 1991). Other countries
began to focus on different rock types, and the first
effort to study the problems of isolating HLW in granitic
rock was initiated in 1977, when another URL was
developed in a large body of granite at Stripa, Sweden,
using the underground works of an abandoned iron ore
mine to provide access to the laboratory (Witherspoon
and Degerman, 1978). In 1980, the Belgians started their
HADES project at Mol with the construction of a verti-
cal shaft, ~220 m deep, from which they developed a
URL in the Boom clay (Neerdael, 1996). This was the
first underground research laboratory in clay. In 1983,
Nagra in Switzerland started their Grimsel rock labora-
tory in crystalline rock some 450 m below the summit of
the Juchlistock mountain in the Bernese Alps

(McCombie and Thury, 1991). This early
development of URLs captured the attention of those
involved in waste isolation problems in other countries,
and a significant number of additional URLs have now
been put into operation or are being planned. The varia-
tions in rock conditions in these URLs and the wide
variety of research investigations conducted in them
have produced another benefit. Joint projects have been
organized in which one or more countries could partici-
pate, through appropriate agreements, in some technical
project with the operator of a URL. The Swiss waste
program, although relatively small in terms of budget
and manpower, has developed a surprisingly wide inter-
national scope of operations in their joint projects at
Grimsel (in crystalline rock) and at Mt. Terri (in
Opalinus clay).

To keep everyone abreast of the results from the wide
variety of investigations that have been carried out in
developing the technology needed for radioactive waste
isolation, we collected reports from 19 countries and
published the First Worldwide Review in 1991
(Witherspoon, 1991). We obtained reports from 26
countries and published the Second Worldwide Review
in 1996 (Witherspoon, 1996), and we published the
Third Worldwide Review with reports from 32 countries
in 2001 (Witherspoon and Bodvarsson, 2001).

Some very interesting and significant results have been
compiled in this Fourth Worldwide Review on radioac-
tive waste isolation. A summary of pertinent data on the
developments and plans from the reports on 24 countries
is given in Table 1.1 at the end of this chapter.
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Introduction

1.2. FOURTH WORLDWIDE REVIEW:
SOME HIGHLIGHTS

1.2.1. Is CLAY THE BEST RocKk TYPE FOR
LONG-TERM GEOLOGIC STORAGE OF
HiGH-LEVEL RADIOACTIVE WASTE?

Various rock types are being investigated in the different
countries with geologic storage programs. Many coun-
tries are considering fractured granitic rock; others clay,
salt, or sedimentary rock. The experience at Yucca
Mountain, Nevada, U.S.A. has shown that the charac-
terization of fractured volcanic tuffs is very difficult,
particularly because the rock there is unsaturated, and
unsaturated flow and transport is poorly understood.
Certain important parameters such as fracture volu-
metric porosity, unsaturated fracture characteristic
curves (relative permeabilities and capillary pressure as
a function of liquid saturation), and fracture-matrix
interaction are very difficult to measure either in situ or
in the laboratory. Currently there are no such measure-
ments for the unsaturated fractured rock at Yucca
Mountain, although some values have been indirectly
estimated.

A similar situation arises in the saturated fractured gran-
ite that is a likely candidate rock type for geologic
repositories in many countries. Granitic rock is typical-
ly sparsely fractured, with a fairly random fracture sys-
tem. Evaluation of fracture porosity and the effective
fracture-matrix surface area for advective flow and
matrix diffusion is extremely difficult. This will also be
the case for any other rock types where fracture flow
dominates. In contrast, the clays being investigated in
Belgium, France, Switzerland, and other countries seem
to have very low permeability, such that diffusion will
be the main transport mechanism. The characterization
of the diffusive processes in clay is much more straight-
forward and reliable than the processes involved in
low-permeability rock (such as volcanic tuffs or gran-
ites)—which include advection, matrix diffusion, and
sorption. Thus, clays may be the rock type of choice,
and below we summarize the experience gained in
Belgium, France, and Switzerland.

It has been found in several different countries that the
hydraulic conductivity of argillaceous rocks can be
extremely low (on the order of 10-'2 m/s). This was first
reported by the Belgians (Bonne, 1991) from their
investigations on the Boom clay at a depth of 225 m in
their underground research laboratory (URL) at Mol.

More recently, the French have been investigating the
Callovo-Oxfordian argillites at a depth of 445 m in their
Meuse/Haute-Marne URL and have obtained hydraulic
conductivities, from borehole and sample measure-
ments, varying from 1072 to 10-'* m/s (Lebon et al.,
2006). They describe experiments on argillite samples
in the laboratory that suggest that the permeability of the
excavation-disturbed zone tends to reduce with the
creep of the argillites during their resaturation and stress
release, thus causing a gradual closing of fractures.
After a long period of time, the stresses return to a nat-
ural equilibrium, closing the fractures so strongly that
the permeability of the disturbed zone returns to that of
the undisturbed argillite (Lebon et al., 2006).

The Swiss have also been investigating the properties of
clay and have obtained results that are in good agree-
ment with those of the French. They have concentrated
on the Opalinus Clay, which is about 100 m thick at a
depth of ~500 m in Northern Switzerland (Zuidema et
al., 2006). They have confirmed the very low hydraulic
conductivity of this clay, and also of surrounding sedi-
ments, which together with the Opalinus Clay form a
nearly 300 m thick low-permeability layer. They have
obtained geochemical and isotopic evidence that solute
transport within the clay occurs predominantly by diffu-
sion (Zuidema et al., 2006). The Swiss have concluded,
along with the French, that clay layers can provide an
extremely effective geological barrier to solute migra-
tion.

During their investigations of the Opalinus Clay, the
Swiss observed an auxiliary problem that needs special
attention. This involves the evolution of gas within the
repository near field that consists, predominantly, of H,
produced by anaerobic corrosion of steel. From detailed
investigations, the Swiss have concluded that “a strong
case can be made that even conservative gas scenarios
do not compromise the safety of the repository”
(Zuidema et al., 2006).

1.2.2. PuBLIC ACCEPTANCE OF THE
DEVELOPMENT OF WASTE ISOLATION
PROJECTS

The reactions of the public to the development of radioac-
tive waste isolation projects have varied considerably,
and this has led to several different methods of handling
these problems. In 1993, an extensive site-selection pro-
cedure by Nagra in Switzerland resulted in the nomina-
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tion of a site at Wellenberg in Central Switzerland as the
preferred location for an LILW repository. The principle
of using Wellenberg as a repository site was accepted in
public referenda in the local community, but in 1995, the
action was blocked by a narrow margin at the cantonal
level (Zuidema et al., 2006).

Between 1996 and 2001, Wellenberg was evaluated
again, and a modified disposal concept to proceed with an
exploratory drift received the necessary concession from
the local government in September 2001. Despite the fact
that many of their requirements were fulfilled, the 1995
opponents decided to fight the concession in the weeks
leading up to the cantonal vote in September 2002. The
result was a higher vote against the project than was
obtained in 1995, and the site had to be abandoned for
political reasons. The definition of a site selection proce-
dure, including site selection criteria, is now under devel-
opment by the Swiss Federal administration. Nagra is
currently compiling technical-scientific material, mainly
geological information, to support the site selection
process (Zuidema, et al., 2006).

As was discussed in the Third Worldwide Review, Nirex
in the United Kingdom had developed a favorable site for
underground investigations at Sellafield in northwest
England. They applied for permission to construct a URL
at the site, but the application was rejected in 1997 by the
local county council. When the rejection was upheld in a
public inquiry, Nirex terminated the project and aban-
doned the site (Hooper, 2006).

Nirex reviewed what went wrong and decided to shift
from being an entirely scientific organization to one that
also encompasses social considerations. At the same time,
changes have been made to make Nirex more accountable
and transparent. After other organizations and the
Government reviewed this situation, a new independent
committee was established in November 2003 —the
Committee on Radioactive Waste Management
(CoRWM) —to oversee the second phase of the consulta-
tion exercise. CORWM is expected to recommend to
Government its preferred long-term waste management
options by July 2006 (Hooper, 2006).

A somewhat similar situation has developed in Canada.
For almost 30 years, the Atomic Energy of Canada
Limited (AECL) in Canada has been developing the con-
cept for emplacement of nuclear fuel wastes in a deep
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geologic repository excavated in the plutonic rock of the
Canadian Shield. In 1994, AECL submitted its
Environmental Impact Statement on the concept to a fed-
eral Environmental Assessment Panel (EAP) for review.
Public hearings associated with the review took place
during 1996 and 1997. In 1998, the federal government
completed its review of the concept and found it to be
technically safe, and in compliance with current regulato-
ry requirements. However, the review also concluded that
there was not sufficient public support at that time to
implement a repository siting program.

The government of Canada responded to the recommen-
dations of the EAP and issued the Nuclear Fuel Waste Act
(NFWA). In response to this Act, the Nuclear Waste
Management Organization (NWMO) was established,
October 1, 2002, by the nuclear utilities in Canada to
study options and to recommend an approach for long-
term management of Canada’s used nuclear fuel. The
NWMO was tasked to study approaches based on at least
three methods:

1. Deep geological disposal in the Canadian Shield
2. Storage at nuclear reactor sites
3. Centralized storage, either above or below ground

The NFWA required the NWMO to submit its study to the
Minister of Natural Resources Canada by November 15,
2005, after which the federal government would decide
on the preferred approach for Canada. NWMO has not
been able to proceed with a long-term solution that gives
Canadians confidence that such an approach reflects and
responds to their values, issues, and concerns. For this
reason, NWMO adopted a study process designed to
develop, collaboratively with the public, a management
approach for the long-term care of used nuclear fuel that
is socially acceptable, technically sound, environmental-
ly responsible, and economically feasible.

During almost three years of dialogue with Aboriginal
peoples, the public, and specialists, NWMO received very
specific direction on both the way in which management
approaches should be conducted, and the advantages and
limitations of each as judged by interested Canadians.
After reviewing each of the three options identified for
study by NFWA, many Canadians suggested that an addi-
tional option should be considered, an option that would
attempt to capitalize on the advantages of the other three
approaches. This led NWMO to develop the Adaptive
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Phased Management (APM) approach, and to launch a
dialogue with Canadians about its appropriateness in the
period June through August 2005. Overall, the majority of
Canadians who engaged in these dialogues considered
APM an appropriate approach for Canada, and the final
report that was submitted by NWMO to the Government
of Canada in November 2005 recommended this
approach (Russell and Facella, 2006).

As was discussed in the Third Worldwide Review, the
Nuclear Waste Management Organization of Japan
(NUMO) was established in October 2000 as the imple-
menting organization for HLW disposal. Its assigned
activities include repository site selection, preparing rele-
vant license applications, and construction, operation, and
closure of the repository. As the first milestone in the sit-
ing process, NUMO announced the start of open solicita-
tion, to the public, of volunteer municipalities for prelim-
inary investigation areas (PIAs), with four documents
published together as an information package on
December 19, 2002. The information package, which
provides basic information for supporting and promoting
discussions by municipalities as to whether the reposito-
ry plans could be accepted, has been sent to all (3,239)
municipalities in Japan (Kitayama et al., 2006).

NUMO has chosen a volunteer approach to site selection
in the belief that the support of local communities is
essential to the success of this highly public, long-term
project extending over more than a century. It is particu-
larly important to promote public understanding of geo-
logical disposal, and to obtain and maintain public trust.
To insure transparency, NUMO makes available diverse
information relevant to its siting activities through the
publication of documents, websites, etc., and will provide
opportunities for residents in the vicinity of PIAs to voice
their opinions. This approach presents particular chal-
lenges for the repository concept development program.
With this in mind, NUMO intends to provide regular
updates on how to pursue and apply repository concept
development and site evaluation techniques (Kitayama et
al., 2006).

1.2.3. A SuccEssFUL PROGRAM OF SITE
SELECTION IN FINLAND

Finland has developed a very successful site-selection
program, one that has effectively included public par-
ticipation. Over 15 years ago, when the first fieldwork
for an HLW repository was about to begin, Posiva set
up a cooperation group with the residents of each com-

munity where investigations were to be undertaken.
They started with four different sites, and they estab-
lished four separate cooperation groups. Several meet-
ings with each group, including field trips, were
arranged annually, and at the end of each year, a written
report was given to each group that summarized all
results and future plans.

Before any significant commitment to a nuclear facility
is made, Finnish law requires the passage of a Decision-
in-Principle (DiP) by the government, which must
include municipal approval. When all fieldwork at the
four sites was completed, the final selection was based
on the outcome of an environmental impact assessment
carried out in 1997-1999. The final selection was a site
at Olkiluoto in the municipality of Eurojoki, whose res-
idents had rendered a strong vote of approval for the
proposed site. An LILW repository has been in opera-
tion at Olkiluoto since 1992, and the local people are
well aware of the procedures that were followed in get-
ting permission to construct this facility (Ryhanen,
1991).

In December 2000, the Finnish government approved an
application for the DiP that had been made, and on May
18, 2001, the Parliament ratified the decision. Finland is
the first country in Europe to obtain this kind of gov-
ernmental approval for an HLW repository site. The
next step in the program is the construction of an under-
ground research laboratory (URL) at the repository site.
The facility is intended for final assessment of the pre-
vious conclusion on the suitability of the Olkiluoto site
for a safe geologic repository. A positive outcome of this
assessment should make it possible to proceed to sub-
mission of an application for the construction license.
According to government guidelines, this submission
would be planned for 2010. The construction of the
URL has now started. Several hundred meters of tunnel
have been excavated, and the implementation of under-
ground investigations is under way (Vira, 2006).

1.2.4. THE SWEDISH PROGRAM OF COMBINING
DEVELOPMENT OF REPOSITORY
TECHNOLOGY WITH SITE INVESTIGATIONS

The Swedish alternative for a deep geological reposito-
ry to isolate HLW is called the KBS-3 method, and
involves encapsulating the waste in copper canisters
with cast iron inserts and then embedding the canister,
surrounded by bentonite clay, in the bedrock at a depth
of about 500 m.
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The Swedish program constructed the Aspd Hard Rock
Laboratory (HRL) on the island of Aspd outside
Oskarshamn, in which extensive investigations have
been carried out in deciding what a repository will look
like, and what materials, special equipment, and tech-
nology will be used in its development (Lundqvist,
2001). In investigating this concept, SKB has been
working on the design and fabrication of a copper can-
ister that is nearly five meters long and weighs about 25
tons. The large size of this canister and the necessity of
having to manoeuvre it around within a five-meter tun-
nel have necessitated the development of specialized
emplacement equipment. In addition, SKB has been
conducting research at Aspo on backfilling and plug-
ging tunnels, retrieving canisters from sealed deposition
boreholes, and creating a prototype repository to simu-
late the integrated function of the repository compo-
nents. An overall goal for SKB is that the first stage of
the deep repository should be ready for initial operation
in 2017. Regular operation should then commence in
2023 (Lundqvist, 2006).

The siting process for the deep repository has now
reached the site investigation phase. Two municipalities
have been selected from an original list of eight. These
are Oskarshamn in southeast Sweden and Osthammer in
the region of northern Uppland. SKB is now compiling
the material needed to choose the most suitable location,
as well as to apply for a permit for an encapsulation
plant in 2006 and for the deep repository in 2008. This
work includes safety analyses based on site-specific
repository designs and environmental impact statements
(Lundgvist, 2006).

1.2.5. LICENSE APPLICATION FOR YUCCA
MOUNTAIN IN THE UNITED STATES

As stated in the Third Worldwide Review, after reviewing
the results of the site characterization process for Yucca
Mountain, Nevada, the U.S. Secretary of Energy con-
cluded that a repository at Yucca Mountain would per-
form in a manner that protects public health and safety.
The Secretary recommended the site to the President in
February 2002; the President agreed and recommended to
Congress that the site be approved. The Governor of
Nevada submitted a notice of disapproval, but both hous-
es of Congress acted to override the disapproval. In July
2002, the President’s approval allowed the Department of
Energy (DOE) to begin the process of submittal of a
license application for Yucca Mountain as a site for the
nation’s first repository for spent nuclear fuel and high-
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level radioactive waste (Arthur and Voegele, 2006).

The safety of a repository at Yucca Mountain will be
assured by the performance of the natural and engineered
features of the site, acting in concert, to prevent or delay
the transport of radioactive materials to where the public
could eventually be exposed to them. Existing U.S.
Environmental Protection Agency (EPA) standards for
Yucca Mountain after permanent closure address all
potential pathways of radiation exposure and limit an
individual’s annual radiation exposure from all pathways
to a level consistent with what the EPA considers an
acceptable risk to society for 10,000 years following clo-
sure. The EPA also sets a standard by which to protect the
groundwater around Yucca Mountain. This standard sets
specific limits for the concentration of different types of
radioactive particles in the groundwater. Further, the
DOE must assess the consequences of a potential inad-
vertent human intrusion into the repository at some time
in the future.

Calculations performed to date indicate that a repository
at the Yucca Mountain site will likely meet all of the EPA
requirements for 10,000 years following permanent clo-
sure. The standard also includes a requirement to assess
the performance of the Yucca Mountain repository at time
of peak dose. The evaluation has been done, and the
results have been reported in the Environmental Impact
Statement. However, since that time, a Federal Court has
vacated that standard to the extent that it only required
compliance for 10,000 years. The EPA and the Nuclear
Regulatory Commission (NRC) are currently assessing
paths forward; their potential actions will have a bearing
on the license application process.

Before a repository can be constructed and operations can
begin, the DOE first must apply for and receive construc-
tion authorization from the NRC, an independent agency
of the federal government. This construction authoriza-
tion must then be followed by an application for, and
receipt of, a license to receive and possess waste. An
amendment to the license will be needed to close the
inquiry. The Department of Energy is in the process of
preparing the license application (Arthur and Voegele,
20006), and it is expected to be submitted to the NEC in
2008, with repository operations to be started in 2020.

1.2.6. DEVELOPMENT OF MULTINATIONAL
REPOSITORY CONCEPTS

The wide collaboration of many different organizations and
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countries in pursuing joint research projects in the URLs of
Europe has led to the idea of developing multinational orga-
nizations for shared repositories. IAEA published an
overview on the topic, emphasized the potential advantages,
and also initiated a high-level international group of experts
to look into this matter.

The European Commission (EC) also included the topic of
shared regional European repositories in the Nuclear
Package of legislation that it has been trying to put through
Parliament. The EC has provided direct support for the
multinational project SAPIERR, which involves a working
group of representatives from 14 nations in a pilot project
on regional repositories in Europe. Further international
cooperative efforts have been organized by the not-for-prof-
it association Arius, which currently includes members
from eight countries. In a slightly different approach to the
“partnering “ concept, Russia has expressed interest, at the
governmental level, in possibly hosting an international
repository, and two international meetings took place in
2002 to discuss this initiative further (McCombie and
Chapman, 2006).

1.2.7. INTERNATIONAL TRAINING IN
GEOLOGICAL DisPoOsAL

The international community in nuclear energy has been
studying the geological disposal concept for almost 50
years. For the last 30 years, there has been an intensive
effort to answer outstanding questions, develop the tech-
nology to a practically implementable level, and bring
the concept to fruition. The success picture is far from
uniform. Some disposal programs are on the threshold of
repository construction. Others have almost reached this
point, then suffered total setbacks that have taken them
back to the options comparison stage of the 1970s. Not
only have these projects lost all momentum, but they
have lost most of the skills and experience built up over
decades (Chapman et al., 2006). Programs in many other
countries are just in their initial site characterization
phase. (Witherspoon and Bodvarsson, This Volume).

Ensuring that we have sufficient skills internationally
over many decades into the future is thus regarded as an
important challenge to the current generation of man-
agers. It is particularly relevant today, when many of
those involved in developing the geological disposal
concept are nearing retirement (Chapman et al., 2006).
The experience of what works and what does not, both
technically and in terms of stakeholder involvement, are
vital knowledge if national programs wish to maximize

their efficiency and avoid some of the pitfalls of the past.

With this background in mind, there have been several
initiatives started in the last two to three years to ensure
proper provision of education and training in radioactive
waste management—in particular, geologic disposal.
Notable among these initiatives are:

e The TAEA Network of Centres of Excellence,
Training in and Demonstration of Waste Disposal
Technologies in Underground Research Facilities

e The establishment of the International Training
Centre (ITC) School of Underground Waste Storage
and Disposal in Switzerland

¢ The CETRAD project in the European Union

* The establishment of the World Nuclear University
by the World Nuclear Association.

These initiatives are briefly reviewed by Chapman et al.
(2006).

1.2.8. NEED FOR A LONG-TERM SCIENCE AND
TECHNOLOGY COMPONENT IN
RADIOACTIVE WASTE ISOLATION
PROGRAMS

At the end of this volume, Budnitz (2006) raises an
interesting issue, that of the need for a long-term science
and technology component in radioactive waste isola-
tion programs. The fundamental rationale for such a
program is to provide a dedicated focus for longer-term
science and technology activities that ultimately will
benefit the whole repository mission. Such a program,
separately funded and with a dedicated staff (separate
from the “mainline” activities to develop the repository,
the surface facilities, and the transportation system), can
devote itself exclusively to the development and man-
agement of a long-term science and technology pro-
gram.
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Progress Towards a Deep Geological Repository in the
Republic of Belarus

Anatoly V. Kudelsky and Vladimir P. Samodurov

Institute of Geochemistry and Geophysics NAS, Belarus, Minsk
Contact: A. Kudelsky, kudelsky@ns.igs.ac.by

ABSTRACT. Granite (located in the Central-Belarussian Crystalline Massif), salt deposits, and palygorskite-bear-
ing clayey rocks of the Pripyat Graben have previously been defined as the best geological rock for a radioactive
waste repository (RWR) (Kudelsky, 2001). In this report, we present the results of a more detailed assessment of the
palygorskite zone, as a further step towards finding a site for an RWR. Palygorskite is a zeolite-like clay mineral and
a well-known natural sorbent (like sepiolite and montmorillonite). The palygorskite bed is situated in the southern
part of Belarus in a relatively thinly populated area, at a depth of 90-120 m, with a thickness of 250 m. This zone
coincides with the upper marl series in the lithologic profile of the Upper Devonian, lying over salt deposits. Besides
palygorskite, illite 1 Md and chlorite-smectite are also present in the clayey fraction of the rock. This palygorskite-
bearing series is a plunging geological formation in the section from west to east, and some specific profile types may
be observed. This central zone is the most suitable one for an RWR. No sandstone layers are located in this zone, and
the permeability is quite low. A clay tuff layer, with a thickness of 0.2—1.7 m, lies at the bottom of the palygorskite
zone and extends over the entire area. This layer provides additional isolation for further groundwater protection. The

palygorskite-bearing rock lying over salt deposits provides good characteristics for an RWR.

2.1. INTRODUCTION

No nuclear power plants (NPP) exist in Belarus at this
time. However, the search for suitable geological beds
for radioactive waste disposal remains an important
task, because the construction of an NPP is planned in
the future. The main problems with regard to radioactive
waste disposal and the best geological zones for inter-
mediate-level waste (ILW) and high-level waste (HLW)
disposal in Belarus were discussed in Kudelsky and
Yasoveyev (1991) and Kudelsky (2001). Granitic rocks
of the crystalline basement, salt diapir domes, and the
palygorskite-bearing zone of the Pripyat Graben have
been defined as the best prospective sites for an RWR.
More detailed characteristics of the palygorskite zone
are considered in this study as part of a further step
toward constructing a deep radioactive waste repository.

Palygorskite is a well-known zeolite-like clay widely

used for ionic and molecular purification of liquids and
gases. Upper Devonian sedimentary rocks of the Pripyat
Trough, which contain palygorskite, show the best RWR
characteristics in terms of environmental protection.
Palygorskite-zone location, its lithologic-stratigraphical
section, rock parameters, clay mineral characteristics,
and the best places for RWR disposal are the focus of
this report.

2.2. PALYGORSKITE ZONE LOCATION

The Pripyat Trough is situated in southern Belarus. The
palygorskite zone in this region is 120 km long and 40
km wide. An Upper Devonian palygorskite-bearing
zone covers an area of about 2,000 km?2, with a thickness
reaching 250 m. This zone is found in the northwestern
part of the trough, near the Starobin salt field (Figure
2.1).
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Figure 2.1. Location of palygorskite zone in the northwestern part of the Pripyat Trough

2.3. GEOLOGICAL PROFILE

The Upper Devonian consists of three lithologic series:
a bottom sulfate-marl series lying on the salt-bearing
sedimentary rocks, an intermediate dolomite-marl
series, and an upper marl series. In some areas, the car-
boniferous sediments cover the Upper Devonian
deposits. Marl, dolomite, sulfite (gypsum and anhy-
drite), clay, limestone, and oil shale are among the major
rocks, with marl making up more than 50% of the total
profile. Significantly, there are no sandstone beds in the
profile, so the hydraulic permeability of the rock should
be low. There are three main clay minerals present: illite
1Md, palygorskite, and a chlorite-like mineral; the illite
1Md provides some correlation between the lithological
series and clay mineral series sequences. The bottom
clay, Subzone I (thickness 100-180 m), contains an illite
1Md-chlorite association and correlates with the sulfate-
marl lithological series. Chlorite is a common admixture
within Subzone I, and its concentration varies from 18
to 80%. Moving upwards, the next clay, Subzone II,
contains a casual chlorite appearance (thickness 20—85
m), with illite 1Md prevailing in this subzone. Subzone
II correlates with an interval having a gradual transition
from the lithological sulfate-marl series to the dolomite-
marl series. Subzone III contains illite 1Md exclusively,
and correlates with the dolomite-marl series. Subzone
IV is a palygorskite-bearing clay that contains an illite
1Md and chlorite admixture (Figure 2.2).
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Figure 2.2. The lithologic series and clay sub-
zones in the geological profile
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2.4. CLAY MINERALS

Dioctahedral illite 1Md prevails in the profile, with an
average crystal-chemical formula of:

Ko 55 (AL} o4 Feg o Mg 57), (Si; 66 Al 504 010((E(;)H)12)
q.

The chlorite-like minerals are the tri-octahedral, disor-
dered, mixed-layered chlorite-smectite clay minerals.
Their average formula is:

(Fey 79 Aly 65 Mg, 55)6 (Sis 5 Al 50), Oy (OH),
(Eq. 2)

Illite and chlorite are phyllosilicates with isometric
sheet-like microcrystals. Palygorskite is a magnesium
alumo-silicate clay mineral with a fibrous microcrystal
morphology and chain structure. It is a zeolite-like min-
eral with microchannels (Section 4A X 6.5A) in its struc-
ture, so that ionic and molecular absorption processes
take place within it. This mineral is widely used for gas
and liquid purification in various technological process-
es. Smectite and palygorskite clays are known as the
best linear barriers for RWRs.

Ciarbnini
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Belarus

DESCRIPTION OF THE PALY-
GORSKITE DEPOSIT

Chapter 2

2.5.

The Palygorskite subzone extends over the northwest-
ern part of the Pripyat Trough. Its depth and thickness
vary greatly from west to east. The top lies at a depth of
90—120 m; the bottom depth varies from 100 to 850 m.
Four profile types may be observed in the palygorskite
zone (Figure 2.3). This zone is completely eroded west
of the ore deposit, but in the second profile its thickness
is ~30-50 m, and then in the third profile its thickness
increases to 170-250 m. The zone is very unstable east
of the ore deposit. Palygorskite concentrations vary
from 0 to 70% in the thin seams because of the variation
in sedimentation conditions. Thus, the second and third
profile types are the most suitable for an RWR.

There are some tuff layers in the Upper Devonian over-
lying the salt formation. The most consistent tuff layer
lies at the bottom of the palygorskite-bearing bed, indi-
cating that this lithological series has been formed under
the influence of regional volcanic activity. The tuff layer
extends over the entire palygorskite zone, and initial
deposits of tuff in the Upper Devonian formation have
been transformed into clayey bentonite-like layers,

)

Figure 2.3. Palygorskite deposit section
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Belarus

which are white and slick. Nevertheless, they consist,
not of smectite, but mostly of illite IMd, which has the
structure of ordered di-octahedral illite with lash-like
microcrystals.

This tuff layer has a specific structure, with the bottom
showing a sharply cut-off border. Its upper border shows
a gradation from clear tuff to marl, such as in laminated
rocks. This tuff layer inhibits the migration of moisture
(e.g., CaO concentration in tuff decreases to 0.1%)
because of its hydraulic insulating properties, and thus it
could be used as a natural barrier. A repository site could
be located above the tuff horizon, so that groundwater
pollution may be prevented in case there is some leak-
age of radioactivity.

The best sites for RWR disposal may be located in the
central area of the palygorskite-bearing zone at a depth
of 100-120 m (Figure 2.3). The Palygorskite shows a
consistent distribution and stable presence within the
entire profile. The main rock type is clayey marl, which
contains calcite (20—40%), palygorskite (40—-60%) and
illite 1Md (20-50%)(Figure 2.4). There are no sandy
beds in the palygorskite zone, and the rock hydraulic
permeability has low values.

Sample CaO

Si0; ALO;

2.6. CONCLUSIONS

An Upper Devonian clay bed could be used for deep
RWR disposal in Belarus. The site could be constructed
at an optimal depth of 100-120 m. Marl is the prevalent
rock, with a palygorskite concentration of 40-60%.
Palygorskite is a natural zeolite-like material, and con-
sequently is a good prospective geological layer for
radioactive waste storage. A clayey tuff layer at the bot-
tom of the palygorskite subzone has low hydraulic per-
meability, and thus may be used as a natural barrier.
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Radioactive Waste Management in Brazil

Paulo Fernando Lavalle Heilbron Filho, Altair Souza de Assis,
Jesus Salvador Perez Guerrero, Arnaldo Mezrabhi,
and Nerbe José Ruperti, Jr.

Brazilian Nuclear Energy Commission (CNEN)
Nuclear Safety and Radioprotection Directorate
Rio de Janeiro, Brazil

Contact: PEL. Heilbron, paulo@cnen.gov.br

3.1. INTRODUCTION

The Brazilian nuclear program involves the operation of
several nuclear and radioactive installations. Two
nuclear power plants are in operation and one is under
construction. Angra 1 is a 657 MWe gross/626 MW net,
2-loop PWR and Angra 2 is a 1,345 MWe gross /1,275
MWe net, 4-loop PWR), both located in Angra dos Reis,
in the state of Rio de Janeiro. A third facility, Angra 3,
was a 1,312 MWe gross/1,229 MW net, 4-loop PWR,
whose construction was interrupted in 1991 and has not
yet resumed. The two now-functioning reactors are
operated by the engineering company Eletrobras
Termonuclear S. A. (ELETRONUCLEAR).

At present, there are two functioning uranium mine and
milling facilities operated by the Brazilian Nuclear
Industry (INB). The first such mine was operational
from 1982 until 1991 (in Pocos de Caldas, located in the
state of Minas Gerais). All the economically recoverable
uranium has been extracted from that mine, and current-
ly no mining activity is going on there. However, the
uranium treatment facility there is still operational and
has been used to process other source material from the
second Brazilian mine, located in Caetité, in the state of
Bahia. This second mine has the capacity for treating
100 t/yr of U;0q, as well as the production of lanthanum
chloride and cerium hydroxide. A new mining facility,
Catetité, operational since 2000, includes reserves of
100,000 tons of U0, and a capacity of 400 t/yr of yel-
low cake (U,0Oq), which can be expanded to 800 t/yr.
Moreover, INB plans to open a fuel element

complex (FEC) located in the state of Rio de Janeiro,
which will include a reconversion and fuel-fabrication
plant. This enrichment plant is expected to be in opera-
tion by end of year 2005.

In addition, Brazil has four research reactors, all of
which are owned and operated by CNEN. The first (and
oldest in Latin America), IEA-R1, built in 1956 within
the U.S. Atoms for Peace program, is located at the
Nuclear and Energetic Research Institute (IPEN), on the
Sao Paulo University campus at Sao Paulo. With a max-
imum power of 5 MW, it is used for physics experiments
and radioisotope production, such as for I-131, Sm-153,
and Mo-99. The second reactor, IPR-R1, a 100 kW
Triga model, operating since 1960 at the Centro de
Desenvolvimento de Tecnologia Nuclear (CDTN), is
located on the campus of the Federal University of
Minas Gerais, in Belo Horizonte, and is used mainly for
research work. The first fuel-assembly replacement of
the reactor is expected to occur in 2010.

The third Brazilian Nuclear Research reactor, ARG-
ONAUTA (built in 1965), located at the Institute of
Nuclear Engineering (IEN) on the campus of the
Federal University of Rio de Janeiro, can operate at a
maximum power of 1 kW/h. This low reactor-burnup
rate (approximately 0.25 MW/day —similar to IPR-R1)
allows for efficient storage of spent fuel. This reactor is
used for training, including sample irradiation. The last
reactor, IPEN MB-01, also located at IPEN, is the result
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of a national joint program developed by CNEN and the
Navy, and is a basic water-tank-type critical facility
rated 100 W. This reactor is mainly used for simulation
of low-level radioactive waste (LRW) and research in
reactor physics (with a burnup rate of below 0.1
MW/day).

Brazil’s nuclear program also includes:

* Pilot-scale fuel-cycle facilities, including one plant
for converting uranium to UF, and another for ura-
nium enrichment

¢ 3,248 medical, industrial, and research facilities

* One industrial facility for processing of monazite
sands

3.2. WASTE CLASSIFICATION

Brazil has adopted the radioactive waste classification
system established by the International Atomic Energy
Agency (IAEA), which organizes radioactive wastes
into three categories, as shown on Table 3.1. (Note that
those radionuclides designated “short-lived” are those
with half-lives of ~30 years, such as Co-60, Sr-90, and
Cs-137.).

The major sources of radioactive waste in Brazil are, at
present:

¢ The Angra I and II Nuclear Power Plants

Figure 3.1. The Angra | and Il Nuclear Power

Plants

e The Monazite Processing Industry, which is being
decommissioned

 The 3,500 m? of low-level waste resulting from the
decontamination work performed in Goiania, fol-
lowing the 1987 accident that involved a 1375 Ci
therapy source

e The 3,248 medical, industrial, and research facili-
ties

Table 3.1. IAEA Waste Classification

Category Characteristics

Disposal Options

Exempt Waste (IAEA-1987)

0.01 mSyly for the public

Activity levels equal to or below exemption
limits based on a maximum impact dose of

No radiological restriction

Low- and Intermediate-
Level Waste:

a. Short-lived waste

of below 400 Bq/g).

Activity levels above exemption limit and heat
generation equal to or below 2 kW/m?3.

Long-lived alfa-emitter content equal to or
below 4,000 Bq/g and an average specific activity
of all radionuclides in the package (immobilized)

Near-surface or geological
repository

(Lavie- 1984, IAEA-1985,
INTERA 1987, AECB- 1985,
AECB-1987,AECB-1998)

b. Long-lived waste

Radionuclide alfa-emitter concentration above
limits cited before for short-live radioactive waste

Geological repository
(IAEA 1981, IAEA-1989)

High-Level Waste

Heat generation above 2 kW/m? and alfa-emitter
concentration above the limits allowed for low- and
intermediate-level waste—short lived (a)

Geological repository
(IAEA 1981, IAEA-1989)
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Waste generated by the Uranium Mine and Milling
Industrial Complex, although significant in volume, is
kept at the site, in a dam especially built for this pur-
pose .

3.3. RADIOACTIVE WASTES FROM
THE NUCLEAR POWER PLANT

From 1981 to 2003, the first Brazilian Nuclear Power
Plant, Angra I—a Westinghouse two-loop pressurized
water reactor of 626 Mwe (Figure 3.1)—generated a
total of 1,953.3 m? of solid/solidified waste, with an
accumulated activity of ~304 TBq. Table 3.2 shows the
quantities and percentages of low-level nuclear waste
(LLW) and intermediate-level nuclear waste (ILW) gen-
erated by Angra I-NPP.

Chapter 3

Since the Brazilian reprocessing program has not yet
been clearly defined, the Angra I spent fuel stored at the
on-site reactor basin (containing 546 spent fuel ele-
ments) poses by far the most difficult disposal problem,
both technically and politically.

3.4. RADIOACTIVEWASTE FROM
FUEL CYCLE AND MONAZITE
PROCESSING FACILITIES

The uranium mining and milling industrial complex
(CIPC), located at the Pocos de Caldas plateau in the
Brazilian state of Minas Gerais, has produced, from
1982 to 1991, 1,170 tons of ammonium diuranate. The
waste generated from this process is kept in a 29.2 hec-
tar dam system, with an actual volume capacity of 1 mil-
lion m>. It is estimated that 0.8 TBq (130 Ci) of U-238,

Table 3.2. Nuclear Power Plant Radioactive Waste Inventory

Number of Packages

Year Cartridge |Evaporator Noncompressible| Spent Compressible Inactives

Filters Concentrates| (1208l and 208 I) | Resins 2081 2081

2081 2081 2081 =t
1982 14 41 --- --- 74— 4
1983 17 14 6 --- 272—6 ---
1984 8 --- 2 73 85—4 3
1985 10 23 27 60 132—9 18
1986 22 52 63 2 341—23 27
1987 I 129 111 --- 136—11 20
1988 12 155 118 109 344—29 I
1989 8 116 30 | 203—19 21
1990 13 179 24 0 113—12 21
1991 3 68 9 28 86—3 12
1992 16 485 14 --- 56—I17 ---
1993 18 315 70 121 448—445 8
1994 16 279 33 --- —196 8
1995 8 129 12 e —36 9
1996 37 194 31 12 —495 10
1997 36 197 82 205 —239 8
1998 33 108 13 23 —I125 8
1999 5 72 7 72 —8l 5
2000 I5 19 16 56 —148 4
2001 9 21 1} 35 —I113 2
2002 22 62 I5 29 —I113 1
2003 16 52 I 125 —108 1
Total 349 2710 705 951 —2232 192
m? 72.60 733.20 352.60 286.5 —464.30 44.20
Bq 1.41 x 10| 5.72x 10" 5.49 x 10" 226 x 10" 1.58x10'2 | -

*  Before re-opening the drums for a better segregation
** After the new segregation
21
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Waste dam at CIPC

Figure 3.2.

15 TBq (405 Ci) of Ra-226, and 4.2 TBq (112 Ci) of Ra-
228 were disposed of at this site (Figure 3.2).

There are at present about 600 metric tons of “mesotho-
rium,” with an estimated Ra-228 activity of 1.85 TBq
(50 Ci) disposed of in a trench at CIPC, and 0.2 TBq (6
Ci) stored in a shed at USAM in S#o Paulo (78 m?).
Although not for-

authorization given to several manufacturers to use
radioactive sources in lighting conductors. As a conse-
quence, an estimated 75,000 of these devices installed
throughout the country, with an overall activity on the
order of 3.7 TBq (100 Ci) of Am-241, had to be recalled
and stored by CNEN over the next five years.

Most of the soluble radioactive wastes produced as a
result of using short-lived radioisotopes in medical insti-
tutions and research laboratories can be discharged into
sanitary sewerage systems, after a given decay period,
with concentrations and total activities not exceeding
the limits specified in the Brazilian regulations based on
USA regulation limits (Code of Federal Regulation,
1987). To be on the conservative side, it was assumed
that whole flask contents were not utilized. Moreover, in
determining the recommended decay period, we had to
take into account the time required for the specific activ-
ity of the contaminated empty flask (assumed to have 23
g and a remainder of 2% of the initial activity) to reach
a value of 2 nCi/g (74 Bq/g), which is acceptable for
dustbin disposal.

mally classified Table 3.3. Radioactive installations Figure 3.3 shows
as waste, the | Field Number Percent the approximate
material with Medical 1,261 38.8 percentages  of
thorium hydrox- Industrial 984 30.3 the total spent
ide, separated Research 694 21.4 sources (47,062)
from the rare Distribution of Radionuclides 6l 1.9 generated by sev-
earth elements Services 248 7.6 eral  Brazilian
during monazite Total 3,248 states and stored
processing,  is at CNEN's

also in storage at many installations in Brazil. The waste
volume generated by the fuel-elements assembly unit, as
well as by all the other pilot-scale fuel-cycle facilities, is
negligible compared to the above-mentioned figures.

3.5. RADIOACTIVEWASTE FROM
MEDICAL, INDUSTRIAL, AND
RESEARCH APPLICATIONS

There are at present 3,248 radioactive facilities in Brazil
that use several radionuclides. Table 3.3 shows the num-
ber and percentage of these facilities, by field of appli-
cation. It can be seen from Table 3.3 that most of the
radionuclides have medical (~39%) and industrial
(~30%) applications.

In 1989, the Brazilian Regulatory Body suspended the
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research institutes, in rounded-off percentages (2,286 at
the IEN-RJ institute, 4,756 at CDTN-MG, and 40,020 at
IPEN-SP).

3.6. RADIOACTIVE WASTES PRO-
DUCED AS A RESULT OF THE
GOIANIA ACCIDENT

The violation of a teletherapy source in Goiania, Brazil,
at the end of September 1987, with a subsequent spread
of most of its radioactive contents (i.e., 1,375 Ci of Cs-
137), over a large urban area, brought about the need to
estimate the quantities recovered during the decontami-
nation work performed by CNEN (Figure 3.4).
Approximately 3,500 m? of wastes were generated, with
an estimated overall activity lying between 47 TBq
(1,270 Ci) and 49.6 TBq (1340 Ci). Accounting for the

Geological Challenges in Radioactive Waste Isolation
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Figure 3.4. Teletherapy equipment

decay period necessary for the contents of all packages
to reach a Cs-137 concentration level not greater than 87
Bq/g, it was possible to classify the drums and metal
boxes into five groups, as described in Table 3.4.

The following packages were also used in Goiania:

* 1 metal package for the headstock with the remain-
ing source (4.4 TBq and with 3.8 m3 from Group 5);

* 10 ship containers (374 m? with 0.4 TBq from
Group 1), and;

* 8 special concrete packages (11.4 m*® and 0.7 Bq
from Group 5).

Number of spent sources generated per

Chapter 3

The waste was temporarily stored in open-air
concrete platforms, occupying an area of
about 8.5 X 10 m? at a site near the village of
Abadia de Goias and 23 km away from the
center of Goiania, a city with a population of
~1 million (Figure 3.5).

Taking into account the decay period neces-
sary for the contents of all packages to reach
a Cs-137 concentration level not greater than
87 Bqg/g, it was possible to classify the drums
and the metal boxes into five groups, as
described in Table 3.3. According to the
TIAEA classification method, all radioactive
waste collected in Goiania fell into the cate-
gory of low-level, short-lived waste, and the IAEA dis-
posal option for such waste is emplacement at shallow
depths, in engineered storage facilities. It can be seen
from Table 3.4 that approximately 33% of the waste vol-
ume (Group 1) has a specific radioactivity not greater
than 87 Bq/g. Furthermore, most of the recovered activ-
ity is distributed over only 16.5% of the total volume,
and will require a decay period greater than 150 years to
reach acceptable concentration levels (Groups 4 and 5)
(Heilbron et al., 1993).

The remaining 40.8% of the waste volume (Groups 2
and 3) were recently placed in concrete containers —to
improve its condition, as well as to provide an addition-
al engineered barrier in the near-surface repository that
would be constructed. Moreover, although the specific
radioactivity of the waste classified as Group 1 is less
than the value established in the regulation for dust-bin
disposal of solid wastes by users of radioisotopes, this
group will not be considered exempt from control. The
Brazilian Regulatory Body understands that the above-
mentioned exemption criteria were established for solid
wastes generated by facilities that handle small quanti-
ties of radioactive materials. It is also understood that
care should be taken to avoid the deliberate fractioning
and dilution of wastes, so as to achieve compliance with
disposal regulations.

One near-surface repository (CGP) was constructed in
1995 (Heilbron et al., 1994) —after exemption from the
Brazilian Licensing Body (IBAMA)—for all the
radioactive waste below the 87 Bq/g limit (Group 1);
see Figure 3.6. Another repository was constructed in
1996 for radioactive waste from IAEA Groups 2-5 after
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licensing by IBAMA, based on the assessment of a spe-
cific Safety Analysis Report (based on U.S. 1987, U.S.
1988 documents); see Figure 3.7 (Heilbron et al., 1992).

3.7. WASTE MANAGEMENT POLICY

As decreed by Brazilian legislation, the National

Nuclear Energy Commission, CNEN, is the governmen-
tal body responsible for the receiving and final disposal
of radioactive waste for all of Brazil. CNEN also holds
national responsibility for the promulgation of regula-
tions concerning waste management and disposal
(CNEN-NE-6.05,1985, CNEN-NE-3.01,1988, CNEN-

Figure 3.5. Provisional storage at Abadia de Goias
Table 3.4. Goiania waste inventory
Group Quantity Volume Quantity Volume Total Total
Time in metal box m?3 drums m?3 Activity Volume
years TBq m?3
) 404 686.8 2,710 542 0.06 1230.8
t=o
2) 356 605.2 980 196 0.76 801.2
<0
<=90
3) 287 487.9 314 62.8 1.44 550.7
<90
<=150
(4) 275 467.5 217 434 13.67 510.9
<150
<= 300
(5) 25 42.5 2 0.4 30.064 42.9
t>300
Total 1,347 2,289.9 4,223 844.6 45.71 3,134.5
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NE-6.02,1984, CNEN-NE-1.04,1984, CNEN-NE-6.06, enormously to the difficulties faced by the Brazilian

1990) Government in establishing a national waste manage-
ment policy.

It is worth mentioning that political and psycho-social

aspects related to the subject of radioactive waste dis-

posal (the “not in my backyard” syndrome) contribute Because of the situation described above, CNEN con-

3.7.1. GOIANIA WASTES

Figure 3.6. CGP waste disposal

Figure 3.7. Second repository-waste disposal
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structed two repositories for the Goidnia wastes. The
first repository was opened in 1995 for waste classified
as Group 1. A safety analysis report (SAR) was prepared
for this repository, based on a simple and robust model
showing that the radiological impact caused by disposal
would be negligible. This report was submitted to
IBAMA (the Brazilian organization responsible for
environmental licensing) in order to obtain an exemp-
tion from submitting an environmental impact report
(EIR).

The second repository, for waste from Groups 2, 3, 4,
and 5, was constructed in 1996, very near the first one.
For this second facility, the State of Goias prepared an
EIR and submitted it to IBAMA for approval. A special
SAR was prepared by a consultant organization and was
submitted to CNEN for evaluation. The mesothorium
stored at CIPC, however, was placed in the local dam,
since the studies conducted by CNEN showed that the
environmental impact caused by this type of disposal
was negligible.

3.7.2. ANGRA | AND Il WASTE AND OTHER
RADIOACTIVE FACILITY WASTE

For the waste resulting from the operation of Angra-I
and -II related to isotopic medicine, industry, and
research, a single national repository is planned. Its
location and design have not yet been established. For
the present, Angra I and II wastes are being stored at the
nuclear power plant site.

Figure 3.8. Waste inside building

As mentioned above, wastes from the radioactive facil-

ities are stored at three of CNEN’s Research Institutes
(Figure 3.8).
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3.7.3. CNEN SAFETY ASSESSMENT PROJECTS

Two projects are being conducted by CNEN that are
concerned with safety assessment of final disposal facil-
ities. The first project has the support of the IAEA, with
experts from many laboratories in the U.S. Department
of Energy (DOE); and the second project is being con-
ducted within the Federal University of Rio de Janeiro.
The University of Rio de Janeiro developed a national
code for radionuclide migration and dose calculations
for near-surface repositories; this work was completed
at the end of 1998.

The project with IAEA aims at establishing a national
capability for assessing the safety of waste disposal
facilities. For this purpose, a multidisciplinary group of
experts will be drawn from CNEN institutes and trained
in safety-assessment methods, including the best use of
relevant computer codes and the proper techniques for
laboratory and field measurements.

In November 2002, the IAEA launched a new coordi-
nated safety-assessment research project ASAM
(Application of Safety Assessment Methodologies for
Near Surface Waste Disposal Facilities) with the partic-
ipation of Brazilian experts. The primary objective of
the project is to investigate the application of safety-
assessment methodologies used for postclosure safety
assessment—and in particular the methodology devel-
oped under the IAEA’s ISAM project (Figure 3.9)—to a
range of near-surface disposal facilities; and to develop
practical approaches for assisting regulators, operators,
and other specialists in their review of such safety
assessments.

3.8. CONCLUSIONS

The Brazilian Nuclear Program oversees the operation
of several nuclear and radioactive installations over the
country. The radioactive waste management policy is
the responsibility of the Brazilian Nuclear Energy
Commission, which is the regulatory body responsible
for the licensing and control of the entire nuclear fuel
cycle, as well as installations that use radionuclides for
medical, industrial, or research objectives in the country.

The management of LLW does not represent a technical
problem anymore, once the Brazilian Nuclear Energy
Commission approved the capacity, construction, and
licensing of two near-surface repositories for the safe
disposal of radioactive waste generated by the Goiania

Geological Challenges in Radioactive Waste Isolation
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Figure 3.9.

accident. Unfortunately, there still is a public acceptance
problem, resulting from the many political and social
concerns over the subject of radioactive waste disposal.
The “not in my backyard” syndrome contributes enor-
mously to the difficulties faced by the Brazilian govern-
ment in establishing a national waste management poli-

cy.

Since the Brazilian reprocessing program has not been
clearly defined, the spent fuels from the nuclear power
plants are stored in pools at the on-site reactor basin.
This poses, by far, the most difficult problem to solve, in
both its technical and political aspects.
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Nuclear Waste Disposal in Bulgaria: Possibilities for
Radioactive Waste Disposal in Kozloduy Nuclear Power
Plant Area

Doncho Karastanev and Dimcho Evstatiev
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ABSTRACT. The vicinity of the Kozloduy Nuclear Power Plant (NPP) has been comprehensively investigated
from a geological point of view. A number of boreholes have been drilled within a zone of about 25 km from the NPP,
60 of them with a depth ranging from 1,000 to 4,300 m. The NPP is situated in the Lom Depression, which is part of
a stable tectonic platform. Predominantly, argillaceous sediments with a thickness exceeding 1,000 m were deposit-
ed in the Depression during the Paleogene and the Neogene. An analysis of the existing information provides reason
to expect that the Neogene clayey formations near the NPP could host a repository for geological disposal of long-
lived radioactive waste (RAW). One of the most promising sites for a surface-type repository (for short-lived RAW)
is situated in one of the Neogene formations. The results from the investigations performed at this site, described in
this paper, confirm its potential suitability: The site is characterized by simple hydrogeological conditions, including
a thick zone of aeration (20-21 m) below which a poor local aquifer of modest thickness (1.5-2.0 m) is situated, and
a well-defined zone of discharge. In addition, this site has geological and geotechnical features suitable for a repos-
itory. Such a repository would be founded on clay sediments with good retardation properties and sufficient bearing
capacity. The possibility thus exists for containing both types of waste in close proximity to the NPP, with all the

advantages ensuing from such a decision.

4.1. INTRODUCTION

The late-1990s site selection process for a Bulgarian
national radioactive waste (RAW) repository was
described in the Third Worldwide Review (Evstatiev and
Kozhukharov, 2001). Since the end of the last decade
and especially the beginning of the present one
(2002-2003), analyses and explorations in the 25-30
km zone around the NPP have been carried out (through
the financing of the Kozloduy NPP) with the aim of
evaluating the geological conditions for RAW disposal.
Analysis and reassessment were performed, using the
available information, related to the geological and tec-
tonic settings of the region, the seismic conditions, the
deep hydrogeology, the processes of geological hazards,
etc. The main focus was on the selection of potential
sites for low- and intermediate-level radioactive waste
(LILW) disposal. Using multi-attribute decision analysis

according to 28 criteria, the potential sites have been
determined. Preliminary geological, geomorphological,
geological engineering, and hydrogeological explo-
rations were carried out at the best prospective site, sit-
uated a few kilometers west-southwest of the NPP. The
analyses also found good conditions for eventual deep
disposal of long-lived RAW within the region
(Evstatiev, ed., 2003). Thus, the favorable possibility
arises of building repositories for both types of waste in
one place or in close proximity.

The present report considers the more important results
from recent investigations. First, the deep geological
structure of the region around the Kozloduy NPP and
the possibilities for deep disposal of long-lived RAW
are described. Then, the main results from explorations
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Figure 4.1. Disposition of the areas and boreholes from previous oil and gas explorations: (1) area
number; (2) boreholes with depths <1,000 m; (3) boreholes with depths > 1,000 m; (4)
hydrogeological boreholes; (5) disposition of the Geological Cross Section I-l.

into construction of an LILW surface-type repository at
the potential site are discussed.

DEEP GEOLOGY AND POSSIBILITIES
FOR GEOLOGICAL DISPOSAL OF
HIGH-LEVEL RADIOACTIVE
WASTE (HLW)

4.2.1. LITHOLOGY AND STRATIGRAPHY

4.2.

The Kozloduy NPP site has a thoroughly investigated
deep geological structure, owing to extensive oil and gas
explorations previously carried out there. Over the
years, 60 deep boreholes (Figure 4.1) have been drilled
to a depth of 4,300 m, and several deep seismic profiles
have been made within a 25 km zone around the plant
(Evstatiev, ed., 2003; Evstatiev et al., 2004). The avail-
able data show that sediments with small discontinuities
from the Quaternary to the Lower Triassic ages are rep-
resented in the geological profile (Figure 4.2). The most
interesting sediments from the perspective of HLW geo-
logical disposal are the thick, spatially homogeneous
clayey-marls, situated at a depth of about 200-300 m to

1,100-1,300 m from the surface. These sediments
include the Middle and Upper Paleogene and the
Neogene formations—the Deleina, Krivodol, and
Smirnenski.

The Paleogene sediments consist of three formations sit-
uated one over the other: lower—marl-sandstone-lime -
stone, middle—marl, and upper—silty-clay. The middle
and upper formations could be considered potential host
media for geologic disposal. Their total thickness is
300-400 m, and clay and marls with sandstone interca-
lations predominate in both groups. If the repository
were situated in the overlying Neogene sediments, the
deposits of the two upper groups would be part of an
impervious barrier preventing eventual radionuclide
migration.

The Neogene, at a depth in the region of the NPP
exceeding 1,000 m (Figure 4.3), is represented by sedi-
ments of the Miocene (Delein and Krivodol Formations)
and the Pliocene (Smirnenski, Archar, and Brusarci
Formations).
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Figure 4.2. Geological Cross Section I-I: (1) Lower Triassic; (2) Middle Triassic (3) Upper Triassic; (4)
Middle Jurassic; (5) Upper Jurassic-Lower Cretaceous; (6) Lower Cretaceous—Aptian-
Albian; (7) Upper Cretaceous; (8) Paleogene; (9) Miocene; (10) Pliocene-Quaternary; (11)
discordant boundary; (12) a. fault zone, b. fault
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Figure 4.3. Isopach map of Neogene sediments: (1) borehole number/thickness of the Neogene sedi-
ments; (2) an isopach of the proper thickness; (3) cumulative Miocene paleovalley.
Numbers here refer to the numbers along cross-section line in Figure 4.1.
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Bulgaria

The Delein Formation is composed of gray-bluish clays,
among which single intercalations of clayey limestones,
silty clays, and sandstones are encountered. A layer of
gypsum and anhydrite with a thickness ranging from 15
to 30 m has developed in the middle of the section.
Close to the Kozloduy NPP, the thickness of the forma-
tion is from 200 to 440 m. Its age is Badenian. This for-
mation may be considered as one of the best prospects
for further investigations related to geological disposal
of HLW.

The Krivodol Formation consists mainly of gray and
gray-bluish, stratified silty and calcareous clays, with
intercalations of marls, dense clayey limestones, and
sandstones. In the area near the Kozloduy NPP, the for-
mation consists mainly of clayey facies; while beyond
this immediate region, it is more coarse grained, with
limestone sediments taking up much of the formation.
The thickness of the Krivodol Formation in the vicinity
of the NPP is 120-140 m. Its age is Sarmatian.

The Smirnenski Formation consists mainly of gray and
gray-greenish, low-calcareous, silty clays with clayey
limestone and marl intercalations. Sandstones with a
thickness of up to 5-10 m are encountered in the lower
and middle part of the section. In the top portion of the
section, the formation contains less silty and limestone

-3000 J

Figure 4.4. Geological Cross Section

components. The formation thickness in the region of
the NPP is 200-250 m. Its age is Meotian-Lower
Pontian.

The Archar Formation, the only Neogene formation, is
entirely sand and was deposited at a shallow depth
(80-100 m) in the region. The formation crops out in the
near vicinity of the area under consideration. In the
lower levels, the sands are intercalated by dark gray,
low-calcareous, thin-layered clays. The age of the for-
mation is Upper Pontian.

The Brusarci Formation is situated close to the surface
and consists mainly of clays with sand intercalations,
which increase in thickness in the lower part of the sec-
tion immediately above the Archar Formation. Its thick-
ness varies from 50 to 200 m, and its age is Dacian-
Romanian. This formation is not suitable for geological
disposal, but as will be shown later, it has some good
conditions for the construction of a near-surface LILW
repository. The sediments of the Brusarci Formation are
covered by Quaternary loess deposits.

4.2.2. TECTONICS

The investigated region is in the western part of the
Moezian Platform, which is located at the end of the
Euroasian tectonic plate. The major tectonic activities in

};3000

1mj

lI-1I: (1) Upper Jurassic-Lower Cretaceous; (2) Lower

Cretaceous—Aptian-Albian; (3) Upper GCretaceous; (4) Paleogene; (5) Miocene; (6)
Pliocene-Quaternary; and (7) discordant boundary
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the platform ceased during the Jurassic, i.e., 150 million
years ago (Figures 4.2 and 4.4). Since then, the Moezian
Platform has been subjected mainly to fluctuating
movements. The region falls within the eastern margin-
al part of the Lom Depression, which was formed dur-
ing the Sarmatian. A large closed basin was formed in
this depression, which was subsequently filled primari-
ly with thick clayey deposits. After several transgres-
sions and regressions, the basin water withdrew from
the region about 2.60 Ma years ago. During the Glacial
Pleistocene starting ~0.94 Ma, the southern parts of the
depression, to which the region of the Kozloduy NPP
belongs, were subjected to elevation, in contrast to the
northern parts of Romania, where sinking continued
during the Quaternary. The fluctuating neotectonic
movements provoked faulting beyond the boundaries of
the region.

In the beginning of the Glacial Pleistocene, about 0.80
Ma ago, the Danube River cut through the Panonian
Basin (in Hungary), and began the formation of its new
river terraces. The process of aeolian loess accumulation
took place simultaneously with the formation of ter-
races.

4.2.3. EARTHQUAKE HAZARD (SEISMICITY)

The seismicity of the region was thoroughly investigat-
ed in connection with the construction of the Kozloduy
NPP. The main sources of the seismic hazard are earth-
quake zones outside the region. The most important of
these is the Vrancea seismic focus in neighboring
Romania, which has generated earthquakes of magni-
tude M=7. The local foci have M <4. According to maps
that forecast seismic events for a period of 1,000 and
10,000 years, the region may be subjected to earth-
quakes of VII degree intensity, according to the MSK-
64 scale and assuming a seismic coefficient of K = 0.15
(in compliance with the national norms for construc-
tions of higher importance, as RAW repositories are).

From the seismotectonic point of view, the Moezian
platform, and the Kozloduy region in particular, appears
to be one of the calmest areas compared to other parts of
Bulgaria. The rest of the country falls within the Alpine-
Himalayas orogeny, where there is a much greater seis-
mic risk.

4.2.4. DEeP HYDROGEOLOGY

The deepest aquifer horizons are situated in the Middle
Triassic and Upper Triassic deposits at a depth of more
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than 4,000 m. The Lower-Middle-Jurassic and the
Upper Jurassic-Lower Cretaceous horizons are located
above them, also at a great depth (about 3,000 m). The
Paleogene aquifer complex, situated at a depth of
800—1,000 m, is developed in the lowest marl-sand-
stone-limestone formation.

With respect to deep geological RAW disposal, the
aquifer horizons in the Neogene sediments are of great-
est importance. The Krivodol Formation in the NPP
region is represented by clayey facies with no aquifers.
The more water-abundant layers in this formation have
been observed in boreholes to the east of the region of
interest.

The main aquifer horizon is in the Archar Formation
(Upper Pontaian) at a depth of 80—-100 m from the sur-
face. It is formed in sands with rare clay intercalations
and is spread throughout the Kozloduy region. It is
charged by atmospheric precipitation in a zone of sands
outcropping in the southern direction. In the vicinity of
the Kozloduy NPP, the water conductivity is as much as
100-150 m?d. The natural water resources of the
aquifer horizon are estimated to be 1 m%/s. The flow in
this aquifer is from the south to the north towards the
Danube River, where it has a hydraulic connection with
an alluvial aquifer on the lowest river terrace.

In the Kozloduy region, clayey sediments predominate
in the near-surface Brusarci Formation. Although not
always spatially homogeneous, these sediments act as a
water barrier between the alluvial (Quaternary)
deposits, if present, and the sands of the Archar
Formation.

4.3. INVESTIGATING POTENTIAL
SITES FOR AN LILW REPOSITORY

4.3.1 LocATION AND GEOMORPHOLOGY

The potential LILW site is located in the western part of
the Danubian plain, approximately midway between the
Tsibritsa and Ogosta rivers (tributaries of the Danube
River), on a gentle slope above a small valley without a
permanent water stream. The site is about 2.5 km west-
southwest of the Kozloduy NPP.

The following geomorphological forms can be distin-
guished in the region of the site: a loess plateau, incised
by the tributaries of the Danube, the Tsibritsa, and
Ogosta rivers, of old denudational surfaces and
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Pleistocene river terraces. This loess plateau, the start-
ing point for the formation of contemporary relief, is
genetically related to the old erosional-accumulative
level of lacustrine-fluvial genesis, formed at the end of
the Pliocene and beginning of the Pleistocene. This level
has been dry land from 0.8 Ma. In it, the formation of
the small tributary valley and its branching began, as a
result of erosion activity, accompanied by alluvial and
aeolian sedimentation.

The gentle slope on which the site is located (elevation
of 90—-100 m above sea level) was formed of Brusarci
Formation clays after some denudation of their top part.
This Pliocene denudational surface is slightly inclined
to the east-southeast. Loess sediments deposited during
the Pleistocene were also subjected to surface erosion,
and as a result, the thickness of these sediments varies
from 1-2 m in the western part of the site to 12—-14 m in
the eastern part.

Comparisons between the hypsometric levels at the
basement of the geomorphological forms (of equal age)
for the site, and the same forms in the eastern parts of
the Danubian plain, show that the neotectonic move-
ments throughout this part of northern Bulgaria are pos-
itive and relatively of almost equal magnitude. This is
evidence for the absence of active faults.

Moreover, the site is not endangered by inadmissible
erosional processes. In the beginning of the Holocene,
the erosion incision attenuated, and since then, accumu-
lative processes predominate in the valley. Comparisons
between the thickness of the recent soil and the soil
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thickness of the closely situated plateau show that sur-
face erosion since the beginning of the Holocene is neg-
ligible and could be neglected as a factor threatening the
safety of the eventual repository.

The region of the site is characterized by a moderate
continental climate, formed under the influence of
inrushing humid oceanic air from the west and north-
west and the continental atmospheric masses coming
from the north-northeast. The average annual tempera-
ture of the air is about +11°C, with an average annual
amplitude of 24°C and an average annual precipitation
of 550 mm. The number of days with snowfall averages
21, and the average annual potential evaporation is 440
mm.

Surface water drainage in the region is through the
Danube River, its tributaries (Tsibritsa and Ogosta), and
five to six other tributaries of these rivers without con-
stant (permanent) runoff. The Danube River is the main
drainage artery, with an average annual runoff of 5,700
m?/s. Runoff of the Ogosta River at its mouth is 23.8
m?/s, and runoff for the Tsibritsa River is 1.97 m?/s.

4.3.2. GEOTECHNICAL CHARACTERISTICS

The deep geological and hydrogeological setting, as
well as the tectonic and seismic conditions of the site,
are as described in Section 4.2. The preliminary investi-
gations of the potential site show that the ground base is
built from the sediments of the two complexes: the
Quaternary and Pliocene (Figure 4.5).

The Quaternary deposits contain two layers: loess and
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loess-like clays (Layers la and 1b) with a thickness
between 5 and 14 m, and clayey gravels (Layer 2) with
a thickness of 0.5-3.5 m. The Pliocene deposits are rep-
resented by the sediments of the Brusarci Formation,
with a total thickness of about 80 m. In the site zone
they consist mainly of clayey sediments containing spa-
tially inhomogeneous sand intercalations. According to
the conceptual plan, the repository will be of the near-
surface type, built on the Brusarci Formation clays, with
loess deposits and clayey gravels removed. In this way,
the difficulties connected with the collapsible loess soils
will be avoided.

According to their geotechnical properties the Pliocene
deposits are divided into four layers (Figure 4.5), as fol-
lows:

Fat clay to lean clay with sand (Layer 3). This is the
main layer because the foundations of the future reposi-
tory will be made in it, and it would be the main barrier
against radionuclide migration. The total thickness of
the layer is from 16.5 to 18.0 m. It is characterized by
the following averaged parameters: bulk density p =
2.03 g/cm?, water content w = 19.2%, density of solids
p,=2.74 g/cm’, void ratio e = 0.61, liquidity index I, =
0.01, degree of saturation §, = 0.86, unconfined com-
pressive strength g = 450 kPa; shear strength parame-
ters -¢p, =18 deg, ¢, = 53 kPa and ¢'=21 deg ¢'=38 kPa,
stress-strain modulus at pressure range 200-400 kPa
-E;,, = 13.0 MPa, coefficient of consolidation (at p =
400 kPa and Ap = 200 kPa) -c, = n.10"% + n.102 cm?s,
SPT data are N, = 25 and N, = 30 (estimated consis-
tency - very stiff), the compressional and transverse
seismic wave velocities determined by borehole seismic
logging — V[7 = 750-960 m/s and V_= 335-490 m/s
respectively. The sediments of Layer 4 are incorporated
into the sediments of Layer 3 in the form of thin inter-
calations or lenses, thus dividing the latter in two or
three parts.

Silty sand to sandy lean clay (Layer 4). It is character-
ized by the following averaged parameters: w = 12.7%,
p =187 g/em?, p_=2.67 glem?, e = 0.60, S = 0.56, ¢’
=33 deg and ¢’ = 4.9 kPa. According to the SPT data -
N,,=23 and N, =27, the sand is classified as medium
dense to dense. The velocities of the seismic waves are
V[7 =725-730 m/s and V_ = 315-375 m/s.

Silty sand (Layer 5). The layer extends throughout the
site at a depth of 26-37 m. It is embedded almost hori-
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zontally, with a slight inclination to the northeast, with
thickness between 1.5 and 3.0 m. With respect to grain-
size composition, it is similar to Layer 4, but it is regard-
ed as a separate layer because of the small local aquifer
within it. The established piezometric level is at eleva-
tion of 63.5-64.5 m (i.e., at 26-35 m from the surface).
According to the SPT data N, = 21 and N, = 24, the
sand is classified as medium dense. Using the relation-
ship of Skempton (1986), the relative density Dr of the
sand has been calculated to be 0.63-0.66. An angle of
internal friction of 34 deg has been determined after the
average value for N, (Bowles, 1984, 1996). Although
Layer 5 is situated at a depth of more than 15 m, an
assessment of the liquefaction potential under seismic
impact has been made, according to the methodology of
Eurocode 8 (Part 5). This assessment found that the sand
cannot liquefy even in the case of maximal seismic
acceleration of 0.20 g, caused by an earthquake with
magnitude M =7.5.

Fat clay dense stiff with marl-like structure (Layer 6).
The layer is situated about 28 to 37 m from the surface,
and its upper surface is slightly inclined to the northeast.
The entire layer thickness is about 60 m, with the rusty-
brown color of the clay transformed to grayish blue at
depth. The layer plays the role of an impervious barrier
for the local aquifer formed in Layer 5. The upper part
of the layer possesses the following average geotechni-
cal characteristics: w = 18.8%, p = 2.15 g/cm?, ps = 2.77
g/cm3, e=0.54,1,=0.002, g, =750 kPa, ¢, = 12.2 deg,
c,=188.8 kPaand ¢'=12.4 deg, c'=189.3 kPa, £, =
27.7TMPa, at p = 400kPa and Ap = 200 kPa ¢, = n X 107
cm?/s, SPT data — N. 20 =28 and N, = 33 (estimated con-
sistency is very stiff). Seismic wave velocities are V[7 =
1,850 m/s and V_= 500-700 m/s.

Preliminary investigations, based on these data, show
that the soil base possesses sufficient bearing capacity
for the construction of a near-surface repository at rea-
sonable cost.

4.3.3. GEOCHEMICAL CHARACTERISTICS

Conditions That Created Brusarci Formation Sediments

The deposition of the sediments of the Brusarci
Formation took place under changing climatic and geo-
dynamic circumstances, including the changing depth of
the lacustrine basin (Evstatiev, ed., 2003). This has pro-
voked the formation of clay, sandy clay, and (to a lesser
extent) clayey sand and sand sequences; along with
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Table 4.1. Content of oxides and ratios between them

Layer | Soil type | SiO, SiO,, | SiO,/ | Na,O+ | K,O0/ | CaO+ | MgO/
R,03 | R,O; | K,O Na,O | MgO CaO

% by % by - % by - % by -
weight | weight weight weight

3 clay 58.09 85.60 | 2.1 3.08 3.9 2.76 22

4 sand 78.15 91.17 | 6.0 2.73 1.2 1.99 0.36

3 clay 65.75 88.84 | 238 3.00 3.0 1.60 1.6

5 sand 80.78 9239 | 7.0 3.03 1.5 1.51 0.35

6 clay 61.00 85.05 | 2.5 2.86 3.08 2.00 1.4

intercalations of high carbonate content and coarser ter-
rigenous material. During a significant period of their
history, the sediments were subjected to erosion and
weathering that led to reduction of the geological over-
burden load, emergence of chemical processes accom-
panying the weathering, and migration of soluble sub-
stances. The clays are predominant in the geological
profile despite the variable sedimentation conditions.
Under the effect of weathering in their topmost 18-20
m, oxidation processes took place, the evidence for
which is their rusty-yellow color. With depth, under the
first aquifer horizon, the clays become grayish-green—
evidence for the existence of reducing conditions.

Chemical Composition

The chemical composition of representative samples
from the clays and sands of the Brusarci Formation is
expressed as oxide content in weight % in Table 4.1.
The amount of silicon dioxide varies from 58% to 66%
in the clays and 78% to 81% in the sands. The
Si0,:R,0, ratio for the sands is 6-7. It is lower for the
clays (2.1-2.8), caused by weathering. The so-called sil-
icon coefficient SiO,:Al,0; is also a geochemical
assessment tool: it takes into account the dialuminum
trioxide, which is more sensitive to geochemical
changes. The relatively lower values of this coefficient
for the investigated clays (2.8—4.0) indicate that weath-
ering took place under arid-climate conditions.

The amounts of alkaline oxides are secondary; K,O is
dominant in all samples. With respect to earth alkalines,
CaO is predominant in sands and MgO in clays. Only
the more calcareous clays and the clay intercalations
with higher calcite-concretion content exhibit CaO
amounts higher than that of MgO. Moreover, the organ-
ic-substance content calculated as humus is 0.06-0.18%
in clays; it is only 0.002% in sands. The amount of car-
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bonates in the investigated samples is low because they
were extracted outside the local carbonate zones in the
upper part of the massif, where it reaches up to 20% and
more.

The total quantity of water-soluble salts in the investi-
gated soil samples is less than 0.1%. The water extract
is slightly alkaline, and the pH value varies from 7.8 to
8.1. All three types of water-soluble salts—hydrocar-
bonates, chlorides, and sulphates —are present, although
in very small amounts, in all the samples. Salinization of
the soils is hydrocarbonate, with the quantity of HCO,
exceeding 90% of the total anion sum (expressed in
meq/dm?). The dominating cation is Na*, followed by
Mg?* in clays or Ca?* in sands and more calcareous
clayey intercalations.

Mineral Composition and Sorption Properties

The investigated clays contain clayey, silty, and sandy
fractions. For this reason, except for the clayey and mica
minerals, there are also quartz, plagioclase, K-feldspar,
goetite, and calcite in their composition.

The content of clay minerals, represented by smectite,
vermiculite, illite, chlorite and kaolinite, varies from 41
to 60%. Smectite is dominant in half of the investigated
samples—from 27 to 37% of the total mineral content.
Smectite is also predominant in the clayey fraction (less
than 0.005 mm) at 38-41%, followed by illite at
24-25%, and kaolinite at 16—17%. The rest of the fine-
ly dispersed minerals amount to less than 20%, the high-
est amounts belonging to goetite and quartz. The sorp-
tion complex of smectite contains two-valency cations.

The ion-exchange capacity and sorption with respect to
Cs, Sr, Cs*, and +Sr*? have been determined for four
representative clay samples. Our determination is that
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the clays possess good ion exchange capacity —18.88
and 30.05 meq/100 g. Sorption with respect to Cs* is
between 6.54 and 7.46 mg/g; with respect to Sr*?, it is
between 1.05 and 2.44 mg/g. Sand layers consist of
quartz (53-55%), albite (13—-16%), orthoclase (7-11%),
and illite (6-10%). Kaolinite, smectite, goetite, and cal-
cite are also present in smaller amounts.

SEM investigations showed that the structure of clays
from the reduction zone (Layer 6) is more homogeneous
and consists of more fine-grained aggregates than the
clays from the oxidation zone (Layer 3). Microcracks
are observed in the clays close to the surface, but they
are not found at greater depths.

4.3.4. HYDROGEOLOGICAL CONDITIONS

Main Hydrogeological Units

With respect to radionuclide migration, the three main
hydrogeological units can be divided as follows:

1. Unsaturated zone (zone of aeration ), with a thick-
ness of 20-21 m

2. Local aquifer, formed in Layer 5 with a small thick-
ness of 1.5-2.0 m and slightly water abundant

3. Impervious barrier of the aquifer (Layer 6).

Zone of Aeration

The zone of aeration extends throughout Layer 3 and
Layer 4. The unsaturated zone is developed in an oxida-
tion medium, which results in a certain inhomogeneity
of the hydraulic parameters. The coefficient of filtration
k determined by laboratory tests varies from n x 10710
m/s for the clay of Layer 3 up to n X 106 m/s for the sand
of Layer 4. In addition, the results from a borehole fil-
tration test in this zone provided an integrated value of
k=nx 108 m/s.

Local Aquifer Horizon

Our hydrogeological investigations (piezometric mea-
surements and pumping tests) have provided the follow-
ing characteristics for the local aquifer:

¢ It is fed by rain water in the southern area.

e The groundwater flow direction is from southwest
to northeast.

* The piezometric level is between an elevation of 66
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m in the southern end and 62 m in the northern end
of the site.

¢ The aquifer drains into the lowest part of the valley
at a distance of about 300-350 m northeast of the
site and afterward into a terrace on the Danube.

e The hydraulic gradient of the aquifer is
0.010-0.016 above the site, 0.004—-0.005 in the cen-
tral zone of the site, and 0.010-0.013 below the site.

¢ The coefficient of filtration is k= 1.3 x 10> m/s, the
transmissivity of the layer is from 1.5 to 2.0 m%d,
and the groundwater discharge in the site vicinity,
along a length of 500 m, is only about 10 m%/d.

Impervious Barrier

The impervious barrier of the aquifer is Layer 6, the yel-
low-rusty brown fat clay with marl-like structure, which
gradually becomes gray-bluish with depth and is very
dense and stiff. The coefficient of filtration is k< 1 x 101!
m/s. This impervious barrier coincides with the upper
part of the reduction zone of the Brusarci Formation.
The thickness of the impervious layer is about 60 m,
excluding any connection with the most important
aquifer in the region, in the Archar Formation.

4.4. CONCLUSIONS

The investigations carried out allow the following con-
clusions to be made:

* The geological aspects of the prospective site have
been investigated comprehensively. On the basis of
data from 60 deep boreholes, the geological-tecton-
ic structure has been established to a substantial
depth (4,300 m), for a long time interval (250 mil-
lion years), and for a sufficiently large area (about
800 km?).

¢ The region is part of a stable tectonic plate, in
which only fluctuating vertical movements have
occurred since the Jurassic. These movements were
predominantly negative from the Sarmatian to the
Quaternary, and then became mainly positive dur-
ing the Quaternary. The seismicity of the region is
one of the lowest in Bulgaria, and no active faults
have been established.

¢ The thick (up to 800 m) and spatially homogeneous
clayey deposits of the Neogene formations are most
suitable, as a host medium, for the eventual geolog-
ical disposal of HLW. They possess very favorable
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isolation properties. The aquifer horizon in the
Archar Formation, located 80—100 m from the sur-
face, might create difficulties for mining construc-
tion, but no hazards are expected with respect to
radionuclide contamination.

e A potential LILW site is located very near (about
2.5 km) to the Kozloduy NPP, in Pliocene clay sed-
iments of the Brusarci Formation. These sediments
are characterized by favorable geotechnical and
geochemical properties: the site is not affected by
hazardous geological processes, flooding, or other
hazards; and the surface erosion will be insignifi-
cant during the lifetime of the repository. The site is
characterized by a thick zone of aeration of about
20-21 m, below which a poor local aquifer is locat-
ed. The hydrogeological settings of the site are sim-
ple, and a well-defined modeling of the radionu-
clide migration will be performed.

e The groundwater discharge in the zone of the
site is very small (about 10 m?/d), which will
permit effective groundwater control. Furthermore,
the local aquifer could act as a natural horizontal
drainage system beneath the entire future reposi-
tory.

The main conclusion is that in the vicinity of the
Kozloduy NPP, the possibility exists for the same site to
be developed as a surface LILW repository and a deep
geological HLW repository. If further investigations
confirm this conclusion, the site will offer very impor-
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tant advantages from the viewpoints of safety, waste
transport, infrastructure, and local population support.
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Used Nuclear Fuel In Canada

Sean Russell and Jo-Ann Facella

Nuclear Waste Management Organization
Toronto, Ontario, Canada

Contact: Sean Russell, srussell@nwmo.ca

5.1. INTRODUCTION

Since the 1970s, Canadians have benefited from nuclear
power, and have been developing the technology and
expertise to manage used nuclear fuel for both interim
and long-term management. In 1978, the governments
of Canada and Ontario established the Canadian
Nuclear Fuel Waste Management Program as a step
towards the safe and long-term management of used
fuel. Atomic Energy of Canada Limited (AECL) and
Ontario Hydro (now Ontario Power Generation Inc.)
were the organizations primarily responsible for devel-
oping storage, transportation, and deep repository tech-
nology in Canada. In 1994, AECL submitted its concept
for placement of nuclear fuel wastes in a deep geologi-
cal repository (DGR) excavated in the plutonic rock of
the Canadian Shield. The concept underwent a federal
environmental review with public hearings (CEAA,
1998). The government of Canada responded to the rec-
ommendations of the environmental assessment panel
and issued the Nuclear Fuel Waste Act (Canada 2002).

In response to the Nuclear Fuel Waste Act, the Nuclear
Waste Management Organization (NWMO) was estab-
lished by the nuclear utilities in Canada (Ontario Power
Generation Inc., Hydro-Québec, and NB Power
Nuclear) to study options and to recommend an
approach for long-term management of Canada’s used
nuclear fuel. The NWMO was tasked to study approach-
es based on at least three methods:

1. Deep Geological Disposal in the Canadian Shield

2. Storage at Nuclear Reactor Sites
3. Centralized Storage, Either Aboveground or
Belowground

The Nuclear Fuel Waste Act required the NWMO to
submit its study to the Minister of Natural Resources
Canada by November 15, 2005, after which the federal
government will decide on the preferred approach for
Canada.

As the technical foundation for its study, NWMO rec-
ognizes that much work has been done over the past 20
years with advancing the technology for both storage
and deep geological repository concepts in Canada and
internationally. Since the Third Worldwide Review was
issued in December 2001 (Witherspoon and
Bodvarsson, 2001), significant technical progress has
been made in siting geoscience, safety assessment, and
repository system engineering. Recently, the technical
program in Canada has been managed by Ontario Power
Generation Inc. (OPG), and the work has been summa-
rized in a series of annual reports (Gierszewski et al.,
2002; 2003; 2004; Hobbs et al., 2005). In addition, con-
ceptual designs and cost estimates have been developed
for extended used-fuel storage at nuclear reactor sites,
for centralized storage and deep geological disposal
(CTECH 2003a; 2003b; 2002), and for the transporta-
tion system to a central facility (Cogema, 2003).

Similar to several other countries, despite the technical
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progress over the past decades, we have not been able to
proceed with a long-term solution that gives Canadians
confidence that the approach reflects and responds to
their values, issues, and concerns. For this reason, the
NWMO adopted a study process designed to develop
collaboratively with Canadians a management approach
for the long-term care of used nuclear fuel that is social-
ly acceptable, technically sound, environmentally
responsible, and economically feasible.

In this paper, we will outline what we have learned from
our dialogue with Canadians, describe the approaches
considered in our study, and outline our recommended
approach included in our Final Study Report Choosing
a Way Forward: The Future Management of Canada’s
Used Nuclear Fuel (NWMO, 2005b) which was sub-
mitted to the Government of Canada in November 2005.

5.2. LISTENINGTO CANADIANS

In developing a framework to assess the approaches,
NWMO understood that the challenge was to ensure
that this framework is driven by the values of Canadian
society as a whole. The approach embraced by the
NWMO in developing and implementing the framework
was aimed at ensuring a transparent and inclusive
process for:

* Shaping the questions which ought to be asked and
answered in the study, and key issues to be
addressed in the assessment of the management
approaches

¢ Determining the range of technical methods which
ought to be considered

¢ Identifying and assessing the risk, costs, and bene-
fits of each management approach

¢ Designing the overarching management structure
and implementation plans for each management
approach

The NWMO designed its three-year study as a dialogue
conducted iteratively over four phases, each phase sup-
ported by a series of milestone public discussion docu-
ments designed to:

¢ Share what we had heard from Canadians

* Describe how it was being applied in the study

* Solicit input to shape and direct subsequent steps in
the study

In our first discussion document, Asking the Right

Questions? (NWMO, 2003), we asked Canadians if we
were capturing the key questions that should be asked
and answered in the analysis and study of potential
methods for the long-term management of used nuclear
fuel. In our second discussion document, Understanding
the Choices (NWMO, 2004), we reported back on the
direction we had received from our engagement process
and research activities to date, and presented the results
of a preliminary comparative analysis of the options as
a foundation for further dialogue. In our third discussion
document, our Draft Study Report Choosing a Way
Forward (NWMO, 2005a), we again reported back on
the direction emerging from dialogue and research
activities, and outlined the recommendation that we
planned to make for broad review and discussion.

Reflecting on the comments of Canadians, it became
apparent early in the study that although we share cer-
tain values and objectives that should inform the
NWMO'’s study, the assessment of management
approaches necessarily involves difficult decisions
about priorities and the conditions under which trade-
offs among objectives would be appropriate. The dia-
logue brought into focus some of the difficult choices
and trade-offs that will need to be reflected in the assess-
ment of approaches.

53 PRELIMINARY ANALYSIS OF THE
OPTIONS

Early in the study process, the NWMO identified 14
potential methods for managing used nuclear fuel. For
the most part, Canadians agreed that our focus should be
on the three methods requiring study under the Nuclear
Fuel Waste Act as those which have the most promise.
In 2004, the NWMO assembled a multidisciplinary
group of individuals as an Assessment Team to translate
the ten questions presented in the first discussion docu-
ment into an assessment framework, taking into account
the comments of Aboriginal peoples, the public, and
specialists on those questions, and to conduct a prelim-
inary assessment of alternative approaches (Ben-Eli et
al., 2004). The Assessment Team’s methodology was
deliberately selected to allow for a holistic assessment —
one that systematically integrates social and ethical
dimensions with technical, economic, financial, and
environmental considerations.

At the core of the assessment were eight objectives and
influencing factors. The eight objectives were fairness,
public health and safety, worker health and safety, com-
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Figure 5.1. Overall design and layout of a deep geological repository

munity well-being, security, environmental integrity,
economic viability and adaptability.

By using a framework reflective of the values and con-
cerns of Canadians, the Assessment Team created a pre-
liminary description of the strengths and limitations of
the management approaches for consideration and dia-
logue among Canadians. In advancing our understand-
ing of some of the distinguishing features of the options,
this framework provided the context for a substantive
discussion with Canadians on how to consider the rela-
tive risks, costs, and benefits of the alternative manage-
ment approaches.

Here we summarize the approaches under examination
and the preliminary findings of the Assessment Team
concerning the advantages and limitations of each
approach. This description was included in our second
discussion document and was the subject of a broad dia-
logue among citizens as well as further work by spe-
cialists.

5.3.1. DEeeP GEoLOGICAL DISPOSAL ON THE
CANADIAN SHIELD

Deep geological disposal would involve siting and
developing an engineered repository located deep with-
in the stable plutonic rock of the Canadian Shield.
Conceptual designs have been prepared for the used fuel
packaging facility and associated infrastructure, as well
as the underground repository constructed at a depth of
500 to 1,000 m (CTECH, 2002). The overall design of
the deep repository is illustrated in Figure 5.1.

The siting, design, licensing, approval, and construction
of a central DGR and transportation system could take
up to 30 years to complete. Used fuel would need to be
transported from existing interim dry storage facilities at
the seven reactor sites to the central used-fuel packaging
facility. The fuel bundles would be placed into long-
lived containers, such as steel-lined copper containers,
and surrounded by clay-based sealing materials in the
vault (see Figures 5.2 and 5.3). The used fuel container
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Figure 5.3. Placement room layout in a deep geological repository
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The reference conceptual design and cost estimate
developed by CTECH (2002) for deep geological dis-
posal on the Canadian Shield was for the in-room place-
ment of used fuel containers. Other conceptual designs
are being developed for the Canadian concept; they
include the in-floor borehole concept and the long hori-
zontal borehole concept (Gierszewski et al., 2004;
Russell and Simmons, 2004). Selection of the most
appropriate placement method would depend on specif-
ic conditions at a site, and on development and demon-
stration of engineering technology, among other factors.

Analysis of deep geological disposal on the Canadian
Shield has shown that the health risks are small and less
susceptible to upset conditions, due to the passive safe-
ty nature of the system (Garisto, 2004). Transportation
risks are similar to the centralized extended storage con-
cept.

The most recent postclosure safety assessment of the
deep geological repository concept can be found in the
Third Case Study prepare by OPG (Garisto et al., 2004).
This study builds on the two previous safety analyses by

Chapter 5

Atomic Energy of Canada Limited (Goodwin et al.,
1994; 1996) and uses the most recent conceptual design
of a deep geological repository at a generic location on
the Canadian Shield (CTECH, 2002). The calculated
public dose from the assumed undetected early failure
of several used fuel containers in the repository for the
reference scenario is illustrated in Figure 5.4. The post-
closure dose was modeled for the most exposed member
of the critical group, a self-sufficient farmer residing
near the surface discharge location. The peak dose of
about 10”7 Sv/a occurs after nearly 500,000 years and is
dominated by the long-lived and relatively mobile
radionuclide iodine-129.

The Third Case Study public dose predictions are sever-
al orders of magnitude below the International
Commission on Radiological Protection reference dose
constraint of 0.3 mSv/a (ICRP, 2000) and the average
Canadian natural background dose of 1.7 mSv/a (Grasty
and LaMarre, 2004).

Advantages: Deep geological disposal in the Canadian
Shield results in the eventual permanent long-term iso-
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Figure 5.4. Postclosure safety assessment of a deep geological repository
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lation of used nuclear fuel, which reduces or may elim-
inate the necessity for institutional and operational con-
tinuity and financial surety. As a consequence, after
placement and closure, provision of long-term resources
and funding would not be required, although further
actions (such as postclosure monitoring) are not pre-
cluded. The site is chosen with specific features as a req-
uisite and, if done well, can be achieved with communi-
ty participation. The intrinsic geologic, hydrologic, and
other features of the site, in combination with engi-
neered features such as long-lived waste packages and
material buffers, isolate the used nuclear fuel from the
accessible environment for the very long time periods
that they remain hazardous. Deep placement reduces
security concerns, both before and after closure.

Limitations: Advance “proof” that such a system works
is not scientifically possible because performance is
required over thousands of years. However, detailed sci-
entific studies, natural analogues, models, and codes
form the foundation for the assurances of performance
provided to regulatory authorities and interested organi-
zations and individuals. Monitoring becomes more dif-
ficult as the used nuclear fuel is placed deep under-
ground and as the site is backfilled and closed. At this
stage, adaptability and flexibility are also reduced as
retrieval of the used fuel, for example, becomes much
more difficult, costly, and hazardous compared with
storage. Siting for a deep repository in the Canadian
Shield must pay particular attention to intrinsic geolog-
ical features, perhaps limiting options more than for
storage alternatives. As with centralized storage, com-

Figure 5.5. Dry storage container at the
Pickering Waste Management
Facility in Ontario
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munity participation in regard to siting could be con-
tentious, and transportation of the used nuclear fuel will
be required.

5.3.1. STORAGE AT NUCLEAR REACTOR SITES
Permanent or indefinite storage at the nuclear reactor
sites would involve expansion of existing interim dry
storage facilities or the establishment of new long-term
dry storage facilities at each of the seven existing
nuclear reactor sites in Canada. These interim storage
facilities have been licensed by the Canadian Nuclear
Safety Commission. The siting, approval, design, and
construction of any new storage facilities could take up
to 10 years to complete.

Examples of Canadian dry storage facilities are illus-
trated in Figures 5.5 and 5.6. Current dry storage con-
tainers are designed to last at least 50 years, but their life
expectancy is expected to be 100 years or longer.
Conceptual designs for long-term dry storage facilities
for used fuel in casks, vaults, or silos have been devel-
oped by CTECH (2003a). This option would require
ongoing maintenance, inspections, monitoring, and
security, and a cyclical program to refurbish or replace
storage buildings and repackage used-fuel storage con-
tainers. A complete cycle of refurbishment and repack-
aging of the nuclear fuel storage system is approximate-
ly 300 years.

Analysis of facilities for storage at nuclear reactor sites
has shown that there are no potentially significant pub-

o,

Figure 5.6. Concrete silos at the Wohiteshell
Laboratory in Manitoba
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lic health or ecological impacts associated with normal
operation of the facilities (Garisto, 2004). The health
risks are small and similar to the conventional risks typ-
ical of other large industrial projects.

Advantages: No off-site transportation of used nuclear
fuel would be required because the used fuel would
remain next to where it is generated. Each of these sites
already houses nuclear installations, so there is nuclear
expertise on site and in the existing communities. These
communities are familiar with the presence of nuclear
facilities, including storage of used nuclear fuel.
Further, the ability to monitor the performance and the
flexibility to adapt to changing conditions should be
facilitated. The science and technology required are well
in hand

Limitations: The key disadvantage, shared with central-
ized storage, is the need for continuing administrative
controls and operations, including the necessary fund-
ing, for the thousands of years the used nuclear fuel
remains hazardous. Unlike centralized storage, storage
at nuclear reactor sites means continued management at
a number of sites, each of which has, as its primary
focus, the production of power, not the long-term man-

Cages and Vauhs in Sterage Buldngs
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agement of used nuclear fuel. These reactor sites were
selected for their suitability for reactor operation, not for
very long-term storage of used nuclear fuel. The used
nuclear fuel will remain hazardous well beyond the
almost-certain shutdown and ultimate abandonment of
the nuclear reactor sites. Storage at nuclear reactor sites
would result in very long-term used nuclear fuel man-
agement at a number of sites located next to important
bodies of water. This raises security, environmental, and
safety issues and adds significant uncertainty, given the
potential for changes in institutions and governance, and
the likelihood of extreme natural and human-induced
events over such an extended time.

5.3.3. CENTRALIZED STORAGE

Long-term storage of used nuclear fuel would involve
siting and developing a new, long-term dry storage facil-
ity at one site in Canada. While a central facility could
be built at an existing nuclear site, for assessment pur-
poses it was assumed that the facility would be sited at
a new location. Designs have been prepared for both
aboveground and belowground (CTECH, 2003b). One
of the aboveground designs is storage in casks and
vaults in storage buildings (see Figure 5.7). An example

Sorage Baldng
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Figure 5.7. Example of centralized aboveground storage—casks and
vaults in storage buildings
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Figure 5.8. Example of centralized belowground storage—casks in rock caverns

of belowground storage is casks in rock caverns exca-
vated to a depth of 50 m in competent rock (see Figures
5.8 and 5.9). The siting, approval, design, and construc-
tion of a central storage facility and transportation sys-
tem could take up to 20 years to complete. Used fuel
would need to be transported from existing interim dry
storage facilities at the seven reactor sites to the central
facility. Once all the used fuel is transferred to the cen-
tral site, ongoing maintenance, inspections, monitoring,
and security, as well as a cyclical program to refurbish
or replace storage buildings and repackage used fuel
storage containers, would be required. As with reactor
site storage, a complete cycle of refurbishment and
repackaging of the nuclear fuel storage system is ~300
years.

Analysis of centralized extended storage facilities has
shown that the health risks are small and similar to reac-
tor-site extended storage (Garisto, 2004). The most sig-
nificant changes in health risks are those associated with
transportation of used fuel from the reactor sites to the
central facility. However, stakeholder input and mitiga-
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tion measures can be adopted to improve transportation
safety, as required.

Advantages: Centralized storage, either aboveground or
shallow belowground, would allow for the site selection
solely on the basis of used nuclear fuel management. If
done well, siting can be achieved with community par-
ticipation. These are both key potential advantages com-
pared to at-reactor storage and apply to the siting of a
deep geological repository as well. Such a site could be
either at an already existing nuclear site, if suitable, or at
a different site should that prove more advantageous.
With the option of shallow belowground storage, some
of the security concerns can likely be abated. As with
storage at nuclear reactor sites, the required science and
technology are well in hand.

Limitations: Centralized storage shares with the storage-
at-nuclear-reactor-sites option the key disadvantage of
requiring effective and continuing administrative con-
trols and operations, including the required funding, for
thousands of years. It also would require the identifica-
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Figure 5.9. Underground caverns for centralized storage—enlarged view

tion and development of a site with potentially con-
tentious community involvement. Transportation of the
used nuclear fuel to the site would be required, with its
attendant risks and costs.

5.4. A FOURTH OPTION EMERGED-
ADAPTIVE PHASED MANAGE-
MENT

During almost three years of dialogue with Aboriginal
peoples, the public, and specialists, the NWMO
received very specific direction on both the way in
which we should assess the management approaches,
and the advantages and limitations of each as judged by
interested Canadians. After reviewing each of the three
options identified for study in the Nuclear Fuel Waste
Act, many Canadians suggested that an additional option
should be considered, an option that would attempt to
capitalize on the advantages of the other three approach-
es. The NWMO also heard that the way in which a man-
agement approach is implemented is as important to its
acceptability as the technology used, and we received

very specific direction on the requirements of an appro-
priate implementation plan.

In response to the interest in this fourth option, which
combines the strengths of each of the other three
options, the NWMO developed the Adaptive Phased
Management approach and launched a dialogue with
Canadians about its appropriateness in the period June
through August 2005. Adaptive Phased Management
consists of both a technical method and a management
system. The key attributes of the approach are (NWMO,
2005b):

* Centralized containment and isolation of the used
fuel in a deep geological repository within a suit-
able rock formation, such as the crystalline rock of
the Canadian Shield or Ordovician sedimentary
rock

* Flexibility in the pace and manner of implementa-
tion through a phased decision-making process,
supported by a program of continuous learning,
research and development
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* Provision for an optional step in the implementation
process in the form of shallow underground storage
of used fuel at the central site, prior to final place-
ment in a deep repository

¢ Continuous monitoring of the used fuel to support
data collection and confirmation of the safety and
performance of the repository

* Potential for retrievability of the used fuel for an
extended period, until such time as a future society
makes a determination on the final closure, and the
appropriate form and duration of postclosure moni-
toring

The NWMO would implement this comprehensive
approach in compliance with the Nuclear Fuel Waste
Act, and would:

* Meet or exceed all applicable regulatory standards
and requirements for protecting the health, safety
and security of humans and the environment.

e Provide financial surety through funding by the
nuclear energy corporations (currently Ontario
Power Generation Inc., Hydro-Québec and NB
Power Nuclear) and Atomic Energy of Canada
Limited, according to a financial formula as
required by the Nuclear Fuel Waste Act.

¢ Seek an informed, willing community to host the
central facilities. The site must meet the scientific
and technical criteria chosen to ensure that multiple
engineered and natural barriers will protect human
beings, other life forms, and the biosphere.
Implementation of the approach will respect the
social, cultural, and economic aspirations of the
affected communities.

* Focus site selection for the facilities on those
provinces that are directly involved in the nuclear
fuel cycle.

* Sustain the engagement of people and communities
throughout the phased process of decision and
implementation.

* Be responsive to advances in technology, natural
and social science research, Aboriginal Traditional
Knowledge, and societal values and expectations.

Among the key insights which emerged from the
NWMO study are that any management approach, no
matter how well conceived, will fail if it is not also well
executed. The process by which a management
approach is implemented, and the institutions and sys-
tems which are put in place, will be important determi-
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nants of the overall effectiveness of the approach and
the extent to which it is and continues to be responsive
to societal needs and concerns. The process of imple-
mentation is very important to social acceptability.

Over the course of dialogues with Aboriginal peoples,
the public and specialists, many focused their comments
on the features they believe should be part of the imple-
mentation plan that accompanies the management
approach selected by the Government of Canada. Much
of the common ground uncovered in the NWMO study
relates to principles and expectations for how decisions
will be taken, how citizens will be involved, and how
any management approach will be implemented and
monitored over time. The NWMO recommendation is
accompanied by a commitment to an implementation
process that includes a recognition of the need for con-
tinuous learning, and a commitment to collaboratively
define and periodically assess indicators of progress as
a means of facilitating adaptation to evolving condi-
tions.

Adaptive Phased Management is a staged management
approach with three phases of implementation, which
are briefly summarized below (NWMO, 2005b).

5.4.1. PHASE |: PREPARING FOR CENTRAL
Usep FUEL MANAGEMENT

This phase sets the necessary building blocks for estab-
lishing the facilities and infrastructure for long-term
management of used fuel. While much has been done to
advance the technology for used fuel management in
Canada, more research and development work needs to
be completed. Adaptive Phased Management would
enable us to take the time required to gain greater cer-
tainty in the performance of used fuel storage, trans-
portation, containment and isolation technologies—and
Canadians would have the opportunity to participate in
the radioactive waste management programs in other
countries with similar concepts and geographic features.

Phase 1 is expected to take approximately 30 years to
implement and would focus on preparing for central
used fuel management over the long term. Phase 1 activ-
ities would include:

* Maintain storage and monitoring of used fuel at
nuclear reactor sites.

¢ Develop with citizens an engagement program for
activities such as design of the process of choosing
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a site, development of technology and key deci-
sions during implementation.

Continue engagement with regulatory authorities to
ensure pre-licensing work would be suitable for the
subsequent licensing processes.

Select a central site that has rock formations suit-
able for shallow underground storage, an under-
ground characterization facility, and a deep geolog-
ical repository.

Continue research into technology improvements
for used fuel management.

Initiate licensing process, which triggers the envi-
ronmental assessment process under the Canadian
Environmental Assessment Act.

Undertake site characterization, safety analyses,
and an environmental assessment for the shallow
underground storage facility, underground charac-
terization facility, and deep geological repository at
the central site, and to enable transport of used fuel
from the reactor sites.

Obtain a license to prepare the site.

* Develop and certify transportation containers and
used fuel handling capabilities.

* Obtain a license to construct the underground char-
acterization facility at the central site.

¢ Decide whether or not to proceed with construction
of the shallow underground storage facility and to
transport used fuel to the central site for storage.

* If a decision is made to construct the shallow under-
ground storage facility, obtain a construction
license and then an operating license for the storage
facility.

A generalization of Phase 1 of Adaptive Phased
Management is illustrated in Figure 5.10.

5.4.2. PHASE 2: CENTRAL STORAGE AND
TECHNOLOGY DEMONSTRATION

Phase 2 of Adaptive Phased Management is expected to
take an additional 30 years to implement and would
focus on central storage and demonstration of long-term
containment and isolation technology at the under-

LEGEND
1. Nuclear Generating Station
2. Processing Building

3. Storage Buildings

4, Casks in Storage

Figure 5.10. Phase |: Preparing for central used fuel management
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Figure 5.11. Phase 2: Central storage and technology demonstration

ground characterization facility at the central site. Phase
2 activities would include:

* If a decision is made to construct shallow under-
ground storage, begin transport of used fuel from
the reactor sites to the central site for storage.

e If a decision is made not to construct shallow
underground storage, continue storage of used fuel
at reactor sites until the deep repository is available
at the central site.

¢ Conduct research and testing at the underground
characterization facility to demonstrate and confirm
the suitability of the site and the deep repository
technology.

* Engage citizens in the process of assessing the site,
the technology, and the timing for placement of
used fuel in the deep repository.

¢ Decide when to construct the deep repository at the
central site for long-term containment and isolation.

50

¢ Complete the final design and safety analyses to
obtain the required operating license for the deep
repository and associated surface handling facili-
ties.

A generalization of Phase 2 of Adaptive Phased
Management is illustrated in Figure 5.11.

5.4.3. PHASE 3: LONG-TERM CONTAINMENT,
ISOLATION AND MONITORING

Phase 3 of Adaptive Phased Management is expected to
extend beyond the first 60 years to implement and
would focus on long-term containment, isolation, and
monitoring. Based on current scientific knowledge, the
best way to ensure long-term containment and isolation
of used nuclear fuel is to put it in engineered systems
underground in a deep geological repository that would
keep it isolated from humans and the environment for a
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Figure 5.12. Phase 3: Long-term containment, isolation and monitoring

very long time. We have substantial geotechnical evi-
dence, natural analogues, and safety analyses in Canada
and internationally to support the deep geological repos-
itory concept.

Phase 3 activities would include:

* If used fuel is stored at a central shallow under-
ground facility, retrieve and repackage used fuel
into long-lived containers.

e If used fuel is stored at reactor sites, transport used
fuel to the central facility for repackaging.

¢ Place the used fuel containers into the deep geolog-
ical repository for final containment and isolation.

¢ Decommission the shallow underground storage
facility.

* Continue monitoring and maintain access to the
deep repository for an extended period of time to
assess the performance of the repository system and
to allow retrieval of used fuel, if required.

* Engage citizens in ongoing monitoring of the facil-
ity.

* A future generation would decide when to decom-
mission the underground characterization facility
and any remaining long-term experiments or
demonstrations of technology, and when to close
the repository, decommission the surface handling
facilities, and what the nature of any postclosure
monitoring of the system would involve.

A generalization of Phase 3 of Adaptive Phased
Management is illustrated in Figure 5.12.

5.5 DISCUSSION OF MANAGEMENT
APPROACHES

Over the course of an iterative dialogue with Aboriginal
peoples, the public, and specialists, the NWMO has
undertaken a comparison of the benefits, risks and costs
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of each management approach with those of the other
approaches, taking into account the economic regions in
which the approach might be implemented, as well as
the social and economic considerations associated with
it. This comparative analysis of approaches has been
documented in a series of reports during the NWMO
study process (Ben-Eli et al., 2004; Golder Associates
Limited and Gartner Lee Limited 2005a; 2005b; 2005c;
NWMO, 2005b).

The storage options, Option 2, Storage at Nuclear
Reactor Sites and Option 3, Centralized Storage, are
expected to perform well over the near term. However,
the NWMO believes that the risks and uncertainties
concerning the performance of these storage options
over the long term are substantial in the areas of public
health and safety, environmental integrity, security, eco-
nomic viability, and fairness. A key contributing factor
to this expected performance is the extent to which the
storage options rely on strong institutions and active
management to ensure safe and effective performance of
the management system. The NWMO expects that these
institutions and capacity for active management will be
strong over the foreseeable future, but uncertain over the
long term.

Option 1, Deep Geological Disposal in the Canadian
Shield, is judged to perform well against the objectives
in the very long term because of the combination of
engineered and natural barriers to isolate the used fuel.
Akey weakness is its adaptability, which is an important
objective for Canadian citizens. Over the short term, the
approach is judged to be less flexible in responding to
changing knowledge or circumstances either concerning
the performance of the system itself over time, or more
broadly to innovations in waste management technolo-
gies.

Option 4, Adaptive Phased Management is different
from Option 1, Deep Geological Disposal in the
Canadian Shield, in several respects:
¢ Adaptive Phased Management is both a technical
method and a management system with an empha-
sis on adaptability. Through a phased implementa-
tion process with explicit decision points, new
knowledge and technology can be accommodated,
as can the societal change that will be inevitable
over the time period of implementation.
¢ The inclusion of sedimentary rock as a potential
host rock formation for a deep geological reposito-

ry is based on international experience and work in
Canada, which identified several independent geo-
scientific arguments suggesting that Ordovician
shales and limestones would provide a highly suit-
able environment for a repository (Mazurek, 2004).
This analysis followed previous studies in Canada
on the potentially suitability of sedimentary rock
for a deep geological repository for used fuel (Aikin
et al., 1977; Russell and Gale, 1982; Heystee,
1989). This feature of the approach expands the
possible geotechnically suitable sites for a central
facility and will provide a greater opportunity to
balance a wide range of societal objectives without
compromising safety.

¢ Contingencies against unforeseen events, either
natural or human-induced, are built in and funded
to ensure that it is this generation of Canadians that
is assuming financial responsibility. The optional
step of providing shallow underground storage at
the central site could respond to calls for enhanced
security or the need or wishes of reactor-site com-
munities to move the used fuel more quickly to a
central location.

* And finally, these two management approaches
were derived in very different ways. The disposal
option was developed almost exclusively by scien-
tific, technological, and engineering specialists.
Adaptive Phased Management evolved through a
process of engagement with citizens, including spe-
cialists. Consequently, the approach is built to
respond to a broader set of considerations and val-
ues, to recognize common ground, and to balance
competing objectives.

Overall, the majority of Canadians who engaged in our
dialogues considered the Adaptive Phased Management
approach to be appropriate and reasonable for Canada
(Stratos, 2005; Navigator, 2005). The approach contains
a number of design elements that provide people with
the comfort they need to accept Adaptive Phased
Management as an appropriate approach for Canada.

Dialogue with Canadians has highlighted that an opti-
mal balance must be found between flexibility in the
near term, which allows for new learning, and the
implementation of an approach that contains and iso-
lates the used fuel in a way that does not require active
care by people over the very long term. The NWMO
believes that Adaptive Phased Management achieves
such a balance.
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5.6. CONCLUSION

The NWMO has studied, with Canadians, approaches
for long-term care of Canada’s used nuclear fuel and has
recommended Adaptive Phased Management, a risk
management approach that is responsive to what we
understand to be the values and expectations of
Canadians in providing safe and secure isolation of used
fuel for the very long term, and responsible in that it
commits this generation of Canadians to take the first
steps now to manage the used fuel that we have created
over the long term.
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6.1. THE LATEST NUCLEAR POWER
DEVELOPMENT PLAN—30 MORE
NUCLEAR REACTORS

As a result of the recent, rapid economic growth in
China, electricity shortages have become a major prob-
lem over the past few years in some coastal provinces.
This situation has made the Chinese government change
its policy regarding nuclear power plant development.
In 2003, to meet the strong demand for electricity, the
government decided to pursue “active development of
nuclear power.” It has determined that the installed
capacity of nuclear power plants (NPP) will reach 40
GW by 2020, and that the electricity produced by these
plants will provide only 4% of the total electricity pro-
duction. This finding means that about 30 more nuclear
reactors (1,000 MW-grade) must be constructed before
the year 2020.

At present, there are five NPPs in operation on the
Chinese mainland: Qinshan, Qinshan-II, and Qinshan-
IIT in eastern China (Zhejiang province), and Daya Bay
and Lin’ao in southern China (Guangdong province).
Together with the Tianwan NPPs (2 units) under con-
struction, the total electrical capacity produced by NPPs
will be 9.13 GW by 2005. This will account for 1.6% of
the total installed electricity capacity in China, while the
electricity produced accounts for 2.29%.

To safely dispose of high-level radioactive waste gener-
ated from the current/future nuclear power plants and
other nuclear facilities, China has proposed a long-term
program and has been conducting research for the final
disposal of high-level radioactive waste since 1985. The
China Atomic Energy Authority (CAEA) is the govern-
ment organization in charge of radioactive waste dis-
posal, whereas the State Environment Protection
Administration (SEPA) is the regulatory body. The
implementation activities related to radioactive waste
disposal are currently managed by the China National
Nuclear Corporation (CNNC), while the Beijing
Research Institute of Uranium Geology (BRIUG) is the
lead institute at present.

It is estimated from the Chinese nuclear power plan that
the accumulated spent nuclear fuel will be 1,000 tons by
2010, and 2,000 tons by 2015. After 2020, about 1,000
tons of spent fuel will be produced each year.

The spent nuclear fuel in China will be reprocessed first,
followed by vitrification and final geological disposal of
high-level radioactive waste. The repository will be a
shaft-tunnel model, located in saturated zones in granite.
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China has also been building a pilot reprocessing plant,
which will be put into operation in 2008. The siting for
a commercial reprocessing plant will begin soon, and
this plant is scheduled to be built in about 2020.

6.2. STRATEGY FOR HIGH-LEVEL
RADIOACTIVE WASTE DISPOSAL
AND LONG-TERM PLAN

In 1985, CNNC proposed an R&D program for the deep
geological disposal (DGD) of high-level radioactive
waste (HLW) (Yang, 1992). The program was divided
into four phases: (1) technical preparation, (2) geological
study, (3) in situ testing, and (4) repository construction.
The objective of the program is to build a granitic nation-
al geological repository by 2040 that can isolate vitrified
waste, transuranic waste, and HLW. The DGD program
was preliminary, and it has been revised as the program
progresses.

In earlier years, owing to a shortage of experience, there
was no exact technical strategy for the development of an
HLW repository. However, a significant effort has been
made on fundamental research, and the importance of a
generic underground research laboratory (URL) has been
recognized. URLs have been used only for methodolog-
ical studies, such as the Stripa Mine and the Aspo URL
in Sweden, the Asse Salt Mine in Germany, the Grimsel

Test Site and Mt. Terri URL in Switzerland, the URL in
Canada, the HADES facility in Mol, Belgium, and the
Tono Mine and Kamaishi Mine in Japan.

Based on the experience obtained in other countries, and
considering the situation in China, a preliminary three-
step development strategy for HLW disposal in China is
proposed:

Step 1. Site selection and site characterization

Step 2. Construction of a URL at the potential site for
the HLW repository

Step 3. Construction of the HLW repository

Fundamental and supporting research, such as on perfor-
mance assessment, backfill material, radionuclide migra-
tion, natural analogues, and the technology for construc-
tion, sealing, and closure of the repository, are all con-
ducted at the same time.

During Step 1, nationwide site screening, regional
screening, subregional selection, deep geological envi-
ronment studies, and site characterization will be carried
out, with the objective of finding and confirming the
final site. The Beishan area, located in northwest China's
Gansu province, has been selected as the area most suit-
able for an HLW repository. Within the Beishan area,
three granitic sections (Jiujing, Xiangyangshan-

Table 6.1.The long-term plan for the implementation of China’'s high-level radioactive

waste repository

Activities Phase 1:2001-2005
Site Selection and Site

Confirmation

Phase 3:2030-2050
Repository
Construction

Phase 2:2015-2030
URL Construction &
in situ Tests

Site selection and Area/site selection, surface

site characterization investigation, borehole
drilling and testing, complete

site confirmation

Supplementary work for Monitoring of the site

site characterization

Underground Research
Laboratory (URL)

Feasibility study, URL site
recommendation, Design of
URL

Part of in situ tests,
monitoring of

Construction of URL, In situ
tests & demonstration

of disposal technology repository

HLW Repository Conceptual design

Preliminary design and Construction completed

detailed design around 2050

Research and Studies on radionuclide

Development migration, engineered barriers,
performance assessment

methodologies

Studies on in situ tests, Studies on repository

radionuclide migration closure, monitoring, etc.
engineered barriers,

construction technologies
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Xinchang, and Yemaquan) are considered as the most
suitable sections. During 1999-2004, surface geological,
hydrogeological, and geophysical surveys and borehole
drilling have been conducted in the Jiujing and
Yemaquan granitic sections, while over the next 5 years
(2006-2010), similar work will be conducted on the
other sites. During Step 2, a URL will be built at the site
selected during Step 1. This URL will serve as a method-
ological laboratory and for site evaluation. During Step
3, a final repository will be built at the site. It might also
be built based on results from a previous URL.

This three-step strategy could serve as a time- and
money-saving strategy, because a wealth of methodolog-
ical data from foreign URLSs is now available, and thus a
generic URL may not be truly necessary for China's pro-
gram.

A preliminary long-term plan for the implementation of
China's high-level radioactive waste repository is out-
lined in Table 6.1. It is estimated that a site-specific URL
at Beishan will be constructed between 2015 and 2020,
and a national repository will be built by ~2050 (Zhang,
2004).

6.3. PROGRESS IN SITE SELECTION
AND SITE CHARACTERIZATION
6.3.1. SITE SELECTION
Site selection, which started in 1986, has been an impor-
tant part of China’s HLW disposal program. The entire
siting process was divided into four stages: nationwide
screening, regional screening, area screening, and site
confirmation. During the siting process, the following
have been considered: socio-economic and natural fac-
tors (including population), economic potential,
plant/animal resources, mineral resources, land use, local
public attitude, geological/ hydrogeological conditions,
and engineering conditions. Since 1985, the following
site-selection activities have been conducted.

* Nationwide screening (1985-1986): Following the
preliminary siting criteria, five regions were select-
ed as potential repository sites: southwestern China,
eastern China, Inner Mongolia, southern China, and
northwestern China.

¢ Regional screening (1986-1989): Based on results
from the previous stage, further investigations
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resulted in the selection of 21 candidate areas. In the
northwestern China region, the Beishan area in
Gansu Province was found to be the most promising
area.

¢ Area screening (1990—present): Since 1990, most of
the site selection effort has been concentrated on the
Beishan area. A number of studies have been con-
ducted there, on regional crust stability, tectonic
evolution, lithology, and hydrogeology, as well as
preliminary geophysical surveys. At the same time,
possible host-rock types for the repository were also
investigated, with the conclusion that granite would
be the most suitable medium for China’s repository.

6.3.2. SITE CHARACTERIZATION

Since 1993, our efforts have been concentrated on the
Beishan area. Investigations in this area have included
studies of the regional geologic setting, crustal stability,
geological characteristics, hydrogeology, and site char-
acterization methodology. Also during this time, the
International Atomic Energy Agency (IAEA) collabo-
rated on China’s site characterization program through
technical cooperation projects (Project Number:
CPR/9/026 and CPR/4/024). Eight granitic sections in
this area were selected as candidates for HLW. Among
them, three sections (Jiujing, Xiangyangshan-Xinchang,
and Yemaquan) were subsequently chosen as the best
prospects.

During 1999-2004, the Beijing Research Institute of
Uranium Geology conducted site characterization stud-
ies at the Jiujing and Yemaquan sections in the Beishan
area (Wang, 2001). Field work on surface geology,
hydrogeology and geophysical investigations and the
drilling of four boreholes (BSO1, BS02, BS03, and
BS04) were carried out. A series of borehole tests—such
as pumping tests, injection tests, borehole
televiewer/radar surveys, sample-collection, and
geostress measurements—have been conducted.
Favorable results were obtained, which provide impor-
tant data for evaluating the suitability of the Jiujing and
Yemaquan sections. We have also gained valuable expe-
rience in the methods for evaluating sites in arid, frac-
tured-granitic areas (Wang, 2004b).

Once it is verified that the Beishan area is suitable, a
URL will be built there, and more detailed site evalua-
tion, in situ tests, and underground experiments will be
carried out. The URL will serve as both a methodologi-
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cal laboratory and site confirmation tool, and could be
further developed into an actual HLW repository.

6.3.3. GEOLOGY OF BEISHAN AREA

The Beishan area, in Gansu province, is the preselected
area for China’s high level radioactive waste repository.
The crust in this area ranges in thickness from 47 to 50
km. The seismic intensity of the area is less than 6.0, and
no earthquakes with Ms > 4.75 have occurred. The
topography of the area is characterized by the flat Gobi
Desert and small hills, with elevations above sea level
ranging between 1,000 m and 2,000 m. Deviations in
height are usually several tens of meters. Since the
Tertiary, this has been a slowly uplifting area without
obvious differential movements. The geological charac-
teristics of the area show that the crust is stable and has
a great potential for the construction of a high-level
radioactive waste repository.

Eight granitic sections have been selected as potential
host sites for the future URL and HLW repository:

. Jiujing (monzonitic granite and tonalite)
. Xinchang (granite)

. Xiangyangshan (diorite)

. Yemaquan (diorite)

. Qianhongquan (granite)

. Yinmachang-beishan (granite)

. Xianshuijing (diorite)

. Baiyuantoushan-Heishantou (granite)

0N AW

Among them, three sections (Jiujing, Xiangyangshan-
Xinchang, and Yemaquan) have been chosen as sites
with the highest potential, and detailed work is to be
concentrated on them.

6.3.4. FUTURE PLAN FOR SITE SELECTION

Two of these sections (Xiangyangshan-Xinchang and
Yemaquan),will be investigated in the coming 5-year
period (2006-2010). These investigations will include
surface geological/ hydrogeological mapping, geophys-
ical surveying, and borehole studies. In about 2015, one
or two candidate sites (each about 4 X 4 km? in area) will
be proposed for a site-specific underground research
laboratory, where further work will be conducted con-
tinuously. Based on the findings and water/rock samples
collected, substantial laboratory investigations will be
carried out, including radionuclide migration experi-
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ments (sorption and diffusion of radionuclides on the
granite samples), water-rock interaction, water-ben-
tonite interaction, modeling of the site, and preliminary
performance assessment.

6.4. MAJOR ACHIEVEMENTS OF SITE
CHARACTERIZATION DURING
2002-2004

6.4.1. GEOLOGICAL MAPPING IN THE
YEMAQUAN SECTION

Yemaquan, one of the candidate sections for a future
HLW repository in the Beishan area, is located in the
central part of Beishan, 150 km north of Jiayuguan,
Gansu province. No permanent inhabitants live in the
area. The district is in the arid Gobi Desert, with rocky
outcrops and an elevation ranging between 1,400 m and
1,600 m. The mean annual temperature is between 4—7
°C. Average precipitation is 70 mm/a, while evaporation
is about 3,000 mm/a. No year-long stream or other sur-
face water body exists in the area.

In 2002, a geological investigation, at the scale of
1:50,000, was carried out in the Yemaquan area, result-
ing in the completion of a geological map (Figure 6.1).
In this region, the candidate host rock is Yemaquan
granite, over an area of 116 km?, which is composed of
three units: the Hongqiquan, Fanxiushan, and
Dongtanyaojing, with isotope ages of 290 Ma, 278 Ma,
and 200 Ma, respectively. There are three fault groups:
an east-west striking group, a north-west striking group,
and a north-east striking group, all of which are evident
in a surface electromagnetic survey.

6.4.2. HYDROGEOLOGICAL INVESTIGATION OF
THE YEMAQUAN SECTION

The water-bearing media in the Yemaquan district
include fractures of the crystalline basement, fractures,
pores of sedimentary rocks, and pores of the Quaternary
system. Three groundwater units can be classified in the
area: upland rocky fissure, valley and depression pore-
fissure, and basin pore-fissure. The upland rocky-fissure
unit is the most widely distributed in the Yemaquan dis-
trict. Water in this unit is mainly phreatic water con-
tained in the weathering and structural fractures.
Groundwater recharge is mainly from precipitation
infiltration, whereas the discharge is mainly controlled
by evaporation and flows into the fracture water-bearing
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Figure 6.1. Map showing the geology of the Yemaquan section in Beishan, Gansu Province, north-

western China

zone, and underground intermountain runoff. The depth
of the water table is generally more than 15 m.

The water content is obviously controlled by topogra-
phy and geomorphologic landscape. Valley and depres-
sion pore-fissure groundwater is mainly recharged by
the infiltration of rainfall and temporary flooding, and
the main discharge relies on evaporation and runoff
towards the basins around the pore-fissure unit. Water
table depth for this type is generally less than 5 m. Pore-
fissure water is mainly distributed in the basins around
the Yemaquan granite body. These basins are mainly
composed of Jurassic, Tertiary, and Quaternary sedi-
mentary rocks. The flow of the basin groundwater varies
within a wide range, from 10 m3/d to 1,000 m3/d, the
variation depending mainly on conditions of basin scale,
lithology of the aquifer, and structure.

The regional groundwater flow direction is from west to
east, but within the Yemaquan granite body, the flow
direction is from the center to the periphery of the basin.
This groundwater is mainly saline water with total dis-
solved solids (TDS) > 2 g/L. Water chemical types are
mainly CI'-Na*, CI~.SO,* —Na*, and SO,*.CI"-Na*, indi-
cating that evaporation is the primary mode of dis-
charge.

Thirty-two shallow groundwater samples were collected
for hydrogen and oxygen isotope measurement. The
major results are: for 8'%0: -7.0%0 to -11%o; for
dD: -53%o to -66.5%0; for H: 5.08 to 38.5 TU. The
dD-8'80 plot shows that the groundwater samples fall
along a very similar meteoric water line, which indicates
that the groundwater is of meteoric origin. In addition,
from the groundwater tritium data of the district, we can
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also conclude that the shallow groundwater system is
relatively open, and water circulation in this system is
greater than in the deep groundwater.

6.4.3. DRILLING OF BOREHOLES BS03 AND
BS04

In 2003, two more boreholes were completed: BSO3 in
Jiujing section and BS04 in Yemaquan section. The
depth of both boreholes was 500 m. Water samples from
borehole BS04 show 8D ranging from -73.26.0%o
to -75.9%0, 880 from 5.78 to 5.82%o, and 3H of 7.7 TU,
reflecting different features from that of the shallow
groundwater.

6.4.4. BOREHOLE HYDROGEOLOGICAL TESTING

1. Pumping tests. Pumping tests were carried out in
BS04 after the end of the drilling. Hydraulic con-
ductivities based on the testing are shown in Table
6.2. From the table, we can see that the water yield
was only from 0.00165 to 0.024 L/s when the draw-

down varied from 11.04 to 37.04 m.
Correspondingly, the hydraulic conductivities were
in the 10 m/s order of magnitude. This indicates
that the area around borehole BS04 is very low in
water-yield properties.

2. Injection tests: After drilling was completed in
BS03, 18 intervals with fractures were chosen to
carry out injection tests using a double packer sys-
tem. The results are shown in Table 6.3; and they
indicate that the hydraulic conductivity of the frac-
tured granite ranges from 7.71 x 10 to 1.14 x 10”7
m/s.

6.4.5. GEOSTRESS MEASUREMENTS IN BS03

A hydraulic fracturing method was used to measure the
geostress field in BS03. Nineteen intervals were suc-
cessfully tested in borehole BS03. The results show that
the maximum horizontal principal stress is 16.92 MPa at
a depth of 461.73 m, which belongs to the middle stress

Table 6.2. Pumping test results for borehole BS04 after drilling

Water yield Q (L/s) Drawdown (m) Hydraulic conductivities (m/s)
0.00165 11.04 1.278 x 10”7
0.0024 23.04 1.088 x 10~
0.024 37.04 9.606 x 107

Table 6.3. Injection test results for Borehole BS03
Interval Water Yield Hydraulic conductivities (m/s)

(L/minutes)

127.5~134m 1.0 1.28 x 108
135~141.5m 0.6 7.71 x 107
148~154.5m 13.6 I.14 x 107
156~162.5m 14.6 1.75 x 107
171.5~178m 9.0 1.16 x 107
187.5~194m 9.4 1.22 x 107
195.5~202m 1.2 9.43 x 10”7
209.9~216.4m 6.8 537 x 108
223~229.5m 14.0 1.82 x 107
252~258.5m 5.2 4.12 x 108
276~282.5m 8.2 6.50 x 108
313.5~320m 6.5 517 x 108
384.7~391.2m 4.4 3.53 x 108
392.2~398.7m 3.6 2.90 x 108
402~408.5m 4.2 3.38 x 108
455~461.5m 13.1 1.79 x 107
467~473.5m 13.8 3.50 x 107
487~493.5m 2.6 2.00 x 107
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region. The minimum horizontal principal stress is 4.83
MPa at a depth of 152.70 m. The direction of maximum
horizontal principal stress ranges from NE 65° to NE
71.5°.

6.4.6. BOREHOLE RADAR MEASUREMENTS IN
BS03

Borehole radar measurements were made in BS03 and
BS04. The instrument used was produced by Mala
Geosceince Company in Sweden, and the following are
the parameters during the measurements:

¢ Antenna frequency: 250 MHz

¢ Distance of transmitting or intercepting: 1.9 m
e Sampling frequency: 5316 MHz

e Sampling space: 0.1 m

* Surposition times: 64

¢ Time window: 141 ns and 188 ns

Figure 6.2 provides an example of radar measurement

Chapter 6

imaging in BS03. An interpretation of the results shows
that there are 21 fractures and 1 punctual reflector along
the borehole. The results demonstrate the effectiveness
of this kind of measurement.

6.5. PROGRESS IN BUFFER/BACKEFILL

MATERIAL STUDIES

The concept of geological disposal of high-level
radioactive waste in China is based on the concept of a
multibarrier system, which combines an isolating geo-
logical environment with an engineered barrier system.
The buffer/backfill material is one of the main engi-
neered barriers for the repository in China, and ben-
tonite has been selected for this material.

The basic requirement of the buffer is to: retard radionu-
clide migration by restricting groundwater movement;
provide a high sorption capacity for dissolved nuclides;
and act as a filter for radionuclide-bearing colloids. To
ensure safety over the long time periods of interest, we
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Figure 6.2. Borehole radar measurement image in BS03 (depth at 436 m and 494 m)
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must demonstrate that no significant detrimental impact
on the physical properties of the buffer material can
occur. In parallel, we must also demonstrate the feasi-
bility of manufacturing and installing the buffer. Natural
clay is a material that can satisfy all the above functions,
to a greater or lesser extent. Among the types of natural
clay, bentonite, when compacted, is considered a supe-
rior barrier because: (1) it has an exceptionally low
water permeability; (2) it fills void spaces in the buffer
and fractures in the host rock as it swells upon water
uptake; and (3) it has the ability to exchange cations and
to adsorb cationic radioelements.

A comprehensive investigation has been carried out to
locate suitable deposits of bentonite in China. First,
screening criteria for the deposits were proposed:

1. Scale—the candidate bentonite deposit should be
large enough to meet the demand for a future HLW
repository built 30 or 40 years from now.

2. Quality—as the reference buffer material in an
HLW repository, the bentonite must have extreme-
ly low permeability, high durability, high swelling
properties, suitable thermal conductivity, and rea-
sonable stability, to ensure safety over the long time
scales of interest. Given these considerations, Na-
bentonite, with high montmorillonite content, is
desirable because of its swelling properties and (in
general) higher cation exchange capacity.

3. Economic considerations—apart from large
reserves, the bentonite mine should also satisfy
mineability and economic feasibility requirements.
In other words, the candidate mine should be a thin
superstratum that would accommodate open-pit
mining.

4. Location—transportation of bentonite from the
mine to the candidate repository should be conve-
nient, and the cost should be as low as possible. The
investigation found 84 major deposits of bentonite
in China, with Gaomiaozi (GMZ) bentonite
deposits (more fully described in the following
paragraph) selected as the candidate buffer material
for China’s HLW repository.

The GMZ bentonite deposit is a large-scale deposit
located in the northern Chinese-Inner Mongolia
autonomous region, 300 km northwest of Beijing.
Transportation from this mine to the Beishan region
would be very convenient. The deposit, with bedded
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ores, was formed in the upper Jurassic period. Ore min-
erals include montmorillonite, coexisting with illite.
Gangue minerals include feldspar, quartz, calcite, zeo-
lites, cristobalite, and unaltered volcanic glass. The
mine area is about 72 km? and contains a reserve of
about 160 million tons with 120 million tons of Na-ben-
tonite reserves. The major ore body of the deposit
extends about 8,150 m, with a thickness ranging from
8.78 m to ~20.47 m.

A preliminary study of the basic properties of GMZ ben-
tonite shows that this bentonite is characterized by a
high content of montmorillonite (>70%) and low impu-
rities. Research conducted on its swelling, mechanical,
hydraulic, and thermal properties has shown GMZ ben-
tonite to be a good buffer/backfill material (Wang,
2004b). Comprehensive studies, including an investiga-
tion of the coupled thermal-hydraulic-mechanical
behavior of the bentonite, are still ongoing.

6.6. PROGRESS IN RADIONUCLIDE
MIGRATION STUDIES

The migration behavior of radionuclides is critical and
fundamental for HLW disposal, and comprehensive
studies have been conducted in this area. The radionu-
clides studied include: Pu-239, Np-237, Am-241, Tc-99,
I-131, Cs-134, Cs-137, Co-57, Se-75, and Sr-90. The
media studied include granite, bentonite, granite frac-
tures, and some metallic minerals. The important studies
include:

1. The sorption and diffusion of Tc-99, Np-237, Pu-
239, and Am-241 on bentonite (Wen, 1997; Yao,
2004);

2. The sorption of Tc-99 and I-129 on stibnite, tie-
mannite, jamsonite, and active carbon of apricot-
shell (Zhuang, 2004). The results show that the
sorption of iodine for tiemannite and active carbon
of apricot-shell are on the order of 10° mL/g, while
the sorption ratio of TcO,~ for jamsonite is on the
order of 10* mL/g. Also, the sorption ratio of Tc-99
for the active carbon of apricot-shell is on the order
of 10* mL/g. These mineral materials could be con-
sidered as additives to bentonite, to prevent the
migration of active radionuclides such as Tc-99 and
I-129.

3. Sorption of Np-237, Pu-239, and Am-241 for stib-
nite: our studies show that the sorption ratio of Np-

Geological Challenges in Radioactive Waste Isolation



237, Pu-239, and Am-241 for stibnite can reach 1.7
X 103, >4.2 x 10* and 1.4 x 10* mL/g respectively.

4. Establishment of a small-scale RADionuclide
MIGration study device (RADMIG), which can
simulate the conditions of a repository. The specifi-
cation of the device is T=100 °C, P=5 MPa, Eh < -
200 mV.

5. The migration behavior of Np, Pu, and Tc in the
Beishan granite, including the measurement of
sorption ratio and diffusion coefficient. The experi-
ments were conducted in low-oxygen glove boxes.
Those results are site-specific, which are quite use-
ful for performance assessment.

6. The migration behavior of Tc-99 in a natural single
granitic fracture: a 2-D model was established to
describe the concentration distribution of Tc-99.

7. The studies on the speciation of Np, Pu, Tc, Am in
groundwater, especially the groundwater from the
boreholes at the Beishan site (Zhang, 2004).

8. The colloids of Np, Pu, and Tc in groundwater, and
its impact on the migration of those radionuclides.

6.7. ANALOGUE STUDIES

The following natural analogue studies and anthro-
pogenic studies have been conducted (Wang, 2004b):

1. A natural analogue study of the Lianshanguan ura-
nium deposit. The content of Pu-239 in uranium
ores and host rocks was analyzed. Results showed
that there has been no Pu-239 migration from the
uranium ores since they were formed 1,900 Ma.

2. The geochemical behavior of Iodine-129 at the
Lianshanguan uranium deposit (Chen, 1998). The
content of I-129 in uranium ore and groundwater
was analyzed by accelerator mass spectrometry
(AMS). Results showed that the groundwater has
leached out I-129 from the uranium ores, indicating
that I-129 is a type of active radionuclide.

3. Uranium-series radionuclide and element migration
around the Sanerliu granite-hosted uranium deposit
in Southern China (Min, 1998). The results show
that the migration of U, Th, and most trace elements
in the uranium ores and host granite are limited,
often less than 30-35 m over 51 Ma. Due to the
existence of clay minerals in fractures, the migra-
tion of uranium-series radionuclides along the frac-
tures is very limited.

4. Migration of some elements and radionuclides
across a granite-granite contact zone (Luo, 1999). A

Chapter 6

granite-granite contact zone was used for a natural
analogue study; results show that the migration dis-
tance of major elements, trace elements, and urani-
um-series is less than 1-2 m.

5. The corrosion layers of unearthed bronze relics dat-
ing back to the Xizhou Dynasty, China. These
relics, dating back 3,000 years, were used to study
corrosion mechanisms, with the results showing
that the depth of corrosion is less than 1 mm over
the past 3,000 years.

6.8. CONCLUSIONS

High-level radioactive waste disposal is a challenging
task, one that is crucial to the sustainable development
of the nuclear industry in China. Necessary resources
have been arranged for the final geological disposal of
high-level waste. A technical strategy and long-term
plan have been proposed. Since 1985, progress has been
made in site selection and site characterization, backfill
material studies, radionuclide migration, and analogue
studies. Beishan, located in northwest China's Gansu
Province, has been selected as the most promising site
for China's high-level radioactive waste repository.
During the period 2000-2004, four boreholes were
drilled in the Jiujing and Yemaquan sections within the
Beishan area; the findings from that activity have shown
the advantages of the site. A continued effort will be
concentrated on the Beishan area, with associated labo-
ratory research to be carried out in the coming years.
The purpose is to prepare for the construction of a high-
level radioactive waste repository in China by ~2050.
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Current Status of the Czech Deep Geological
Repository Program

Frantisek Woller
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7.1. INTRODUCTION

Radioactive waste and spent nuclear fuel are generated
in the Czech Republic as a consequence of the peaceful
use of nuclear energy and ionizing radiation in many
industries, particularly in health care, research, and agri-
culture. The role of nuclear energy in the Czech
Republic is determined by the Energy Policy of the
Czech Republic, as approved by the government in
2000. In 2004, nuclear power is expected to produce
about 37% of the total electricity consumed in the coun-
try. This amount shows the importance of Czech nuclear
power plants in the energy balance for the country. At
present, four pressurized water reactor units of the
VVER 440/213 type are in operation at the Dukovany
nuclear power plant (NPP), with a total installed capac-
ity of 1,760 MWe. Two other pressurized water reactor
units, of the VVER type with a capacity of 1,000 MWe
each, are currently in operation at the Temelin NPP. In
addition, other nuclear facilities exist throughout the
republic, including research reactors, spent fuel storage
facilities, and radioactive waste repositories.

The radioactive waste management system in the Czech
Republic has a long history. Significant amounts of
radioactive waste were produced as early as the begin-
ning of the 20th century, when the exploitation of urani-
um and radium began. The waste management system
included three near-surface low/intermediate-level
waste repositories (LILW) intended for institutional
waste: Hostim (now closed), the Richard repository near
the town of Litomerice, which opened in 1964, and the
Bratrstvi repository, near the town of Jachymov, which
opened in 1974. Since 1995, LILW from the operation
of nuclear power plants has been disposed of at the

regional repository located at Dukovany. This reposito-
ry is also designed for the LILW that will be created by
the future decommissioning of both nuclear power
plants.

The radioactive waste management system in the Czech
Republic changed significantly in 1997, when a new law
on the peaceful utilization of nuclear energy and ioniz-
ing radiation was passed (the Atomic Act). Since that
time, the Czech Republic has had all the preconditions
in place to achieve a level of security, reliability, and
economic efficiency regarding its nuclear facilities and
waste management system, comparable to that of other
European Union countries. Upon adoption of the
Atomic Act, the Czech government took over the
responsibility for radioactive waste disposal; and the
Radioactive Waste Repository Authority (RAWRA) was
established as a state organization to provide for activi-
ties pertaining to the disposal of radioactive waste and
spent nuclear fuel. On January 1, 2000, in compliance
with the Atomic Act, existing radioactive waste reposi-
tories became the responsibility of RAWRA. As a result,
the state has taken over full responsibility for the dis-
posal of radioactive waste. The processing of radioac-
tive waste into a form suitable for disposal, except for
the processing of spent nuclear fuel, which is to be car-
ried out by RAWRA, remains the responsibility of
radioactive waste producers. In 2001, the Ministry of
Industry and Trade, which coordinates activities in the
nuclear field as part of the government’s economic and
energy policy, published a key document, The Concept
of Radioactive Waste and Spent Nuclear Fuel
Management in the Czech Republic.
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7.2. THE CONCEPT OF RADIOACTIVE
WASTE AND SPENT NUCLEAR
FUEL MANAGEMENT INTHE
CZECH REPUBLIC

The Czech Government finally approved the Concept
after the conclusion of discussions on the environmental
impact assessment portion of the document, in May
2002. The Concept serves as a basic document upon
which the government’s long-term strategy will be built,
both with respect to those organizations generating
radioactive waste, and those bodies and institutions oth-
erwise involved in radioactive waste and spent nuclear
fuel management. Hence, in the long term, the Concept
also provides guidance for the activities of RAWRA.

It is assumed that the technical equipment essential for
the safe management of LILW generated in the Czech
Republic is available. Radioactive waste repositories are
operated in compliance with current legislation (require-
ments take the form of limits and conditions) and as per
international practice, the performance of disposal sys-
tems is periodically assessed. Long-term, low- and
medium-level wastes form a relatively small proportion
of the total waste produced. However, such waste can-
not be accepted by currently operated near-surface
repositories. For the time being, waste of this kind is
mainly stored unprocessed by the generator, with a
small amount being stored by RAWRA.

The conceptual recommendations for high-level waste
and spent nuclear fuel management set out by the
Concept are as follows:

e The permanent storage of high-level waste and
spent nuclear fuel would require permanent super-
vision at storage facilities and the continual replace-
ment of basic storage and supporting system com-

ponents. The only advantage lies in the availability
of spent nuclear fuel as a possible future source of
energy. On the other hand, such an availability con-
siderably increases the risk of misuse of these fis-
sile materials. Therefore, permanent storage of
high-level waste and spent nuclear fuel is rejected
as unrealistic.

* Any final decision concerning the options for man-
aging high-level waste and spent nuclear fuel
depends on the feasibility of establishing a deep
geological repository (DGR) in the Czech
Republic. Hence, a program for the development of
a DGR will continue with the selection of its loca-
tion, confirmation of its suitability, and the design
of the whole repository system. Therefore, storage
of spent nuclear fuel and high-level waste should be
provided for until the DGR is put into operation.

* The option of high-level waste and spent nuclear
fuel disposal in an international regional repository
has not been excluded, although for the time being,
it remains unrealistic. However, should such a pro-
ject become feasible at a future date, the knowledge
acquired in developing a DGR in the Czech
Republic should prove invaluable in the construc-
tion of a regional repository.

¢ Advanced separation methods of processing spent
nuclear fuel make it possible to dispose of or utilize
minority actinides (e.g., by their transformation in
new types of reactors). In so doing, usable energy
can be generated, thereby fully realizing the energy
potential of spent nuclear fuel. Studies of such
methods will be financially and scientifically sup-
ported.

The Concept sets out the basic aims and the direction for
the development of the radioactive waste and spent
nuclear fuel management system. A full evaluation of

Table 7.1. The targets given by the Concept for the high-level waste and spent nuclear

fuel management

Target Date
To select sites with proper geological conditions, taking into account local developments at proposed sites. 2015
After evaluation of relevant results, then select two sites into land-use plans (main and reserve) for DGR.
On the basis of geological work performed and complex data analysis, to confirm the suitability of one site 2025
for a repository.
To prepare the necessary documentation for construction of an underground research laboratory and 2030
performance of long-term experiments for confirmation of safety of deep geological repository.
Operation of deep geological repository. 2065
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the aims of the Concept is expected around 2010.
Essential for its implementation is a speedy verification
of the feasibility of a DGR in the Czech Republic (i.e.,
to identify and confirm a suitable site), or a demonstra-
tion that transmutation or spent-nuclear-fuel recycling
has been successfully developed.

The Concept assumes 3,800 tHM of spent nuclear fuel
and ~20,000 m? (after conditioning) of high-level
(HLW) and other waste which cannot be accepted at
existing repositories. These figures exclude new nuclear
sources, if any.

The following specific targets provide a framework for
fulfilling the aims of the high-level waste and spent
nuclear fuel management concept.
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In response to a request from the State Office for
Nuclear Safety (SONS) in December 2003, the
International Atomic Energy Agency (IAEA) put
together a team of four international experts to review
the status of the Czech Republic’s Deep Geological
Repository Development Program, implemented by
RAWRA under the auspices of the TAEA’s Waste
Management Assessment and Technical Review
Program (WATRP). In May 2004, the team held a
review meeting in Prague with RAWRA personnel,
board members, subcontractors, and other stakeholders
such as SONS and the mayors of towns located near the
selected sites. Important issues that had been raised by
team members were discussed in detail. The group con-
cluded that the development program is both compre-
hensive and appropriate. Their conclusions and recom-
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Figure 7.1. Scheme for stepwise site selection during the area survey stage
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mendations have been taken into consideration and are
now incorporated into the program.

7.3. PROGRESS IN DEEP GEOLOGI-
CAL REPOSITORY SITE SELEC-
TION

7.3.1. REVISION OF THE AREA SURVEY STAGE

A number of studies aimed at locating a site for a future
DGR were carried out prior to the establishment of
RAWRA. These studies were rejected by the Authority,
who cited a lack of complexity (only geological infor-
mation was considered), low transparency, and potential
subjectivity. The main thrust of such studies was to col-
lect and evaluate existing geological information rele-
vant to the selection of some promising sites.
Subsequently, eight sites were recommended for further
consideration.

In 2001, RAWRA commissioned its own area survey.
The project took two years to complete and was divided
into five steps. The entire geographical area of the
nation was included in the survey. Individual steps
together with relevant supporting information are shown
in Figure 7.1.

Following the completion of Steps 1 to 3, 11 sites were
identified as suitable for inclusion in the site characteri-
zation stage. Step 4 decreased the number of sites to
eight. This evaluation, over the entire nation, was made
on the basis of existing information only. No new data
were obtained.

The exclusion of unsuitable areas in Step 1 was based on
the conditions uncovered through the investigations
shown in Table 7.2. In Step 2, the criteria listed in Table
7.3 were used in selecting areas with promising geolo-

&y

Table 7.2. Exclusion of unsuitable areas

Main faults, fault
zones, seismically
active structures

5 km thick strips either side of a fault (fault zone) were excluded (based on expert judgment)
to avoid any uncertainty in the location and dip of the fault, particularly concerning depth, and
to avoid the effects of dilatancy and a possible increase in seismicity

Areas of relatively

An exceptional value | = 7° MSK-64 (IAEA, 1979) was set as the excluding limit. Around deep

high seismicity (more than 50 m) and extended water dams, a zone 5 km wide was excluded to avoid the
possible artificial seismicity caused by a sudden change in water level. The connection of
geotectonics to old fault systems is known in a few places. Affected areas were excluded.

Quaternary Areas in which volcanoes of Quaternary age are known to have been active were excluded.

volcanic activity

Postvolcanic activity

Areas with occurrences of thermal water and gas release (CO?) were excluded.

International
engagements

emergency planning zone of a DGR.

With regard to Principle 3 of Safety Series No. | | |-F (IAEA 1995),a zone |5 km wide along
the state border was excluded.This is considered to be the maximum expected width of the

Table 7.3. Selection of areas with promising geology

Geological setting,
morphology, lithology

The rock body must be of adequate areal extent and thickness. Existing data should support
the assumption of a simple structural setting and lithological homogeneity. The number of

veins and intercalations of different composition must be very low. Rock properties must not

impede repository construction, and the morphology must not block accessibility to repository

construction. There must be no old mining activity. Rock properties favorable to the

construction of a DGR are essential.

Faults, fractures
low degree of fracturing.

No distinct fault may be present, and existing information should support the assumption of a

Hydrogeology

Low flow velocity and hydraulic conductivity should indicate the presence of very old

groundwater. Favorable hydrogeochemical properties of water may be assumed.

Mineralization,
geochemistry
are expected.

No potential mineral deposits exist. Available data should indicate that hydrothermal and other
rock alteration, on a large scale, are improbable. Favorable geochemical properties of the rock
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Table 7.4. Rejection of areas due to legislative exclusion criteria

Decree on nuclear
facility siting criteria
subsurface parts of the DGR.

SONS decree No. 215/1997 on the criteria for siting nuclear facilities contains a number of
excluding and implicating conditions. Some criteria are relevant to both the surface and

Environmental
conservation

Act No. | 14/1992 on nature and landscape conservation prohibits or limits certain activities in
protected areas (national parks, nature reserves, wildlife refuges)

Conflicts of interest

The most important conflicts of interest result principally from provisions contained in the fol

lowing acts: The Waters Act (No. 254/2001), The Spas Act (No. 164/2001), The Construction
and Land-Use Planning Act (No. 50/1976), The Mining Act (439/1992)

Settlements

The surface facilities for the deep geological repository must not interfere with settlements,

and subsurface works must not have any negative impact on settlements.

The geology of the Czech Republic limits the selection
of promising rock types. No salt domes or beds are pre-
sent, and soft clay formations, tuff layers, and basalt
flows are of limited extent. These conditions are not
favorable to the siting of a deep geological repository.
Sites consisting of claystone are exceptional. Granitoid
and metamorphosed rocks (gneiss) make up the most
promising rocks types in the Bohemian Massif. To our
knowledge, the granitoid bodies are less complicated in
terms of their structural and lithological setting.

In Step 3, the legislative norms listed in Table 7.4 were
applied.

Step 4, described above as an additional step, evaluates
the advantages and disadvantages of the individual sites
selected in Steps 1 through 3. On the basis of accessi-
bility, transport infrastructure, population density, land
ownership, and public acceptance, it is possible to com-
pare individual selected sites from the point of view of
expected complications, before and during construction,
as well as from that of costs in the preconstruction
preparatory stage.

Based on the new area survey stage (Simunek et al.,
2003), the results of which are outlined above, RAWRA
decided to begin the site characterization stage at six
sites, all of which are located in granitoid bodies. The
sites are shown on Figure 7.2, together with a simplified
geology and shaded relief.

7.4. PRELIMINARY SITE CHARACTERI-
ZATION STAGE

The preliminary site characterization stage began at the
above-mentioned six sites in 2003, the aim being to
decrease the areal extent of existing sites (~40 km?

each) and to recommend the optimal area for detailed
site characterization.

The following activities were planned:

» Existing geological information updating

¢ Conflict of interest updating

* Remote sensing

¢ Helicopter-borne geophysical measurements
¢ Field reconnaissance

¢ Very low frequency (VLF) measurements

¢ Pre-feasibility study

¢ Final evaluation and suggestions

A geographical information system (GIS) for RAWRA
will be implemented at the same time.

The first and second items on the above list involve the
updating of various databases containing information
essential to an objective evaluation of each site. Remote
sensing involved RADARSAT, Landsat ETM+, and
QuickBird satellite imaging. In addition, ZABAGED
digital orthophoto maps and stereoscopic aerial pho-
tographs were taken. A digital terrain model (DTM) was
used in contour line form at a scale of 1:10,000, and in
shaded relief form at 1:25,000. Morphotectonic analysis
was performed for each site according to standard prac-
tice. Standard computer codes were used for data pro-
cessing and visualization.

McPhar Geosurveys Ltd carried out a helicopter-borne
geophysical survey during November 2003 (McPhar
2004). Survey lines, 1,845.1 km in length, were flown in
a grid, measuring 200 x 500 m, over all six sites. The
magnetometer system (M), gamma-ray spectrometer
(GS) and the HummingBird electromagnetic system
(EM), with four transmitter-receiver coil-pairs, were
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Figure 7.2. Map showing locations selected for site characterization: (1) Lubenec-Blatno, (2) Pacejov
Nadrazi, (3) Bozejovice—Vlksice, (4) Lodherov, (5) Rohozna, (6) Budisov

employed in the process. PC-based systems, with large-
volume discs, were used for data acquisition. In addi-
tion, the helicopter was equipped with all the necessary
navigation systems, altimeters, and a digital video imag-
ing system. The helicopter’s nominal survey speed was
25 to 30 m/s, the survey height was 60 m, and the height
of the “bird” with M and EM was 30 m. Magnetometer
and EM data were recorded at intervals of 0.1 second
(every 3 m), and GS and navigation data were recorded
at intervals of 1.0 second (every 30 m).

Remote-sensing analysis and airborne geophysical mea-
surements have provided very interesting and useful
results. Despite an occasionally discouraging prognosis,
they have clearly demonstrated the applicability of
results obtained (even in the vegetation and demograph-
ic conditions of Central Europe).

Individual profiles, in two perpendicular directions,

were measured at each site using very low frequency
(VLF) measurements. The aim was to evaluate how fre-
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quently conductive zones (tectonics, fracturing)
occurred. Field reconnaissance concluded these activi-
ties.

Currently, all the data are being evaluated, and a prefea-
sibility study for each site is being prepared. These stud-
ies should eventually provide us with some realistic pos-
sibilities for the location of both the surface and subsur-
face components of the DGR and their interconnection.

A final report containing all the results, as well as a rec-
ommendation of sites for further consideration, will be
submitted to RAWRA at the end of October 2005. After
this date, all siting work will be stopped. According to
Czech Government decree No. 550, June 2, 2004, all sit-
ing activities will be postponed until 2009.

7.5. SUPPORT ACTIVITIES, PRO-
GRAMS,AND PROJECTS

The Czech deep geological repository development pro-
gram also includes the following activities:
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o Test site activities
* Natural analogue studies
* Engineered barriers study

7.5.1. TEST SITE

The selection of individual polygons exhibiting charac-
teristic geologic conditions, for the testing of individual
techniques and methods, was completed during 2003
(Woller and Nachmilner, 2001). Current activities in the
Melechov Massif involve the optimization of geophysi-
cal measurements and the checking of geophysical
results using boreholes. The testing of equipment for
hydrogeological measurements in boreholes will be
continued in the near future.

7.5.2. NATURAL ANALOGUE STUDIES

An investigation of montmorillonite clay, intercalated
with organic rich clay containing uranium, is under way
at the Ruprechtov site in the northwest part of the coun-
try. The sediments are of Oligocene—Miocene age. This
study, which began in 1997, is being carried out by the
Nuclear Research Institute (Rez) in close cooperation
with Gesellschaft fur Anlagen und Reaktorsicherheit
mbH (GRS, Germany). During the last few years, geo-
chemical and hydrologic models have been variously
employed and their results verified with field measure-
ments in new boreholes. A detailed sedimentological
study of cores produced the results expected concerning
the geological history of sediments.

Research continues on glass colored by uranium-bear-
ing pigments (Woller and Nachmilner, 2001). Samples
from several glass factories have been obtained, and
these samples have been used in an investigation of how
variations in the composition of the glass from different
batches impact results. The research has been extended
to include the study of slag from the Pribram smelting
works, which in the past often used polymetalic ore con-
taining a significant amount of uranium. Preliminary
results concerning degradation of the glass matrix and
the migration of uranium and other elements are very
promising.

A new project involving the study of an anthropogenic
analogue began in 2003. The subject of this study is a
tunnel excavated for a water pipeline in the granitoids of
the Krkonose—Jizera Massif in the northern part of the
Republic. The tunnel, 2,593 m in length, was construct-
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ed between 1981 and 1984 using two different tech-
niques: a tunnel boring machine, and drill and blast.
This provided an opportunity to study and compare the
frequency and character of newly formed fractures and
the character and extent of the disturbed zone. In addi-
tion, precipitated minerals, microbiology, and concrete
degradation are being investigated. This project is being
carried out by the Czech Geological Survey in conjunc-
tion with a number of other organizations and institu-
tions.

7.5.3. ENGINEERED BARRIERS

The testing of montmorillonite clay from Czech
deposits and a comparison of its properties with those of
bentonite have been concluded. Various geomechanical
properties of these materials were investigated under
different conditions, as well as their mineralogical and
geochemical properties, including the sorption of differ-
ent radionuclides. The results confirm that a certain
amount of montmorillonite clay can be used as a raw
material for the backfill mixture. This project was car-
ried out in cooperation with POSIVA (Finland) and SKB
(Sweden).

As part of the ongoing bentonite-barrier research pro-
ject, a large physical model, the so-called Mock Up CZ,
has been constructed at the Centre for Experimental
Geotechnics in the Czech Technical University, Prague.
This experiment simulates the vertical placement of a
radioactive waste container, according to the Swedish
KBS-3 concept. The model basically consists of a barri-
er of bentonite blocks, a heater, and a watering system.
The heater, substituting as a thermal source for the spent
nuclear fuel, is placed inside the barrier. Water, seeping
through the barrier, simulates the invasion of groundwa-
ter. The entire experiment is enclosed in a cylinder con-
structed to withstand the high pressure caused by the
swelling of the bentonite. A number of sensors have
been installed within the bentonite barrier to monitor
changes in pressure, temperature, and moisture. This
experiment, supported by RAWRA, is being carried out
in conjunction with Prof. R. Push and SKB Sweden.

7.6. INTERNATIONAL COOPERATION

International cooperation is crucial to the successful
development of the Czech DGR program, and the
increasing amount of international cooperation is seen
as a positive sign. In addition to collaboration with
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Gesellschaft fur Anlagen und Reaktorsicherheit mbH
(GRS Germany), POSIVA (Finland), and SKB
(Sweden), Czech institutions and companies are cur-
rently involved in the following Sixth Euratom
Framework Program projects:

¢ RED-IMPACT
¢ NF-PRO

e ACTINET-6
* EUROPART
e CETRAD

7.7. CONCLUDING REMARKS

The Czech deep geological repository program is pro-
gressing well. The program is in compliance with the
approved Concept of Radioactive Waste and Spent
Nuclear Fuel Management in the Czech Republic,
according to which a geological repository will come
into operation in 2065. The recent suspension of siting
activities by government decree (mentioned above) will
have no fundamental impact on the progress and basic
milestones of the project. Indeed, the suspension of sit-
ing activities will accelerate other parts of the program,
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and, we hope, help us to improve public acceptance of
the overall program in the long term.
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Beginning of the Underground Characterization for a
Spent Nuclear Fuel Repository in Finland

Juhani Vira

Posiva Oy, Olkiluoto, Finland

Contact: Juhani Vira, juhani.vira@posiva.fi

8.1. INTRODUCTION

In the year 2001, the Finnish Parliament ratified the
decision-in-principle related to the disposal of spent fuel
from Finnish nuclear power reactors. According to the
decision, the repository would be located at Olkiluoto,
in the municipality of Eurajoki, on the western coast of
Finland, and the disposal would be based on the KBS-3
concept.

As explained in the Third Worldwide Review
(Witherspoon and Bodvarsson, 2001), the next step of
the program was the construction of an underground
rock characterization facility on the repository site. The
facility would be intended for final assessment of the
previous conclusions on the suitability of the Olkiluoto
site for a safe geologic repository. A positive outcome of
this assessment would make it possible to proceed to
submission of the application for the construction
license. According to the Government guidelines, this
submission would be planned for 2010.

The construction of the underground rock characteriza-
tion facility (ONKALO) has now been started (as fore-
seen in 2001). Several hundreds of meters of tunnel
length have now been excavated, and the implementa-
tion of the underground investigations program is under
way. The target depth of the main characterization level
is 420 m, but the access tunnel will be built down to a
depth of 520 m. The entire facility would be ready in
2010. Allowing for the time needed to do the ONKALO
construction work, the Ministry of Trade and Industry
(KTM) has moved the target year for submitting the

construction license application back two years, to
2012.

In the period that has passed since the Third Worldwide
Review, the focus of the Posiva program has been on the
design and planning of the ONKALO construction and
characterization work. One of the important planning
and design requirements is that it should be possible to
use the ONKALO later as part of the repository. In prac-
tice, this means that the facility should be built in com-
pliance with the requirements for nuclear facilities.

In parallel with the ONKALO design, progress has been
made in construction, investigation, and development of
the technology needed for encapsulation and disposal of
the spent nuclear fuel (SNF). Most of the work is now
organized into joint projects with the Swedish Nuclear
Fuel and Waste Management Company (SKB), pursuant
to the agreement signed between SKB and Posiva in
2001. The cooperation agreement grants Posiva access
to the Oskarshamn Canister Laboratory and Aspo Hard
Rock Laboratory in Sweden. Because of SKB program
priorities before 2006, considerable attention has been
paid to final testing of the technologies for canister fab-
rication, sealing, and inspection.

The first plans have also been made for the Safety Case
that is needed as part of the application for the con-
struction license. According to the plan, a step-wise
process is launched to develop a portfolio of reports that
will make the Safety Case. The first version of the port-
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Figure 8.1. The main conceptual design alternatives
facility

folio package should be ready for discussion in 2009.

Here, we summarize the progress made in Finland’s
nuclear waste disposal program since the Third
Worldwide Review in 2001 (Witherspoon and .
Bodvarsson, 2001) and outline the program for the near
future. A recent account of progress made since 2001
can also be found in the three-year research and techno-
logical development program (RTD Program), pub-
lished in 2003 (TKS-2003, Posiva, 2003a). .

8.2. ONKALO

The early design work for the underground rock charac-

terization in the 1990s was based on the idea of vertical .
access shafts, plus an investigation tunnel at the target
repository depth. However, after a systematic compari- J
son of various conceptual alternatives, the decision was
made in 2002 that the access to the repository depth .

would be provided by both an access tunnel and a verti-

cal shaft. The alternatives to this design (at the final

stage of this comparison) were to have two access shafts

or to have an access tunnel and one shaft (Figure 8.1).

The most important criteria in this comparison included .
the following:

¢ The ONKALO buildings and structures must com-
ply with the Olkiluoto land use plan, ensuring the
needs of the present operation and future projects in .
the area.

e The ONKALO systems must be based on proven
technology that will help to minimize technical
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for the underground rock characterization

risks and improve working conditions.

The ONKALO must enable the disposal facility to
operate as planned in 2020, according to the deci-
sions taken by the KTM and Posiva's owners.

The ONKALO must enable the collection of suffi-
cient information and knowledge of the repository
host rock and other underground conditions, to
ensure the long-term safety of the repository and to
meet the requirements of its construction license.
The occupational and operational safety level must
correspond to the safety level of the VLJ repository
at Olkiluoto. (In other words, the occupational and
operational safety-level requirements must be
high.)

Visits to the ONKALO must be possible during and
after its construction.

The ONKALO must comply with the plans for the
repository.

The construction of the ONKALO must not alter
the natural (i.e., baseline) conditions in the bedrock,
and the conditions otherwise favorable with respect
to long-term safety, more than is absolutely neces-
sary for the purposes of construction.

The environmental impact of the ONKALO’s con-
struction must be kept as small as possible, so as
not to affect the natural surroundings or change the
local inhabitant’s living conditions to an unaccept-
able degree.

Costing decisions regarding the construction of the
ONKALO must take into account the entire life
cycle costs of the repository development project,
including the sealing of the facility.

Geological Challenges in Radioactive Waste Isolation
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Figure 8.2. The ONKALO design at the Main
Drawings Stage

Both of the main alternatives were deemed suitable to
meet the primary design criteria. Posiva selected the
access tunnel for the next design stage (the main draw-
ing stage) mainly because it provided greater flexibility,
was superior in terms of logistics, was associated with a
better working environment, and allowed greater oppor-
tunities for characterization, especially during its con-
struction.

The final layout was worked out on the basis of the com-
bined tunnel-shaft alternative. In the final version of the
main drawings stage, the access tunnel was brought
closer to the shaft for efficient ventilation and improved
work safety (Figure 8.2). The main characterization
level is at the depth of 420 m from the sea level, the
lower characterization level is 100 m beneath the main
level. The inclination of the tunnel is 1:10, which means
that the length of the access tunnel will be approximate-
ly 5.5 km. The details of the design are described in
Posiva (2003b). A total of 330,000 m? of rock will be
excavated.

Site preparations for the facility were started in 2003,
and the actual excavation work began in September
2004. The tunnelling work has been carried out using
normal drill and blast techniques. At the time of writing
this report in early May 2005, over 400 m of tunnel
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length have been excavated. Currently, the design of the
facility is being reviewed as to the feasibility of replac-
ing the planned large-diameter shaft with two shafts of
smaller diameter.

The tunnel entrance is located in the central part of
Olkiluoto Island, near the southern border of the present
investigation area (Figure 8.3). An aerial photograph of
the ONKALO construction site is shown in Figure 8.4.
This location was chosen through comparison of a num-
ber of alternatives. In this comparison, one of the main
criteria was the expected disturbance to the host rock of
the repository; in particular, the inflow of groundwater
to the tunnel was to be kept to the minimum. The best
way to achieve this was to locate the tunnel in good
rock, outside zones of high-groundwater transmissivity.
In practice, this meant that the entire tunnel should be
built in a well-characterized part of the Olkiluoto area.

The underground characterization and research program
(UCRP) to be carried out in the ONKALO is outlined in
Posiva (2003c). What Posiva hopes to achieve with the
activities proposed for the ONKALO is, of course, that
the general suitability of the site will be demonstrated,
as only with such confirmation will it be possible to
apply for a construction license for the repository. The
program during the tunnelling stage includes:

* Drilling of pilot holes

¢ Probing and mapping of tunnel

* Exploration niches for characterization boreholes
and the drilling of these holes

¢ Hydrogeochemical sampling

¢ Inflow measurement weirs and other hydrogeologi-
cal sampling

* Rock mechanics sampling

* Characterization of the ventilation shaft

» Several cored boreholes drilled from the lower parts
of the access tunnel to explore rock conditions on
the main characterization level.

¢ Combined and updated modeling description of the
entire volume of the rock mass and the develop-
ment of models for predicting the volume of rock
around the main and lower characterization levels.
Comparison with earlier predictions.

The first two pilot holes have now been drilled, and the
facility is being equipped for gathering data on host rock
hydrogeological and hydrogeochemical conditions. An
important part of the investigations program is the pre-
diction-outcome process, in which models are used to
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Figure 8.3. The location of the ONKALO entrance in the Olkiluoto investigations area. On the left
are the Olkiluoto nuclear power plant units | and 2; north of them is the location of the
VL) Repository for low- and intermediate-level wastes.

Figure 8.4. A general view of the ONKALO site in March 2005
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predict the conditions ahead. These predictions assist in
the further design of the facility and build an important
part of the learning process directly into the entire
ONKALO program.

The fact that the ONKALO may become a part of the
repository means that it has to be designed and con-
structed according to the requirements for nuclear facil-
ities. Specifically, this means that the construction must
comply with the quality assurance criteria posed by
STUK, the Radiation and Nuclear Safety Authority in
Finland. A specific graded QA program for ONKALO,
based on regulatory guidelines and IAEA safety guides,
has been launched to complement the ISO 9001-based
QA applied by Posiva for its normal RTD activities.

8.3. SITE INVESTIGATIONS

With the construction of the ONKALO, part of the site
investigations at Olkiluoto is now moving underground.
However, field work at the surface continues as well,
consisting of deep drillings, groundwater sampling, geo-
physical and geohydraulic measurements, geological
mapping, and various monitoring networks. The fact
that the site investigations are now focused on Olkiluoto
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makes it possible to employ new, efficient methods for
data gathering—e.g., investigation trenches, which nice-
ly complement the lithological and fracturing data so far
obtained only from the rather rare outcrops on the
island.

The number of deep-cored boreholes at Olkiluoto is 33
(see Figure 8.3), which is before the drilling campaign
of 2005. Another 5-6 boreholes will be made during
2005, mainly to assist in the further design of the
ONKALO, to check various indications of new fracture
zones, and to start the exploration for an extension of the
investigation area.

A great deal of emphasis is being given to correctly
interpreting the field-investigations data, to build a con-
sistent picture of the site. We are making a special effort
to integrate site knowledge through the establishment of
the Olkiluoto Modeling Task Force (OMTF). The pur-
pose of the OMTF work is to coordinate and combine
the expertise in different disciplines in such a way that a
coherent picture of the site can be produced (Figure
8.5). First results from this work have just been pub-
lished in the 2004 Site Description of Olkiluoto (Posiva
2005).
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Figure 8.5. The integration of disciplinary models for a coherent site desciption. The geometrical
framework of the geological description is the key to this integration (from Posiva, 2003b).
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One main objective for the site investigations is to
develop suitability criteria for different parts of the
repository (access tunnels, deposition tunnels, disposal
holes). A three-phase project has just been developed for
a first cut at a host-rock classification system on which
to base such a suitability assessment (Hagros et al.,
2005). The idea has been to look at both the require-
ments for the host rock and methods to verify them in
reality. The plan is to use the ONKALO as a testing
ground for further development of this system.

8.4. PROGRESS IN TECHNOLOGY

The development of the encapsulation and repository
technology continues, based on the KBS-3 concept. In
2003, a detailed description of the disposal facility was
published (the English translation in 2004; Posiva
2004). This description is used for many purposes, such
as an information source for stakeholders, but above all
it presents the current reference design, based on the
accumulated knowledge, and how we plan to implement
the disposal system at Olkiluoto.

The design premises have been changed following the
decision to construct the new reactor at Olkiluoto
(OL3), which should be commissioned for commercial
operation in 2009. The main areas in the design and
technical development program are:

¢ Encapsulation of spent nuclear fuel

¢ Canister development

e Design of the repository together
with its above ground facilities

¢ Development of tunnel backfill

Many of the technical development tasks
are conducted as joint projects with SKB.
With regard to encapsulation, SKB had
already made choices regarding the
requirements for canister quality, qualifi-
cation procedures, manufacturing, seal-
ing, and inspection methods—some years
ahead of Posiva. Because of this, Posiva
is concentrating on the long-term opti-
mization of processes, such as alternative
canister manufacturing methods, while
SKB is working on shorter-term issues.

a massive nodular graphite cast iron insert with posi-
tions for twelve fuel assemblies and a 50 mm thick over-
pack of copper, as described in Witherspoon and
Bodvarsson (2001). The basic canister design is the
same for both the BWR fuel elements of the Olkiluoto
plant and the VVER 440 fuel elements of the Loviisa
plant, and also for the future OL3 unit.

Several methods for fabrication of the copper overpack
have now been tested. Possible alternatives are the
extrusion technique, forging, or the so-called pierce and
draw technique (which allows the manufacturing of the
canister bottom together with the body as one piece; see
Figure 8.6). The sealing of the canister was previously
one of the main technical challenges in the KBS-3 con-
cept. Posiva's own testing has focused on the high-vac-
uum electron-beam welding technology in cooperation
with the Finnish Patria Aviation Oy, but Posiva has also
continued the work carried out by SKB on friction-stir
welding technology. The recent announcement by SKB
concerning the success of this development program
means that two feasible alternatives now exist for seal-
ing the copper canister. Besides manufacturing and seal-
ing of the copper overpack, the third main element in the
canister development, the NDT inspection technique, is
now also approaching maturity. This work has focused
on radiography for volumetric inspection and phased-
array ultrasound methods for more detailed detection of
possible canister defects.

Figure 8.6. Pierce-and-draw method for copper canister

The present canister structure consists of
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Figure 8.7. Possible layout of tunnels in the Olkiluoto area, based on Rock Model 2003/01

The work on repository technology includes further
development of site-specific layout alternatives for the
repository panels, more detailed studies of thermal
dimensioning of the repository, tests and comparisons of
alternative backfilling materials, and design of the tech-
nology for canister handling. One important project, in
cooperation with SKB and the NUMO of Japan, consists
of developing low-pH cement materials for various
repository functions.

An example of the current layout thinking is shown in
Figure 8.7. The layout is adapted to the known site fea-
tures according to tentative respective distances to dif-
ferent fracture zones. The requirements for such respec-

tive distances will, however, be critically evaluated in
the future, together with the development of approaches
for suitability criteria.

The plan is to build the repository in several stages,
which means that the excavation of the tunnels takes
place in parallel with the canister emplacement opera-
tions. The separation of the construction and operation
activities is facilitated by the new layout, which consists
of two parallel main tunnels (Figure 8.8).

An important project is being carried out in cooperation

with SKB to assess the feasibility of a horizontal version
of the KBS-3 concept. In this concept, the tunnels are
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Figure 8.8. Principle of the double central tunnel system

emplaced directly in the tunnels, but now in a horizon-
tal position. The basic components and dimensions
remain the same as in the “standard” vertical design.
But to facilitate canister and buffer emplacement in
their proper positions within the tunnel, they are both
put inside an overpack of perforated steel (Figure 8.9).
The plan is to complete the present feasibility study by
the end of 2007, after which a comparison will be made
of its relative advantages and disadvantages vis-a-vis
the vertical concept.

8.5. DEVELOPMENT OF THE SAFETY

CASE

The main goal of the current program phase is to sub-
mit a successful application for the construction license
of the disposal facility in 2012. One main ingredient of
the application is the preliminary safety analysis report
(PSAR), which addresses both the long-term safety and
the operational safety of the facility. The long-term
safety will be dealt with as a “Safety Case,” which is
basically a synthesis of evidence, analyses, and argu-
ments that quantify and substantiate the safety, and the
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level of expert confidence in the safety, of a geological
disposal facility for radioactive waste. A Safety Case
includes a quantitative safety assessment, which
involves the process of systematically analyzing the
ability of the disposal facility to provide the safety
functions and to meet technical requirements, and eval-
uating the potential radiological hazards and compli-
ance with safety requirements. The Safety Case broad-
ens the scope of the safety assessment to include the
complete range of evidence and arguments that com-
plement and support the reliability of the quantitative
analyses.

The Safety Case is built on the safety concept associat-
ed with the technical disposal method. According to the
current thinking at Posiva, long-term safety will be
based primarily on pillars of long-term containment, in
particular the isolation provided by the canister (Figure
8.10). However, in conformity with the defense-in-
depth, another system of pillars based on retention,
retardation, and dilution, provided by barriers other
than the container, is there to provide additional protec-
tion should some of the canisters fail.

Geological Challenges in Radioactive Waste Isolation



Figure 8.9. The concept of the KBS-3H overpack

Figure 8.10. Posiva's safety concept
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Figure 8.11. Main reports of the Safety Case.The nature of the reports is indicated by the colors of

the boxes, and the arrows show the most important transfers of knowledge and data.

The Safety Case will be organized in a portfolio that
includes ~10 reports (based on supporting technical
reports) that will be periodically updated. The nature of
the reports and the most important links between them
are illustrated in Figure 8.11.

The site report, describing the present state and past
evolution of the Olkiluoto site, forms the geoscientific
basis of the Safety Case. The engineering basis is pro-
vided by the reports on the characteristics of spent
nuclear fuel, canister design, and repository design. The
process report containing descriptions and analyses of
features, events, and processes potentially affecting the
disposal system, and the report on the evolution of the
site and repository, form the scientific basis of the
Safety Case. The latter report will describe and analyze
the evolution of the disposal system, from the emplace-
ment of the first canisters in the repository, over the var-
ious transient phases, into the far future. Radiation safe-
ty and fulfillment of regulatory requirements will main-
ly be dealt with in the biosphere assessment, radionu-
clide transport (safety assessment), and complementary
evaluations of safety (e.g., natural analogues) reports.
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The summary report draws together the key findings
and arguments. Interim summary reports will be com-
piled, and the Safety Case plan will be updated in asso-
ciation with the three-year programs for research, devel-
opment, and technical design.

8.6. NEXT

With the start of excavation for the underground rock
characterization facility, ONKALO, Posiva has taken an
important step towards implementation of the plan for
final disposal of SNF. The underground characterization
phase is required by the current regulations as a neces-
sary step before the construction license and should pro-
vide the ultimate proof —or refutation— of the suitabili-
ty of the site for disposal. In addition, it will provide a
great deal of data for design and safety assessment.
However, for Posiva, the ONKALO is also an important
learning ground for the actual repository work; specifi-
cally, it should teach the management how to combine
investigations, engineering design, and actual construc-
tion work to produce a safe repository. The experience
gained so far shows success in terms of many important

Geological Challenges in Radioactive Waste Isolation



aspects, such as the management of groundwater inflow.
However, our experience also reveals that information
about the prospective bedrock is limited, and we must
prepare for the unexpected.

Posiva now plans to submit the application for a con-
struction license in 2012. In light of present progress,
this goal seems realistic. After the construction license,
the next major milestone is the license for operation,
scheduled for 2020 —this operational phase may take a
long time. Given the current plans for nuclear power
plant operation, the closure of the disposal facility will
likely occur some time in the 2100s.
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9.1. LEGAL PROCESS OF RESEARCH

The French Parliament’s 30 December 1991 Radioactive
Waste Act defined three avenues of research: (1) parti-
tioning and transmutation (inventory reduction), (2)
reversible or irreversible disposal in deep geological for-
mations, and (3) waste conditioning and long-term stor-
age. This Waste Act entrusted Andra for research into
disposal within deep geological formations, and CEA for
both the other avenues. It established a date for a parlia-
mentary decision in 2006 (thus after fifteen years of
work, 1991-2006), at which time it would examine how
to proceed, based on the results obtained so far.

In December 2001, to prepare for this important mile-
stone, Andra presented a preliminary dossier called the
“2001 Argile,” as a result of a second iteration loop
(1997-2001) in repository design and performance
assessment. Besides the review of the work carried out
by Andra, this interim report has the status of a method-
ological test, especially when considering the long-term
safety analysis. It aimed also at focusing the research
program on the key issues for this safety analysis. This
dossier was reviewed in 2002 by the International
Review Team under OECD/NEA aegis (Peer Review) at
the request of French Research and Industry Ministries.
It was also examined by the French regulatory body, at
the request of the Safety Authority.

A key input to any management of radioactive waste is
the reliable assessment of the waste inventory, taking
into account both existing and committed waste. In 1999,
Y. LeBars was appointed as Andra president and entrust-
ed with the mission to set up a prospective inventory of
radioactive waste, including recoverable nuclear materi-

als. The inventory work was started in 2002 and resulted
in the publication of an initial report in October 2004.
This document consists of a summary booklet for the
general public, a synthesis report that offers readers the
possibility of requesting a more detailed set of informa-
tion, and technical documents that present the waste fam-
ilies in detail, together with the geographical locations of
this radioactive waste by major region.

During this 15-year period, hearings have been periodi-
cally organized by the French Parliamentary Office for
Assessment of Scientific and Technological Options.
The transparency of information was ensured by public
reports of the National Evaluation Board (CNE), by
annual reports of the steering committee on the 3
avenues for research, chaired by the Ministry for
Research (COSRAC), and by the opening of the URL
(underground research laboratory) site to visitors. An
independent local ad hoc committee (CLIS) on the
Meuse Haute-Marne site has provided public debate and
information. Recently, in 2005, the government has
decided to call for a public debate on radioactive waste
management orientations, to be organized by the
National Committee for Public Debate (CNDP) in
September 2005.

The purpose of the 2006 date stipulated by the Waste Act
is to define a high-level, long-lived waste management
strategy based on the results of research. In this context,
both the research steering bodies (Andra and CEA) sub-
mitted a scientific-assessment dossier in June 2005. (and
will issue a supplemented version in December 2005 that
includes updated results from the Meuse/Haute-Marne
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Underground Research Laboratory). This “Dossier
2005,” on radioactive waste disposal in a geological for-
mation, concerns both the Meuse/Haute-Marne clay site
(Dossier 2005 “Argile”) and a nonspecified granitic site
(Dossier 2005 “Granite”). It represents 15 years of
research that involved nearly 100 laboratories, 7 labora-
tory groups, and partnerships with leading French and
foreign research organizations, including European
Union-funded research projects.

Dossier 2005 will be assessed by the appropriate bodies
(CNE, Nuclear Safety Authority). Specifically, Dossier
2005 Argile (dedicated specifically to the Meuse/Haute-
Marne site) will undergo an international peer review
under NEA aegis. Following these assessments and pub-
lic discussion, the French government is expected to pro-
pose a bill to Parliament for debate in the first quarter of
2006.

9.2. THE RESEARCH PROGRAM OF
THE MEUSE/HAUTE-MARNE URL

Since 1994, 27 specific deep boreholes have been
drilled, and 2,300 m of argillite (Callovo-Oxfordian host
formation) core samples have been obtained (over 4,200
m of cored boreholes). Andra took more than 30,000
samples (including 7,300 fluid samples) and analyzed
5,300 rock samples. Specific 2-D and 3-D seismic cam-
paigns were carried out at the site, and 1,300 km of addi-
tional seismic lines acquired from the oil industry were
reprocessed and analyzed.

In 2003, eight boreholes, drilled in five different loca-
tions spread over a large surface area around the labora-
tory, allowed investigators to assess the hydrodynamic
characteristics of the surrounding limestone formations
(overlying Oxfordian and underlying upper levels of
Dogger), notably hydraulic head and permeability.
Water samples were taken to analyze krypton®' and
chlorine®® concentrations and to determine the ground-
water residence time. These new data consolidated the
geological and hydrogeological models of the site.

In 2003-2004, four deviated boreholes, using oil-indus-
try drilling techniques for subhorizontal surveying, con-
firmed the homogeneity of the host formation and the
absence of faults. More than 1,300 m of core samples
have been collected from the Callovo-Oxfordian forma-
tion, and more than 300 m from the Dogger formation.
These cores have very few microcracks in the Callovo-
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Oxfordian, and the microcracks are located at the top
and bottom parts of the host formation and appear to be
sealed. They are hectometrically spaced and approxi-
mately 1 m long. In situ measurements confirmed that
the Callovo-Oxfordian argillite has a very low perme-
ability, and that these features have no impact on its
hydraulic conductivity. An extensive program was car-
ried out in these boreholes to measure the in situ stress
field in the Callovo-Oxfordian and its surrounding for-
mations.

Simultaneously with the construction of the URL and
the first experimental drifts at the 445 m level, a cam-
paign of vertical deep boreholes allowed important
parameters to be measured. For example, Andra carried
out: (1) gas injection tests in a 540 m deep borehole to
study how gas migrates within the argillite; and (2) a
challenging diffusion test, similar to those conducted
from the experimental underground drift in a borehole
drilled at 500 m.

The construction of the URL started in August 2000.
Between 2000 and 2005, the sinking and construction of
the two shafts included numerous scientific investiga-
tions. These shafts were used in a detailed geological
survey of the Oxfordian and the Callovo-Oxfordian,
reached in 2004 —particularly to study the hydraulic and
mechanical impact of the excavations and to assess the
extent of the rock damage. Furthermore, since
November 2004, 40 m of drifts have been made avail-
able for in situ scientific experiments, at a depth of 445
m, allowing for the emplacement of 350 sensors (Figure
9.1).

The experimental program in these first drifts (445 m
level) consists of:

* A vertical mine-by-test experiment around the shaft
(15 boreholes oriented in directions chosen accord-
ing to the main stress field around the shaft and at
different distances from the shaft axis). Since the
main shaft sinking was resumed in March 2005
(sinking was stopped during the construction of the
drift at —445 m in August 2004), the sensors
installed in these boreholes beforehand have moni-
tored the immediate impact as shaft sinking was
approaching and reaching the monitored volume of
Callovo-Oxfordian, as well as the deferred effects
on the Callovo-Oxfordian argillites.

¢ Two boreholes equipped to sample the water and
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Figure 9.1. Monitoring equipment for the different experiments conducted in the first exper-

imental drift (445 m level)

gas dissolved in the argillite, to carry out in situ
measurements of various chemical parameters and
to specify the chemical composition of the intersti-
tial water.

¢ Two horizontal boreholes fitted out to complement
the argillite permeability data (with the resulting
data confirming the low permeability of the rock
already measured).

* An in situ diffusion experiment in three boreholes
to measure the diffusion velocity of water (using
tritiated water) and of various elements prevalent in
the repository (or similar ones that are less radioac-
tive and have a shorter half life, such as iodine,
chlorine’, sodium?2, or cesium!>4).

The 490 m URL main level was completed in early
October 2005, and several experiments were carried out

at the end of 2005:

¢ Characterizing the excavation-disturbed zone

(EDZ)

e Testing the construction and performance of an
anchoring key using swelling clay

¢ Measuring the thermal response of argillite

The water sampling and diffusion experiments already
carried out at 445 m are repeated at this main level to
complement the measurements. These new data justify
the issue of the updated version of Dossier 2005 Argile
for the end of 2005. Moreover, the monitoring for the
experiment will remain in operation and will continue to
provide data in the medium term beyond 2005.

In 1996, Andra joined the Mont Terri project’s interna-
tional consortium, set up to conduct in situ experimen-
tation in an exploratory tunnel for future motorway con-
struction (Jura canton and republic in Switzerland).
Since 2002, a program has been carried out to validate
the full-scale models defined on the basis of data col-
lected by the Meuse/Haute-Marne underground labora-
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tory: diffusion experiments, gas migration tests, geo-
chemistry characterization, and heating tests to assess
the mechanical behavior of the rock. It also includes
full-scale engineering tests.

Experiments carried out at Mont Terri correspond to two
specific objectives for Andra:

1. To prepare the experiments in the Meuse Haute-
Marne underground laboratory under the best pos-
sible conditions

2. To provide data for validating and upscaling the
models developed on a small scale for the larger-
scale Callovo-Oxfordien argillites, as far as trans-
ferability is possible.

9.3. DOSSIER 2005 ARGILE

Dossier 2005 Argile presents the results of 15 years of
research and the outcome of a third iteration loop
(2002-2005) in the repository design and performance
assessment. It is based on the knowledge acquired since
1991 and collates scientific knowledge, design data,
understanding of the total repository system, and safety
analyses. The study reaches a positive conclusion con-
cerning the basic feasibility of geological disposal in the
Callovo-Oxfordian formation of Meuse/Haute-Marne
and sketches out the prospects for subsequent develop-
ment.

9.3.1. THE WASTE INVENTORY

Dossier 2005 takes account of existing and future
wastes committed by the French PWR fleet, or some
45,000 tons of heavy metal unloaded from the reactors
(40 years of operation per reactor). The future produc-
tion is estimated using four study scenarios, without
anticipating a particular industrial arrangement:

* Reprocessing of all EDF spent nuclear fuels, UOX,
and MOX (Scenario 1a)

¢ Reprocessing of UOX spent nuclear fuels, but no
reprocessing of MOX spent nuclear fuel, with con-
tinued production of current vitrified packages
(Scenario 1b), or production of hotter vitrified-
then-concentrated packages: (Scenario 1c)

* End of reprocessing in 2010 and disposal of UOX
and MOX spent fuel (Scenario 2)

As an exploratory approach, spent nuclear fuel (SNF)
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was taken into consideration, although it is not consid-
ered to be waste, according to current French law.

The inventory of primary packages, conducted with the
waste producers, aims to be as complete as possible. For
future waste packages, hypotheses were formulated.
This approach leads to a robust inventory, capable of
covering various industrial options. A classification of
these different packages was made and is used as the
basis for the studies.

9.3.2. MAIN FEATURES OF THE MEUSE/HAUTE-
MARNE SITE

The Meuse/Haute-Marne site is located on the eastern
margin of the Paris Basin, in a stable zone with a simple
geological structure. The Paris Basin is a sedimentary
basin with flat structural strata. The local seismic activ-
ity is very low, and no neotectonic activity has been
detected over the entire Meuse/Haute-Marne area. The
sediment conditions of the Callovo-Oxfordian forma-
tion indicate a geologic environment that has been sta-
ble for millions of years. This formation is a homoge-
neous 130 to 160 m thick argillite stratum, covering a
large surface area, with a simple and regular geometry.

The structural framework of the Meuse/Haute-Marne
site is well-defined. The newest acquired data have con-
firmed the geologic structural model as defined in 1994.
A very slight fracture density has been identified outside
the main regional faults. On the URL site, no vertical
fault with throw greater than 2 m has been detected by a
3-D seismic survey over 4 km?. Four directional bore-
holes (1,377 m of coring) intercepted only 38 micro-
breaks, which showed no movement and had no influ-
ence on hydraulic properties.

Permeability values obtained from borehole and sample
measurements varied from 10712 to 10~'% m/s. Indirect
permeability assessments result in values over the same
range. This very low permeability is explained by the
petrofabric of the clay minerals and the pore size (mean
value: 20 to 40 nm). The permeability measurements are
not influenced by scale effect or anisotropy. This finding
is strong confirmation for the homogeneity of the layer
and consistency of its properties. It is concluded that dif-
fusion is the dominant transport mechanism, which is
confirmed by the distribution of some chemical ele-
ments and associated isotopes (e.g., chloride, helium). A
comparison of 13C in calcite and interstitial water also
indicates that the exchanges have remained very limited
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Figure 9.2. Permeability and diffusion coefficient measured within the Callovo-Oxfordian argillites on

the Meuse/Haute-Marne site
in the layer for 150 million years (Figure 9.2).

In addition to the very low permeability, the Callovo-
Oxfordian provides confinement capabilities through its
clay mineral content. This retention capability results in
further delaying the migration of elements into the
Callovo-Oxfordian; this capability has been tested in a
large number of experimental configurations (water
chemistry, content of dissolved water).

Experiments on Callovo-Oxfordian argillite samples,
and in the Mont Terri laboratory, suggest that the per-
meability of the EDZ tends to decrease with the creep of
the argillites, during their resaturation and stress release,
thus causing a gradual closing of the fractures. In the
very long term, stresses return to natural equilibrium,
closing the fractures so completely that the permeabili-
ty of the EDZ tends to approach that of the undisturbed
argillite. To be on the safe side, Andra has developed a
so-called anchoring key concept to limit the flow along

drift seals through the EDZ. In addition, a set of criteria
has been defined for transposing URL data to a larger
area, and a 200 km? transposition zone has been identi-
fied around the URL.

The hydrogeology of the Meuse/Haute-Marne site is
now well known and has been modeled. Because of the
low permeabilities of the Oxfordian and Dogger forma-
tions, flow velocity is very slow. Hydrogeological mod-
eling of this system is consistent with the results of
analyses of chlorine®® and carbon'* isotopes. The flow
velocity of the water is ~1 km per 100,000 years in the
Oxfordian formation (and somewhat slower in the
Dogger formation).

9.3.3. THE PRoOPOSED CONCEPT DESIGN

The architecture of the repository presented in the
Dossier was chosen for simplicity and robustness, given
the current knowledge limits. Construction and operat-
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Figure 9.3. General architecture of a potential disposal in the Callovo-Oxfordian formation

ing resources and processes are based on the available
technology to be realistic in industrial terms, without
aiming at optimization.

The main features of the architecture (Figure 9.3) con-
sist of:

* A single-level layout in the middle of the Callovo-
Oxfordian formation

* The separation of the repository into distinct zones
depending on the waste nature (B, C, SNF if applic-
able), to limit interactions and enable management
flexibility

* Modularity of the disposal zones, to allow a gradual
construction of the repository and to separate mod-
ules for safety reasons

* Access through four shafts grouped in the same area
and a dead-end architecture of drifts and disposal
cells, to avoid a hydraulic short-circuit

In addition to long-term operating safety, the repository
design must satisfy the reversibility rationale, tightly
linked to the application of the precaution principle,
stipulated by the Law of 30 December 1991, and con-
firmed by the specific request of the French Authorities
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in 1998 when licensing the URL. Reversibility refers to
a “cautious” management in successive phases of a pos-
sible repository, leaving the choices open for the coming
generations. Adopting this principle supports the possi-
bility of a gradual closure, meaning a gradual reduction
in the level of reversibility, towards an increasingly pas-
sive configuration. Dossier 2005 describes the mode of
action needed to preserve the possibilities of such a
choice. Reversibility entails no compromise with regard
to the safety objectives, and no additional measures that
could significantly affect safety.

For B waste, the disposal packages contain 1-4 primary
packages in standardized parallelepiped, stackable con-
crete containers. The disposal cells are dead-end hori-
zontal tunnels with a pseudo-circular excavated cross
section (® < 10-12 m). Each cell will be closed by a
swelling clay (when the seal material has been chosen).

Each primary C waste package is placed in a sealed
unalloyed steel overpack. This overpack has a useful
thickness of 55 mm, to ensure its tightness for at least
4,000 years. The disposal cells are dead-end tunnels (®
0.7 m, length 40 m). Their spacing must assume a pas-
sive dissipation of the canister heat by conduction into
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the rock and a temperature lower than 90°C. Each cell
will be closed (when necessary) by a swelling clay
based plug.

SNF packages would be leak-tight unalloyed steel dis-
posal containers. Their leak-tightness is assumed to last
10,000 years. The UOX package has a 110 mm steel
thickness and contains four assemblies placed in a cast
iron insert. The MOX package is 120 mm thick. There
is only one assembly per package. The disposal cells are
dead-end tunnels approximately 2.5 m (MOX package)
or 3 m (UOX package) in diameter, with a total length
of 45 m. An 800 mm thick engineered barrier made of
prefabricated swelling clay and sand elements con-
tributes to creating a diffusive environment around the
packages. Each cell will be closed by a swelling clay
seal.

In support of reversibility, an observation and monitor-
ing program is proposed. Monitoring has the purpose of
controlling safety, particularly to protect workers and
the environment during the operational phase.
Observation aims at monitoring the behavior of the
repository, learning about the phenomena occurring and
following their evolution, to provide scientific and tech-
nical data for the repository’s reversible management
and for the decision-making process (step-wise
approach). Monitoring and observation are closely
linked and fulfill the same motivation: increasing confi-
dence in the repository process and control of the repos-
itory.

9.3.4. THE PERFORMANCE ASSESSMENT OF THE
REPOSITORY SYSTEM

The guideline for performance assessment is the space
and time description of the repository and its environ-
ment (the concept of phenomenological analysis of
repository situations, PARS)—in other words, the history
of the repository:

¢ Analysis data to understand the influence of the
various phenomena and identify the key aspects,

¢ Input data for numerical modeling and simulation
of the phenomena and their couplings (representa-
tion and simulation tools),

* Support for the safety approach by providing a sim-
ple and prudent basic representation of the reposi-
tory.

Chapter 9

The assessment of the geological repository postclosure
safety relies on qualitative and quantitative arguments:

* The existence of multiple safety functions, enabling
the repository to be maintained in a safe condition
even in a degraded situation

¢ The presence of measures designed to make the
repository robust despite uncertainties in knowl-
edge

* The soundness of the scientific basis underpinning
the evolution of the repository

A qualitative safety analysis identifies the uncertainties
and risks involved in the normal evolution of the repos-
itory. It analyzes the effect of these uncertainties and
risks on safety functions and the evolution of the repos-
itory. It allows investigators to specify the limits of the
normal evolution range for sensitivity studies, to
describe situations that can diverge from normal evolu-
tion, and to check whether they are covered by an
altered evolution scenario. This analysis was compared
with the approaches employed internationally (FEP
2000 and FEP CAT bases of the OECD/NEA, FEP base
of the Nagra).

The scenarios studied comprise one normal evolution
scenario and four altered evolution scenarios:

¢ Container/overpack failure
¢ Seal failure

* Intrusive borehole drilling

* Severely degraded operation

A safety methodology was set up for examining failure
combinations and selecting cautious choices. Nearly
7,000 calculations of safety cases were run, using the
Alliances Simulation Platform. If necessary, calculation
cases could include unrealistic situations intended to
further test the system’s robustness (“conventional” and
"what if" situations) (Figure 9.4).

9.4. THE RESEARCH PROGRAM ON
GRANITIC SITES

To offset not having a URL on a French site, Andra has
reinforced its participation in experiments carried out in
foreign underground laboratories. At the HRL (in
Sweden) the results of the TRUE experiment reinforced
our understanding of groundwater flow and solute trans-
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AT TTTE T

Figure 9.4. Safety calculations architecture (each couple [RN/WastePackage] requires seven

3-D calculations)

port in a fracture network at decametric scale. It offered
the opportunity to “benchmark” the numerical codes
and models. Andra has also carried out a thermome-
chanical experiment (TBT) to reproduce the interactions
around a vitrified waste cell in a granitic environment.
The principle of this experiment is to observe, under-
stand, and model the behavior of deposition hole com-
ponents under temperatures locally exceeding 100°C. It
started in an unsaturated state under thermal transients
and ended in a final, saturated state under a stable heat
gradient. At the URL (in Canada), Andra had taken part
in the Tunnel Sealing Experiment until its dismantle-
ment. This experiment tested, at full scale, the construc-
tion method and performance of drift seals in concrete
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or compacted swelling clay (Figure 9.5).

The phenomenological analysis of repositories in gran-
ite has been enriched by transfer-disturbance data from
other experiments, particularly those at the Grimsel Test
Site (Switzerland) relating to gas migration through
fractures (GAM), alkaline plume effects on the rock
properties (HPF) and the possibility of radionuclide
transfer by colloids (CRR).

Furthermore, Andra and Posiva have tested (in a coop-
erative framework) different surface reconnaissance
methods for outcropping granite on the Olkiluoto site
(Finland). Electrical, electromagnetic, and seismic
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Figure 9.5. Principal design and experimental setup of the Temperature Buffer Test (from Aspo
Hard Rock Laboratory Annual Report 2003 TR-04-10)

methods have been compared to detect faults or changes
in rock facies. The area investigated has been precisely
located for the different steps of this site reconnaissance.

9.5. THE DOSSIER 2005 GRANITE

Dossier 2005 Granite appraises the waste disposal ben-
efits of a granitic site. It identifies and studies the key
issues for repository design and performance assess-
ment, to verify that no inhibitory defects exist. It also
examines the possible technical options for designing a
granitic repository system. Dossier 2005 Granite utilizes
the knowledge of granitic rocks and design of disposal
concepts achieved in other countries. First, however, the

characteristics of French granitic blocks were compre-
hensively compiled to define ranges of parameter vari-
ability for a sensitivity analysis. Based generally on this
information, we have generated waste packaging
designs, repository architectures, and operation and clo-
sure management strategies, taking into consideration
basic safety principles (Figure 9.6).

From generic architectures based on the properties of
granite, the long-term behavior of different components
has been analyzed to understand and model thermal,
mechanical, chemical, and hydraulic phenomena inter-
acting within a disposal system. A safety analysis has
been carried out in two phases: (1) a qualitative safety
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Figure 9.6. Architecture adapted to the fracture pattern within granite blocks

analysis founded on identifying features, events, and
processes (FEPs) with regard to the proposed disposal
concepts; and (2) a quantitative analysis of three gener-
ic geological situations for disposal in granitic rock.
This analysis has identified the most important parame-
ters for the performance assessment of such a disposal
system and assessed the robustness of the concept
options.
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10.1. INTRODUCTION

Germany’s recent developments in nuclear waste dis-
posal programs have been characterized by stagnation.
On June 11, 2001, the German Federal Government
signed an agreement with the energy utility companies
to limit the future utilization of the existing nuclear
power plants. This agreement is intended to phase out
nuclear energy for electricity generation.

Key consequences of the agreement with respect to
radioactive waste storage and disposal are as follows:

* Exploration of the Gorleben salt dome as the poten-
tial disposal site has been on hold since October 1,
2000.

¢ Konrad Repository, for all kinds of radioactive
waste with negligible heat generation, has been
sued at court.

* Interim storage facilities are licensed at 12 reactor
sites to minimize transport to the existing central
interim storage facilities at Ahaus and Gorleben.

In Germany, radioactive waste disposal is assigned to
the Federal Government as a sovereign task. The
Federal Ministry for the Environment, Nature
Conservation, and Nuclear Safety (BMU) is responsible
for nuclear safety and radiation protection. BMU has the
authority to issue directions and to supervise the legali-
ty and expediency of the acts of those responsible for
enforcing the Atomic Energy Act and the Radiation
Protection Ordinance.

The Federal Office for Radiation Protection (BfS) is a
federal authority in the portfolio of the BMU. BfS

implements federal administrative tasks in the field of
radiation protection, including radiation protection pre-
caution and nuclear safety, the transport of radioactive
substances, and the management of radioactive waste.
BfS supports BMU technically and scientifically in
these fields. Apart from the BMU, the Federal Ministry
of Economics and Labor (BMWA) is responsible for
R&D in nuclear waste disposal.

The Federal Institute for Geosciences and Natural
Resources (BGR), as chief scientific-technical federal
authority in the portfolio of BMWA, advises the German
Federal Government in all geoscientific matters. BGR is
responsible for the development and performance of the
geoscientific investigation programs at the potential
repository sites. The Company for the Construction and
Operation of Waste Repositories (DBE) acts on behalf
of BfS and is assigned to plan, design, construct, and
operate the repository.

10.2. RADIOACTIVE WASTE

In Germany, most of the radioactive waste is produced
using nuclear energy for electricity generation.
Following the phase-out policy of the German govern-
ment and the 9th amendment of the Atomic Act of 27
April 2002, a limit was defined for the amount of elec-
tricity to be generated by nuclear power. As a conse-
quence, the overall volume of radioactive waste gener-
ated in Germany is now limited as well. This concerns
waste from spent nuclear fuel (SNF) elements
reprocessed in France and the UK, the SNF elements
themselves, and waste from the operation and decom-
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Table 10.1. Radioactive waste inventory up to the year 2040 (in cubic meters)

Inventory Prognosis Prognosis Prognosis Prognosis Total
end of 2000 | 2001-2010 | 2011-2020 | 2021-2030 | 2031-2040

Waste with

negligible 76,000 58,000 54,000 76,000 33,000 297,000

heat generation

Heat-generating 8,400 9,200 5,700 700 ~27 24,000

waste

missioning of nuclear power plants. To a lesser extent,
radioactive waste, mainly low- and medium-level waste,
also arises from research, medical, and industrial appli-
cations.

In addition to the classifications of high active waste
(HAW), medium active waste (MAW) and low active
waste (LAW), we distinguish (in Germany) between
heat-generating waste and waste with negligible heat
generation. This differentiation was developed with
regard to waste disposal in different host-rock forma-
tions at different sites. The total amounts of the two
waste categories accumulated in Germany projected up
to the year 2040 are shown in Table 10.1 (AkEnd, 2002).

10.3. NATIONAL REPOSITORY PROJECTS
10.3.1. THE KONRAD MINE

The Konrad Mine is an abandoned iron ore mine in the
state of Lower Saxony in the northern part of Germany.
The iron ore formation at a depth between 800 m and
1,300 m is considered to be the host rock for emplace-
ment of radioactive waste, with negligible heat genera-
tion. The great depth and the hydraulic properties of the
overburden are the most important advantages of the
geological setting at Konrad. It is effectively sealed off
from near-surface groundwater by the overburden of
several-hundred-meters-thick clay stone and marly for-
mations. The host rock offers only limited availability of
water as a transportation medium for radionuclides into
the biosphere.

In 1982, an application for initiation of a plan-approval
procedure for the Konrad Repository Project was sub-
mitted by the PTB (Federal Institute for Physics and
Metrology), the legal predecessor of BfS. The licensing
documents, the so-called Plan Konrad, were submitted
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in 1990. According to the “agreement” of June 11, 2001,
between the Federal Government and the power utili-
ties, the plan-approval procedure for the Konrad
Repository was completed and a resolution adopted on
June 5, 2002. The plan-approval decision for the Konrad
Repository provides permission for a radioactive waste
package volume (with negligible heat generation), lim-
ited to approximately 300,000 m?, to be emplaced in the
Konrad Mine. However, operation cannot commence
until the court has reached a decision on the objections
that have been filed.

10.3.2. THE MORSLEBEN REPOSITORY

In the former German Democratic Republic (GDR), the
abandoned Morsleben Salt Mine was selected as the site
of an underground repository for low- and intermediate-
level waste with low concentrations of o-emitting
radionuclides. The repository is located in a salt struc-
ture, formed in the geologi-cal formation of
Zechstein/Thuringium (upper Permian). The salt struc-
ture consists of folded rock-salt, potash layers, and
imbedded anhydrite blocks. The overall thickness of the
salt formation is between 350 and 550 m.

The emplacement of low- and intermediate-level waste
continued after the reunification of the two German
states. Operation of the Morsleben Repository was dis-
continued by 1998, and with an amendment of the
German Atomic Energy Act, all permission to dispose of
radioactive waste in the Morsleben Mine became inef-
fective in 2002. The plan-approval procedure is now
limited to backfilling and sealing the repository.

10.3.3. THE GORLEBEN REPOSITORY PROJECT

Since 1979, the Gorleben Salt Dome in the state of
Lower Saxony has been investigated as the potential
repository site for all types of radioactive waste.
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Gorleben was selected in 1977 on the basis of geoscien-
tific and economic criteria. Investigation of the
Gorleben site from the surface was started in 1979. The
exploration program consisted primarily of the follow-
ing aspects: stratigraphical investigations, hydrogeolog-
ical investigations, geophysical measurements, seismo-
logical surveys, boreholes to the salt leaching surface,
deep boreholes into the salt dome, and exploration bore-
holes for the shafts. After the reunification of the two
German states, the investigations were expanded to an
area of the former GDR north of the Elbe River. The site
investigations carried out from the surface were com-
pleted in 1997.

For the underground site investigation and the charac-
terization of the potential host rock, BGR and BfS
developed a comprehensive geological exploration pro-
gram, including boreholes and the application of nonde-
structive seismic methods. The underground exploration
started in 1986 with the sinking of two shafts, followed
by the construction of the underground infrastructural
area.

In addition to the geological exploration, in situ experi-
ments have been performed for the geotechnical charac-
terization of the potential host rock. Results from the in
situ and laboratory tests provided the database to identi-
fy potential areas for disposal. The total results of the
geological and geotechnical investigations gained so far
show a large volume of potentially suitable host rock in
a simple anticline structure of the salt dome. To date,
there is no indication that the Gorleben Salt Dome is
unsuitable for a repository (Bornemann et al., 2004, in

prep.).

Following the agreement between the German Federal
Government and the utility companies, exploration of
the Gorleben Salt Dome was discontinued in 2000 for at
least three and at most ten years, in order to clarify con-
ceptual and safety questions. Thirteen topics have been
identified in total, and they should have been processed
by BfS by the end of 2004. To date, however, no final
results from the investigations have been published.

10.4. CURRENT STATUS OF THE GER-
MAN WASTE MANAGEMENT POL-
ICY

As part of the phasing-out policy, the new German dis-
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posal concept is governed by the following fundamental
principles (Nies, 2004):
* Safety is the first priority in the field of radioactive
waste management.
* Disposal is the only option that can provide for a
sustainable solution to the waste problem.
¢ Radioactive waste of German origin shall be dis-
posed of in Germany.
 Installation of a disposal facility shall be promoted
as soon as possible and must not be postponed or
left to future generations.

As boundary conditions for the development of the new
waste disposal policy, the Federal Ministry for the
Environment specified the following political objec-
tives:

¢ All radioactive wastes shall be disposed of in deep
geological formations in Germany.

* For the final disposal of all types and quantities of
radioactive wastes, one repository is sufficient, to
be operable in 2030.

* Further repository sites in different host rocks shall
be explored; a decision on the repository’s site shall
be based upon a comparison of alternatives.

To examine further sites in different host rock forma-
tions, the Federal Ministry for the Environment had
appointed a group of experts (AkEnd) that would devel-
op a new comprehensive procedure for selecting a
repository site in Germany. The procedure should be
both suitable for safe disposal and acceptable to the pub-
lic. It was not the task of the AkEnd to implement the
procedure, to apply the procedure or the criteria respec-
tively to the selection or judgement on the suitability of
the Gorleben site, or to choose or assess other sites.

The AkEnd Committee, as a technical scientific body
working independently and free of directives within the
framework of the established objectives, started its work
in 1999; the final recommendations were published at
the end of 2002 (AkEnd, 2002). Following a decision by
the German Parliament, at least two sites shall be select-
ed by 2010 for underground exploration, and the repos-
itory shall be operable by the year 2030.

According to the recommendations of the AkEnd, polit-
ical and social agreement on the site selection procedure
should take place in a second phase. The Federal
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ation of the emplaced dummy canister in
the Asse Research Mine (Bechthold et al.,

2004)

Ministry for the Environment, however, did not carry
out its study of the AKkEnd proposal, because the oppos-
ing parties in the German Federal Parliament, as well as
the energy supply concerns, did not accept an invitation
for meetings with a negotiating group in 2003.

In addition to the implementation of the site selection
procedure, and in accord with the coalition agreement
between the Social Democratic and the Green party, the
Federal Government is currently striving for an agree-
ment on financing site exploration. The industry, how-
ever, has already declared that they consider further site
selection activity unnecessary and therefore are not will-
ing to pay for it (Nies, 2004).

10.5. GERMAN R&D ACTIVITIES FOR
NUCLEARWASTE DISPOSAL

Recent German R&D activities for nuclear waste dis-
posal have been generally determined by the decision of
the German government to enhance research activities
in clay and granite. This decision, in 2000, required set-
ting new priorities for many current research projects
and initiating new projects. Consequently, the impor-
tance of international cooperation in joint projects, and
particularly the German participation in European
underground research laboratories, has increased signif-
icantly.

igure 10.1. BAMBUS Il experiment: Dismantling oper-

10.5.1. RESEARCH IN Rock SALT

Since 2000, research concerning nuclear waste
disposal in rock salt has been drastically
reduced. During the last few years, such activi-
ties concentrated on dismantling the Thermal
Simulation of Drift Emplacement (TSS) field in
the ASSE mine and analyzing the results
(BAMBUS 1II) for topics such as: the com-
paction behavior and sealing characteristics of
crushed salt as backfill, laboratory studies on
evolution and long-term behavior of the
Excavation Damaged Zone (EDZ), and demon-
stration experiments on geotechnical barriers.

The BAMBUS II project (Backfill and Material
' Behaviour in Underground Salt Repositories),
“4% undertaken as an international joint project from
2000 to 2003 (Bechthold et al., 2004), was fund-
ed by the European Commission as well as
national governments and authorities (Figure
10.1). The principal scientific objective of the
project was to extend the basis for optimizing
the repository design and construction, and for predicting
the long-term performance of the barriers in a repository
for radioactive waste in rock salt. The work was divided
into in situ studies, laboratory investigations, modeling
studies, and office studies. For use in future repository
design and construction, an easily accessible data acqui-
sition system has been developed. The BAMBUS II pro-
ject was the last in situ research activity in the ASSE
mine. As a result of the backfilling operations, the ASSE
mine cannot be used any further as an underground
research laboratory in rock salt.

Crushed salt is primarily intended for use as backfill in
rock salt. The sealing capability of crushed salt largely
depends on the degree of compaction and the resulting
pore volume. Different institutes in Germany perform
laboratory studies to evaluate the influence of tempera-
ture, moisture, and mineral additives on the performance
of crushed salt. Mineral additives are assumed to accel-
erate compaction. Precompacted crushed salt (bricks) are
also tested as backfill material. Some of this research is
performed as part of an EC-funded Integrated Project
NF-Pro that started in 2004 and will last 4 years.

The long-term evolution of rock salt is also one of the
objectives of the NF-Pro project. Laboratory studies are
performed to analyze the failure and healing behavior of
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rock salt. The state of stress and temperature determine
whether the salt develops dilatancy or is compacted. In
contrast to other host rocks, rock salt is assumed to
undergo real healing under compaction. Constitutive
laws have been developed to model the long-term behav-
ior of the EDZ.

Shaft, gallery, and borehole seals, at real size, are being
tested in operating salt mines. These tests are performed
as part of the research concept “Underground Disposal of
Chemo-toxic Waste.” Also, as part of the EC-funded
Integrated Project “Engineering Studies and
Demonstrations of Repository Designs (construction-
operation-closure)” (ESDRED), emplacement tech-
niques are being tested.

10.5.2. RESEARCH IN GRANITE AND CLAY

The current research on nuclear waste disposal in
Germany focuses mainly on clay and granite as host
rocks, and on clay as backfill and sealing material in
salt, clay, and granite. The research is mainly funded by
the German government and the EC. Since no under-
ground research laboratories in granite and clay exist in
Germany, in situ experiments are conducted, as part of
an international cooperation effort, at underground lab-
oratories in Sweden (Aspod), Switzerland (Grimsel,
Mont Terri), France (Tournemire, Meuse/Haute Marne),
and Belgium (Mol). The work described below refers
only to experiments with contributions by partners from
Germany.

German Participation in URLs

At the Mont Terri Rock Laboratory (Switzerland), many
aspects of nuclear waste disposal in clay stone are cov-
ered. In 2004, Germany participated in 15 experiments.
Two key issues are considered in these experiments:

1. Development of the EDZ and performance of back-
fill and buffer
2. Characterization of the Opalinus Clay.

Development of the EDZ and performance of backfill
was investigated in nine different experiments. The
“Engineered Barrier Experiment” (EC-funded), for
example, aims at demonstrating a new concept for con-
struction of HLW repositories in horizontal drifts, in
competent clay formations (Figure 10.2). A “Heater
Experiment” (EC-funded) was performed to identify
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and measure the THM response in both the host rock
and the buffer, with special emphasis on the host
rock/buffer interaction. The effect of repeated desatura-
tion and resaturation is examined in the “Ventilation
Experiment,” funded since 2004 by the EC as part of the
Integrated Project “NF-Pro.” The performance of “self
sealing barriers of clay-sand mixtures” is tested in bore-
holes as part of the Integrated “ESDRED” Project.

The characterization of the Opalinus Clay included in
situ gas-permeability measurements, in situ stress mea-
surements, the determination of pore-water chemistry,
the equilibrium of gas and pore water, and microbial
studies. Results have been integrated into a hydrogeo-
logical analysis (Marschall et al., 2003) and a rock-
mechanics analysis report (Bock, 2001).

The results from the Mont Terri Rock laboratory are
now being applied in several collaborations with Andra
at the Meuse/Haute Marne Underground Laboratory in
France. Several high-resolution seismic borehole mea-
surements have been performed to investigate the extent
of the EDZ around the main shaft and in a niche in the
Callovo-Oxfordian clay stone. Gas-permeability mea-
surements have been conducted in the EDZ and the
intact rock. In 2005, additional measurements to charac-
terize the EDZ by seismic and geoelectric methods —to
determine the gas permeability, pore pressures and in
situ stress field —are planned.

In the Mol Underground Laboratory (Belgium), mea-
surements to characterize the extent of the EDZ by seis-
mic methods have been performed. As part of an exper-
iment concerning the “Corrosion of Active Glass under
In Situ Conditions”, gas release and permeability have
been measured. Gas release from different backfill
materials and the Boom Clay resulted in thermal des-
orption, oxidation of organic compounds, thermal
decomposition of minor constituents of the clay, and
corrosion of the container material.

German partners have participated in the Full-Scale
Engineered Barriers Experiments (Febex I and Febex II)
at the Grimsel test site (Switzerland). Two heaters with
lengths of 4.54 m each were emplaced in a gallery. The
residual volume in the gallery was backfilled with com-
pacted bentonite, and the entrance to the gallery was
sealed with a concrete plug 2.7 m long. The diameter of
the gallery is 2.27 m, and the diameter of each heater is
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Figure 10.2. Engineered barrier experiment in the Mont Terri Rock Laboratory: emplaced dummy
canister on compacted bentonite bricks

0.90 m. Heaters consist of carbon steel, each having a
thermal power output of 1,200 W, which leads to a max-
imum surface temperature of 100°C. German partners
measured the gas generation and the gas release in the
test field, determined gas permeability in the EDZ after

dismantling, and performed THM calculations for the
whole system.

In the Swedish underground research laboratory at
Aspo, a full-scale replica of the deep repository planned
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for the disposal of spent nuclear fuel has been con-
structed. The prototype includes six deposition holes in
which full-size canisters with electrical heaters were
placed and surrounded by bentonite. The deposition tun-
nel had been backfilled with a mixture of bentonite and
crushed granitic rock. As part of the research activities
in the prototype repository at Aspo, electrical resistivity
was measured to monitor water uptake in the backfilled
drift and boreholes, and desaturation effects around the
deposition boreholes were also studied. Results were
used as input parameters for thermal-hydrological-
mechanical chemical (THMC) modeling of the entire
system.

Laboratory Tests

Laboratory research was performed on clay to deter-
mine its THM behavior. Particularly as part of the NF-
Pro project, the development of damage and the capa-
bility to reseal is under research in several laboratories.
The development of damage is strongly influenced by
the degree of saturation, material anisotropy, and the
stress regime.

The physicochemical behavior of clay-based engineered
barriers under the influence of a hyper-alkaline plume
due to cement degradation has also been investigated. In
the case of solution intrusion into the repository, the
cemented wastes show a significant change in their
structure, which leads to a change in the solution com-
position and brine pH. The resulting solution can cause
changes in the composition of the clay material.

Modeling

Modeling a repository for radioactive waste that is close
to reality requires the consideration of thermal (T),
hydraulic (H), mechanical (M), and chemical (C) cou-
pled processes. German working groups are involved in
the evaluation of constitutive laws to model the THM
behavior of clays as host rock and backfill material. As
an example, a model to calculate the resaturation and to
evaluate the sealing ability of bentonite buffer in final
repositories for HLW in crystalline rock is to be devel-
oped as part of the prototype repository experiment. The
model should include all the relevant physical processes
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of thermo-mechanically influenced two-phase flow. The
approach used in the model, as well as the accompany-
ing laboratory investigations, are to be discussed and
modified, if necessary, by the participants of the proto-
type repository modeling group.

BGR joined the international project DECOVALEX III
(Development of Coupled Models and their Validation
against Experiments in Nuclear Waste Isolation). This
project offers a forum for the improvement of knowl-
edge and modeling of coupled processes. In the course
of DECOVALEX, the numerical code RockFlow has
been developed as a fully coupled THM code. Currently,
the extension to coupling with chemical processes is
under development.
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I1.1. INTRODUCTION

In Hungary, nuclear power provides a substantial portion
of the total electricity produced in the country. The main
source of nuclear power, the Paks Nuclear Power Plant
(NPP), is comprised of four VVER-440 nuclear reactors,
each with a capacity of 460 MW _. Over the plant’s pro-
jected life of 30 years, the plant will produce about
13,000 m? of low and intermediate level waste (LILW),
and nearly 17,000 m? will likely be produced by decom-
missioning the plant. This means that about 30,000 m? of
LILW from the NPP must be disposed of. Since expan-
sion of the existing near-surface repository such that it
could completely accommodate the waste produced by
the NPP is impossible, a national program was launched
in early 1993 (after some previous unsuccessful
attempts) to find a solution for disposal of LILW gener-
ated by the NPP.

The number of spent nuclear fuel (SNF) assemblies to be
generated during the 30 years’ operation is around
13,500. A Hungarian-Soviet Inter-Governmental
Agreement on cooperation in constructing and operating
the Paks NPP was signed in 1966, and an Additional
Protocol was added to it in 1994. In these agreements,
which are still in force, Russian authorities agreed to
accept delivery of the SNF, while Hungarian authorities
agreed to purchase any required new fuel assemblies
exclusively from Russia for the entire lifetime of the
NPP. According to this Agreement, Hungary was not
required to take back radioactive waste or other residuals
from the reprocessing of such fuel. Altogether, 2,331
assemblies were shipped back to the Soviet Union (later
Russia) between 1989 and 1998. However, in the 1990s,
contrary to the terms of the original agreement (but in

accordance with international practice), the responsible
Russian authorities wished to have Hungary take back
the residual radioactive waste and other byproducts cre-
ated during reprocessing.

At present, Hungary does not have the capability to dis-
pose of high-level long-lived radioactive waste. It was
for this reason that the construction, licensing, and oper-
ation of an interim SNF storage were classified as a top
priority in 1993. In 1997, a Modular Vault Dry Storage
facility was commissioned in the immediate vicinity of
the NPP. This facility, for the interim storage of SNF,
allows for the storage of assemblies for a period of 50
years. Also, it is envisaged that some 100 m? of high-
level waste will be generated during the operation of the
Paks NPP, which is temporarily stored in tube pits
designed for this purpose at the NPP, and it is estimated
that some 3,700 m? of high-level (HLW) and long-lived
waste (LL) will be produced during the decommission-
ing of the plant. Decommissioning of the other two
nuclear facilities in Hungary (a training reactor and a
research reactor) will also produce some radioactive
waste, but to a much smaller extent. These HLW can be
disposed of along with the similar waste from the nuclear
power plant.

As yet, there is no decision on the back-end of the fuel
cycle, but to calculate the future costs of radioactive
waste and SNF management, as well as to assure the nec-
essary funding, some assumptions have to be made about
disposal. For our purposes here, as a reference scenario,
we have postulated the direct disposal of SNF assemblies
within Hungary.
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11.2. SITING OF A NEW LILW REPOSI-
TORY

In 1993, the Hungarian government launched a national
program aimed at selecting a site for disposal of LILW
arising from the operation and decommissioning of the
Paks NPP. According to the principles that we estab-
lished, alternative solutions had to be examined, both in
terms of location and the mode of disposal. Thus, both
near-surface and mined underground repositories down
to 300 m depth were considered.

In the surveys of the entire country carried out between
1993 and 1995, about 300 geological formations were
identified as being potentially suitable for either near-
surface or underground disposal facilities. In the initial
phase of site exploration, using exclusion criteria, all
areas were ruled out that had to be protected out of polit-
ical, economic, geological, etc. considera-
tions, or where the disposal site needed to be
protected from industrial or natural influ-
ences. The next phase was “positive”
screening, in which geological prospects
were evaluated from the perspective of suit-
ability, meaning the quality of the geological
barrier. As a result, about 6,000 km? out of
the 93,000 km? area of Hungary were con-
sidered worthy of more research related to
near-surface disposal, and about 23,000 km?
related to subsurface disposal. A suitable site
could be expected in areas where the num-
ber and density of potential prospects
proved to be high. Using this approach, an
area of 5,000 km? was selected for further
exploration. Numerous potential locations
were identified — 128 for near-surface and
193 for subsurface disposal.

At this stage, another very important issue arose, name-
ly the opinion of the population in the areas under con-
sideration. Public approval was given to just a few
dozen out of the potential areas. Of these, four prospec-
tive areas (three for near-surface and one for under-
ground disposal) were investigated by field reconnais-
sance. Boreholes were drilled at two near-surface (loess)
sites and one underground (granitic) site. Judging from
this comparison, the granite site proved to be more suit-
able. Based on the first series of investigations, a gran-
ite formation in the village of Bataapati (in the Uveg-
huta area) in southwestern Hungary was selected as a
potential site for an underground repository. One of the
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potential near-surface sites was selected as an alterna-
tive solution for further investigations, should the inves-
tigations in Bataapati not meet expectations (Ormai et
al., 2001).

In 1997-1999, six boreholes, 300-500 m deep, were
drilled at the Uveghuta site (see Figure 11.1). The geo-
logical and geophysical investigation of these boreholes
resulted in a precise definition of the site.

The preliminary safety assessment did not give rise to
any doubts concerning the site’s suitability.
Radioactivity concentrations of isotopes calculated for
the vicinity of the disposal areas did not significantly
exceed the concentrations existing in the natural envi-
ronment. Results from the preliminary safety assess-
ment of the subsurface disposal facility illustrate that

Figure 11.1. Deep boreholes at Uveghuta region

radiological risk to the public is negligible for the post-
closure phase (doses to the public are several orders of
magnitude lower than the authorized limits for every
case considered). This statement is valid for both the
normal and altered evolution scenarios. By virtue of the
deep location and hydrogeological conditions at the site,
the proposed concept of subsurface disposal is not
affected significantly by changes in the environment.

In May 1999, because some Hungarian experts
expressed reservations concerning the adequacy of the
site investigations, the Hungarian Atomic Energy
Authority asked the International Atomic Energy
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Agency to organize an international peer review of the
research on site selection and site suitability for
Hungarian LILW disposal. This was undertaken as part
of the Agency’s Waste Management Assessment and
Technical Review Programme (WATRP).

The WATRP team concluded that the process leading to
site selection appeared reasonable, and that it had appro-
priately considered the aspects of both geology and pub-
lic acceptance. The site appears potentially suitable for
disposal of LILW from NPP operational and decommis-
sioning wastes; however, site characterization and
repository design should continue. Based on a meeting
with local representatives, the team found that an effec-
tive and open communication program appears to have
been established.

During the 2002-2003 exploration, 23 boreholes were
drilled. Eight of them were to a depth between 300—411
m; the rest were less than 101 m deep. Two exploratory
trenches (1,490.3 m) were excavated, three dug wells
(73.3 m) were deepened, and nine structures for over-
flow measurements were constructed. Geophysical
measurements were performed in the boreholes; geolog-
ical and tectonic logs and maps were also compiled for
the boreholes and trenches, respectively, as well as geo-
logical logs for the dug wells. These trenches and dug
wells were incorporated into the hydrogeological sys-
tem. To complement this major ground-based geophysi-
cal survey, a wide spectrum of analyses was carried out
in various laboratories.

By any standard, the granite of the Uveghuta site can be
considered as suitable host rock for the LILW reposito-
ry: its volume is large enough, the homogeneity is
acceptable, the hydraulic conductivity is low, and the
infrequent radioactive emissions will be immobilized by
the montmorillonite clay in the fissure fillings.
Downward-directed flow is deflected laterally by a geo-
logical barrier above the repository area, and the fresh-
water heads in the repository area decrease with depth.
The flow system will retard the migration of the infre-
quently emitted radioactive pollution towards the
ground surface and will dilute its concentration.

Perhaps the most important lesson from the exploration
of the Uveghuta site is the ambiguity of the relationships
between fault tectonics and hydrogeology. Because of
argillaceous alteration and filling, the hydraulic conduc-
tivity of the major fracture zones is surprisingly low, 5.8
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x 10~ m/s on average, which exceeds the value for the
background granite by only one order of magnitude. The
biggest influx came from a relatively insignificant fis-
sure, whereas the usual influxes from thick fracture
zones were largely the same as those from small frac-
tures (Balla, 2004). A quantitative assessment of these
phenomena has not yet been performed, but the prelim-
inary results are promising. On the basis of the integrat-
ed interpretation of tectonic and hydrodynamic data, a
structural model of the site has been constructed, and it
can serve as the basis for further evaluation.

The final report was approved by the Hungarian
Geological Survey. In the resolution based on this
report, it was confirmed that the site is suitable for an
LILW repository, but that determination of the rock vol-
ume needed for a waste disposal facility and its protec-
tion zone required further underground explorations
(see Figures 11.2 and 11.3). Preparations for this stage
started in late 2004.

Based on the available investigation results, the reposi-
tory would be constructed at the outskirts of the village
of Bataapati, at a depth of 200-250 m below the surface,
at 0-50 m above sea level, in granite of Lower
Carboniferous age. The exact location of the disposal
area will be defined after additional geological investi-
gations and experience gained during the mining explo-
ration. Layout of the subsurface facility is affected by
the geological environment and by the amount of waste.
At present, a tunnel-type arrangement seems favorable.
Both the waste drums and the disposal containers would
be placed in the disposal areas, so that any radioactive
isotopes escaping from the waste packages over long
times would be sorbed by the clay backfill material,
either near the waste packages or inside the containers.
Thus, the probability of a significant release of radioac-
tivity would be very low, even after several hundred
years. It is assumed that the backfill would limit ground-
water access to the waste packages. Granite pillars of
10-20 m thickness would support and separate 6 or 10
m wide disposal galleries, ensuring the mechanical sta-
bility of the repository. Design of the layout and the
characteristics of the disposal areas will need to be
refined after further geological investigations.

To initiate activities for constructing the repository, the
Parliament’s preliminary approval in principle is
required. Based on the current plan, the repository could
be operational in 2008.
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Figure 11.2. Preparations for the underground explorations

Figure 11.3. Excavation of the double incline
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Figure 11.4. The very first picture of the BCEF, in an

underground opening (1994)

11.3. PREPARATIONS FOR CLOSURE

OF THE FUEL CYCLE

Hungary has chosen to delay making a final decision on
the option of closure of the nuclear fuel cycle—a posi-
tion adopted by the Hungarian Atomic Energy
Commission in 1993 and confirmed in 1998. The facili-
ty for interim storage of SNF allows for the storage of
fuel assemblies for a period of 50 years at the site.
Hence, it is not necessary to reach an immediate deci-
sion on disposal of SNF. This delay offers the possibili-
ty of monitoring the disposal experience of other coun-
tries, particularly the results of international research on
transformation of HLW. However, it is expedient to
develop a policy and strategy, as well as a working pro-
gram, to support R&D activities within Hungary. In this
way, we will be able to evaluate and apply international
results, in accordance with our own perspective,

and reach a decision regarding a solution to the
closure of the nuclear fuel cycle.

From the very beginning, it was obvious that all
the problems associated with the management of
HLW would have to be solved by Hungary on its
own, irrespective of whatever solution might be
found for the issue of the fuel cycle back-end.
This is the reason that preparations for disposal of
high-level and long-lived radioactive wastes
started in 1993.

The exploration tunnel excavated in the Mecsek
Uranium Mine reached the claystone formation
in 1994, and the on-site underground data acqui-
sition began in this area, at a depth of 1,100 m
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(accessible from the former uranium mine). The
possibility of implementing in situ examinations at
this depth is very rare, even worldwide. Its impor-
tance is given by the fact that the higher tempera-
tures (50°C), rock stresses (s1»30 MPa), and water
pressures (p»9—10 MPa) resulting from the sub-
stantial depth ensure the investigation and better
understanding of several special effects determin-
ing the isolating function of the geological barrier
(Short-Term Programme, 1998).

Between 1995 and 1998, a short-term program

was launched to characterize the rock mass known

as the Boda Claystone Formation (BCF) (Figure
11.4). The program was limited to three years,
because of the inevitability of the closure of the
mine, planned for 1998: the existing infrastructure
of the mine could be economically utilized only during
this time period.

Confining performance and long-term stability of the
BCF can be summarized as follows: The recent 700-
1,000 m thick layers of BCF were settled in an alkaline
(or playa) basin under extreme climatic inflow and geo-
chemical conditions, and later they were buried to at
least 3.5 to 4.5 km depth. The diagenesis of sediments
occurred at high temperature (~ 150-200 °C) and at
high pressure (120—150 MPa). This situation resulted in
the present overconsolidated, highly indurated character
of the BCF. The bulk-porosity and hydraulic conductiv-
ity of the intact rock-matrix are very low (0.6-1.4%;
10-15 m/s) (see Figure 11.5). The typical interval for
the Young-modulus is between 30-40 Gpa, and the aver-

Figure 11.5. Implementation of a hydraulic test at the

borehole
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age unconfined strength exceeds 100 MPa. Composition
of the 35-50% clay-mineral content also fits into the
burial history. According to the mineralogical tests, the
dominant clay mineral in unweathered rock types of
BCF is illite (25-40%). Chlorite content is 5-15%, and
smectite and a chlorite-smectite mixed layer were also
detected in every sample. However, with the exception
of some special places, the proportion of swelling clay
minerals is near the detectable limit (>1%). Thus, self-
healing caused by swelling may theoretically occur, but
it does not seem to be important at first sight.

According to the results of the 7-year investigations
extending over the most significant tectonic zone of the
area (and applying in situ methods), no evidence could
be found that would disqualify this potential host for-
mation. Based on the results of the final report, we rec-
ommended constructing an underground research labo-
ratory (URL) for further research and to assess the suit-
ability of the rock.

In 1999, however, a decision was made on final closure
of the uranium mine that led to termination of the pro-
gram. With the rejection by the government (in 1999) of
PURAM’s plan for an underground research laboratory
at the Boda claystone site, as a step towards the devel-
opment of a deep repository, Hungary was left with no
practical plan for disposal of high level and other long-
lived waste. In this situation, learning the lessons from
the former procedure, a new project was launched in
2000 aiming at developing a new policy.

Hungary has to decide how to manage this waste in the
long term. Implementing that decision will take
decades. With this in mind, PURAM has contracted
ENRESA of Spain for consulting services in the elabo-
ration of a strategy for disposal of high level and/or
long-lived radioactive wastes and the management of
SNFE. By the end of October 2001, the document was
completed. This paper explains what the problems are
and what decisions have to be taken describes several
options, and sets out proposals for reaching decisions.

Based on this study, elaboration of the long-term strate-
gy is to be started soon. A national strategy will be iden-
tified upon comparative assessment of several options.
The nondelayed open cycle counting on a national
repository facility is perhaps the most important among
the potential scenarios assessed.
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According to the presently preferred scenario, to ensure
the disposal of HLW, the construction of a repository in
a deep geological formation within Hungary shall be
undertaken. In accordance with current international
opinion, such a repository could also be used for direct
disposal of spent nuclear fuels, and even more, for the
accommodation of wastes from reprocessing of SNF
assemblies. The reference scenario envisages a back-
end fuel cycle completed with the direct disposal of
SNFE.

11.3.1. RESTART oF HLW SITING

In Hungary, the efforts made for disposal of HLW/SNF
have been revived during the past few years. The geolog-
ical explorations that were restarted in the West-Mecsek
region were aimed at the identification of a site for the
construction of a URL and, at the same time, the thinking
over the elaboration of a strategy has strengthened again.
The revival of the national programs has a close relation-
ship with the accession of Hungary to the European
Union (EU), since, as a member state, Hungary is also
subject to the regulations and directives of the EU.

In 2000, based on desk studies, a nationwide screening
(Figure 11.6) was carried out by evaluating the potential
rock formations in detail. Thirty-two lithological forma-
tions potentially suitable for a deep geological repository,
within the territory of Hungary, were identified. This
comprehensive investigation confirmed that the BSF has
the leading position among the potentially suitable sites
for an HLW repository.

Figure 11.6. The results of nationwide screening

In 2004, in parallel with policy development, the explo-
ration program for a HLW repository restarted at Boda
(Kovacs, ed., 2004). Because the access to the host rock
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from the uranium mine is no longer available, the inves-
tigations should be carried out from the surface. The aim
is to designate, up to 2008, a location for an underground
research laboratory where exploration of rock could be
accomplished.

The development and approval of a strategy is not expect-
ed before 2008. If geologic disposal were selected as a
preferred option, then international experience indicates
the execution of the research preparatory activities will
require some 20-25 years of work. An additional 10 —15
years for licensing and construction of the disposal facil-
ity can be envisaged.

The time schedule prepared for the disposal of HLW and
the management of SF is presented in Table 11.1 below:

In September 2003, TS Enercon Kft prepared a site-
independent conceptual design entitled “Preparation of
Conceptual Design and Cost Estimation for the
Construction of a Deep Geological Repository for the
Final Disposal of Long-lived High Level Radioactive
Wastes and Spent Nuclear Fuels of Hungary.” This
Conceptual Design proposes the construction of a facil-
ity within the Boda Claystone Formation, a potential
host formation, in the West-Mecsek region, at an appro-
priate depth and location to be specified by subsequent
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exploratory phases (TS Enercon Kft, 2003). The study
was based on the information provided by SKB regard-
ing the Swedish geological repository for high-level
radioactive waste (SKB, 2004).

The Conceptual Design describes the scope of engineer-
ing work to be performed in relation to the open fuel
cycle activities. This work includes the building of a
repository facility; consideration of waste management,
transport, and storage activities; and a cost estimate for
these activities. The Conceptual Design has a twofold
objective:

1. To present the engineering work to be performed for
the open cycle without delay—as a strategy —
assuming a national repository facility

2. To perform a cost exercise for the implementation
of the strategy, including the itemized comparison
of each disposal scenario

In accordance with the Conceptual Design, the deep
geological repository consists of a drift system con-
structed at an appropriate depth, along with associated
surface facilities (see Figure 11.7). The surface and
underground construction are interconnected by two
central and one diagonally positioned vertical shafts,
which provide the construction, exploration, and operat-
ing conditions in accordance with safety requirements.

Table 11.1.Time schedule prepared for the disposal of HLW and management of SF

2005-2008 Start of R&D work.

* Surface exploration of the BCF region for the construction of a URL.
* Preparation of a Preliminary Environmental Impact Study Report.
* Finalization and approval of the HLWW management strategy.

2009-2012 * Start of construction of the URL.
* Elaboration of a research/exploration program.

2013-2032 * Construction of the URL.

* Implementation of the research/exploration program.
» Completion of safety assessments.

2033-2046 Construction of the repository.
2047-2069 * First phase operation of the HLWV repository.

* Transfer of spent fuel assemblies from the ISFS to the repository.
2070-2094 Operation of the repository
2093-2094 Extension of the capacity of the repository to accommodate the decommissioned HLWV.
2095-2104 * Second phase operation of the high level radioactive waste repository.

* Transfer and loading of the decommissioned waste (HLW) from Paks NPP.
2015-2108 Sealing of the repository.
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Figure 11.7. Axonometric diagram of the refer-

ence deep geological repository

The most important design assumptions are as follows:

¢ The development of the underground space is per-
formed by conventional drilling and cautious blast-
ing methods.

¢ Similar to the Swedish method, the canisters con-
taining the SNF assemblies are stored one by one in
large-diameter boreholes drilled into the base of the
disposal drift (Figure 11.8).

¢ The engineering barrier (buffer) around the canis-
ters is pure precast bentonite compacted at high
pressure, the benefit of which is that it is a natural
mineral material, capable of swelling upon absorp-
tion of water, has very low permeability, and the
pre-cast elements are easy to handle.

e Other HLW is packaged into sealed stainless-steel
containers and disposed of through various arrange-
ments in the disposal drifts.

* The backfilling of the disposal drifts is performed
after the completion of the loading operations in
each drift, using an appropriate mixture of ben-
tonite and excavated rock granulated to the appro-
priate grain size.

The SNF is loaded into the disposal drifts, into the shafts
drilled in the base of the drifts. It is planned that these
drifts will form a system developed in the form of a reg-
ular net within the area between the downcast airshafts
and the ventilation, with upcast airshafts removing the
exhaust air. Because of the separate air supply for trans-
port and ventilation drifts, two independent ventilation
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systems are provided by the drift network. The driving
of some four drifts in one wing of the facility will be
enough to start the loading operations. Two drifts are
planned to be loaded with SNF in a year, during which
time another two drifts can be driven into the other wing
of the disposal facility. Thus, the loading operations can
be performed independently of the drift driving work. In
this manner, the development of drifts can proceed at the
required rate, up to a total number of ~42.

The facilities for the deep geological repository include
a central service area, a system of abutments and drifts
for the disposal operations, drifts for transport, man
haulage, and ventilation, and a main upcast airshaft. The
service area consists of units for various functions: a
loading drift for man haulage and a transport shaft to
receive smaller-sized equipment, accommodations for
the control staff, and demonstration buildings. In addi-
tion, large-section drifts within the service area will be

Figure 11.8. Axonometric diagram of the dis-
posal drift arrangements

constructed for drainage functions, electric power sup-
plies, machine-servicing and maintenance work, store-
keeping functions, and vehicle parking. Also, there will
be a reloading drift where larger-sized items of equip-
ment, machines, and canisters containing the SNF are
received and reloaded under safe conditions into radia-
tion shielding tubes suitable for underground transport.
Finally, bunkers will be built to collect rock debris pro-
duced by the space development work —bunkers inter-
connected with the drift beneath, where the rock is fed
into the skip transport in the vertical shaft that is also
used for man haulage. In this way, the excavated rock is
transported to the surface.

The backfilling material, used for sealing the disposal
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vaults, is carried down in the same way, by skip trans-
port into another underground bunker, which is connect-
ed to a lower drift, where the material can be loaded
onto transport cars for transfer to disposal drifts.
Assuming undisturbed geological conditions, a drift
profile designed for machinery based on the Swedish
concept, and a single story arrangement within 700 X
700 m? overall dimensions, the disposal area will be
capable of accommodating a total of 960 canisters con-
taining SE. The actual number of drifts may vary
depending on the geometry of each disposal area, if the
length of the drifts or the dimensions of the abutments
between them is restricted by unfavourable geological
conditions. The distance between the disposal drifts,
along with the pitch of the disposal shafts, is determined
by the thermal parameters of the rock and the waste
packages. A preliminary assessment of the thermal para-
meters indicates that an abutment size of 25 m and a
shaft pitch of 10 m will be adequate for the Conceptual
Design. The disposal shafts are connected to each other
and to the service area by ventilation ducts and utility

piping.

The canisters containing the SF are loaded into large-
diameter boreholes driven into the base of the disposal
drifts. Borehole dimensions are determined by the
length and diameter of the canisters, and the design
dimensions of the engineered barrier. The depth and the
diameter of each borehole is ~ 7 m and 1.75 m, respec-
tively. Bentonite slabs are prefabricated in the surface
facility and taken down to their place of use.

It is assumed, based on the results of the cost estimate,
that the total disposal area would consist of ~42 dispos-
al drifts, each containing 24 SNF canisters. It is also
assumed that for the large-section underground drifts,
rock bolts and sprayed fibrous concrete lining with an
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average thickness of 10 cm would be required; for the
small-section drifts (including the disposal drifts) rock
bolts and a sprayed concrete lining 5 cm thick would be
required.
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12.1. INTRODUCTION

The Japan Atomic Energy Commission (AEC) decided,
in 1976, that management of high-level radioactive
waste (HLW) in Japan should be based on the concept of
geological disposal. Thus, a research and development
(R&D) program for geological disposal should be start-
ed, and comprehensive R&D studies have been carried
out for over 20 years in advance of formulating an insti-
tutional framework (including regulations) and selecting
sites. In this comprehensive phase, the Power Reactor
and Nuclear Fuel Development Corporation (PNC, now
the Japan Nuclear Cycle Development Institute, JNC)
has been assigned the role as leading organization in the
R&D program.

PNC submitted the first progress report on research and
development for geological disposal of HLW in Japan,
referred to as H3 (PNC, 1992), in September 1992. H3
summarized the results of R&D activities up to March
1992 and identified priority issues for further study. JNC
completed the second progress report, referred to as H12
(JNC, 2000) and submitted it to the AEC in November
1999. H12 demonstrated the technical feasibility and
reliability of the specified disposal concept more rigor-
ously and transparently, and provided input for future
siting and regulatory processes.

Taking into account the technical achievements of H12,
the “Specified Radioactive Waste Final Disposal Act”
(hereafter “the Act”) was legislated in June 2000, and

the Nuclear Waste Management Organization of Japan
(NUMO) was established in October 2000 as the imple-
menting organization for vitrified HLW disposal. The
assigned activities of NUMO include repository site
selection, preparing relevant license applications, and
construction, operation, and closure of the repository.
The Radioactive Waste Management Funding and
Research Center (RWMC, the former Radioactive Waste
Management Center to promote R&Ds for radioactive
waste management) was designated as the fund man-
agement organization in November 2000. More details
on the evolution of the Japanese HLW program have
been described in the Third Worldwide Review (Masuda
and Kawata, 2001).

In this report, developments in the Japanese HLW pro-
gram since the previous review are described, focusing
on NUMO'’s implementation and the R&D activities of
NUMO, JNC, and RWMC.

12.2. OVERVIEW OF THE FRAMEWORK
FOR IMPLEMENTATION

The Act provides that the siting process shall consist of
the following stages, as shown in Figure 12.1:

1. In the first stage, preliminary investigation areas
(PIAs) for potential candidate sites are nominated,
based on area-specific literature surveys and focus-
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ing on the long-term stability of the geological
environment.

2. In the second stage, detailed investigation areas
(DIAs) for candidate sites are then selected from
the PIAs by surface-based investigations, including
boreholes drilled to evaluate the characteristics of
the geological environment.

3. In the third stage, detailed site characterization,
including underground experimental facilities, will
lead to selection of the repository construction site.

The Japanese government (i.e., METI: Ministry of
Economy, Trade and Industry) supervises the entire
process as carried out by NUMO. For this purpose,
according to the Act, METI (which succeeded MITI,
Ministry of International Trade and Industry) is respon-
sible for establishing a Basic Policy (MITI, 2000a) and
a Final Disposal Plan (MITI, 2000b). According to the
Act, the Final Disposal Plan shall be revised every five
years. The Basic Policy requires that at every stage of
the site selection process, NUMO must solicit the opin-
ions of local residents, and METI must solicit the opin-
ions of governors and mayors, and that these opinions
be respected, as required by the Act. The Final Disposal
Plan includes a schedule for the disposal program,

.........

which currently specifies that repository operation could
start in the mid-2030s. In addition, as producers of
HLW, the owners of the nuclear power plants are
responsible for bearing the costs of the repository devel-
opment program. The fund is managed by the RWMC.

The Act specifies that safety regulations will be estab-
lished separately. Discussions on establishing safety
regulations have been initiated by the Nuclear Safety
Commission of Japan (NSC) and the Nuclear and
Industrial Safety Agency (NISA). The NSC is responsi-
ble for providing guidelines for safety regulations. The
NSC published the “First Report on the Basis for Safety
Standards for HLW Disposal” (NSC, 2000) in
November 2000, followed by a report entitled
“Requirements on the Geological Environment for
Selecting Preliminary Investigation Areas for HLW
Disposal” (NSC, 2002) on September 30, 2002. These
requirements should be reflected in PIA selection. NISA
has identified the key issues in the R&D for formulating
safety regulations (NISA, 2001).

The framework of R&D activities for geological dispos-
al has been restructured in accordance with the Basic
Policy Plan (MITI, 2000a), the Long-Term Program

!
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Investigation areas: | Investigation areams: Invesstigation areas:
| ] A 1A
| Volunbeer areas and| PlAi L Ll o
| theirsurtoundines. | Investigalion Tneestip adion metbods:
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| Literabure suryvevs geoplyaical messurements and begis
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Figure 12.1. The three stages of the site selection process
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Figure 12.2. Relevant R&D organizations in the context of the Japanese HLW disposal program

(modified from NUMO, 2004c, 2004d)

(AEC, 2000), and the Report of the Nuclear Sub-
Committee (METT, 2001). NUMO is responsible for the
R&D necessary for implementation of final disposal,
with emphasis on safety, practical efficiency, and cost
efficiency. The Government and relevant organizations
carry out R&D to develop a technical basis for imple-
mentation of disposal and formulating regulations with-
in the network indicated in Figure 12.2. One specific
requirement for JNC is to further ensure the reliability
of disposal technology and safety assessment (SA)
methodologies, based particularly on studies at the
Mizunami and Horonobe URLs and at ENTRY and
QUALITY facilities. RWMC'’s various roles include
supporting the national policymaking on geological dis-
posal by pursuing R&D activities on sociological issues
and advanced technological options, as well as gather-
ing, analyzing, and producing information as appropri-
ate.

12.3. STATUS OF NUMO ACTIVITIES
12.3.1. AcTIVITIES RELEVANT TO THE SITING

PROCESS

The activities carried out for siting procedures by
NUMO are supervised by METI. As specified in the
Act, NUMO is required to submit a report describing the

results of the investigations at the end of each stage and
before proceeding to the next stage. The report will be
published to local residents, and the document will be
open for comments by them. METI must solicit opin-
ions from the governors and mayors of concerned com-
munities prior to finalizing decisions made during the
site selection process. These opinions must be respected
in terms of the decision-making process specified in the
Final Disposal Plan.

Based on its fundamental policies, NUMO promotes
public involvement in decision-making regarding the
site selection procedure, which includes “adopting a
stepwise approach,” “respecting the voluntarism of
municipalities,” and “ensuring transparency.” On this
basis, an “open solicitation” approach for finding candi-
date sites has been chosen, in the belief that the support
of local communities is essential to the success of this
highly public, long-term project extending over more
than a century. In light of this, NUMO has invited
municipalities throughout the country to consider vol-
unteering as candidate areas where the feasibility of
constructing an HLW repository would be explored.

As the first milestone in the siting process, NUMO

announced the start of open solicitation, to the public, of
volunteer municipalities for preliminary investigation
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(1) Instructions for Application. This document
includes an application form and general informa-
tion for applicants, including the approximate
extent of the volunteered area, procedures for prior
confirmation of the geological conditions of the
volunteered area, and the response after receipt of
the application.

(2) Repository Concepts. This document is aimed at
providing information on what the planned reposi-
tory might look like and how it will be developed
for siting environments at potential candidate sites
selected, taking into account the siting factors. An

Information Package
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overview of the performance of different repository
concepts is also provided in the document. One of
the repository concepts is shown in Figure 12.4.
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(3) Siting Factors for the Selection of Preliminary
Investigation Areas. This document provides guid-
ance on area-specific surveys for PIAs. It includes
factors specified in the Act, the first NSC report
(NSC, 2000), and the NSC environmental require-
ments (NSC, 2002), such as no record of significant
tectonic movement, no evidence of unconsolidated
sediments, and no mineral resources. Siting factors
are summarized in Table 12.1.

Figure 12.3. Information package and associat-
ed technical documents

areas, with four documents published together as an
information package on December 19, 2002. The infor-
mation package, which provides basic information for
supporting and promoting discussions by municipalities
as to whether the repository plans could be accepted, has
been sent to all (3,239) municipalities in Japan.

The information package shown in Figure
12.3 contains a brochure on open solicita-
tion entitled “Open Solicitation for
Candidate Sites for Safe Disposal of High-
Level Radioactive Waste” and four separate
documents, entitled “Instructions for
Application” (NUMO, 2002a), “Repository
Concepts” (NUMO, 2002b), “Siting Factors
for the Selection of Preliminary
Investigation Areas” (NUMO, 2002c¢) and
“Outreach Scheme” (NUMO, 2002d).
Informal translations of these Japanese doc-
uments into English can be found (and
downloaded) on the NUMO website —
WWW.NuUmo.or.jp.
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(4) Outreach Scheme. This document is aimed at out-
lining the benefits to volunteer municipalities, not
only from a financial perspective, but also with
respect to other positive social aspects. NUMO will
conduct consultations with local residents regard-
ing measures, that are appropriate to the conditions
in an area and will make a serious effort to imple-
ment these measures.

12.3.2. TECHNICAL DOCUMENTS

NUMO has been promoting R&D activities aimed at

Table 12.1. Siting factors

Evaluation Factors for Qualification (areas excluded as PlAs)

- Clearly identified active faults

- Within a 15 km radius of the center of Quaternary volcanoes
- Uplift of more than 300 m during the last 100,000 years

- Unconsolidated Quaternary deposits

- Economically valuable mineral resources

Favorable Factors (categories)

- Geological formations - Risk of natural disasters

- Hydraulic properties - Procurement of land

- Geological environment - Transportation

Geological Challenges in Radioactive Waste Isolation
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Figure 12.4. One of the repository concepts (coastal/sedimentary rock)

providing the scientific background of siting factors for
selection of PIA, as well as approaches and methods for
developing repository concepts tailored to volunteer
sites. These two major issues have been summarized as
associated technical documents, “Development of
Repository  Concepts  for  Volunteer  Siting
Environments” (NUMO, 2004a) and “Scientific
Background and Practical Application of NUMO’s
Repository Siting Factors” (NUMO, 2004b) shown in
Figure 12.3. The documents are compiled by following
an open and transparent mode of operation, which
allows all key stakeholders to become actively involved
in considering the geological stability of a volunteer
site—an important factor in a country like Japan, which
lies in a tectonically active region.

The readers of these technical documents are expected
to be stakeholders with more specialist knowledge and
interest, who are looking to understand the
scientific/technical (and economic) basis for the asser-
tions made in the information package. The technical
documents include technical achievements by NUMO
so far, as presented at international conferences, work-
shops, and in journals. English versions of these techni-

cal documents, aimed at an international audience, have
also been compiled (NUMO, 2004c, 2004d).

The concepts behind the technical documents are:

* To provide the scientific and technical basis to sup-
port the messages in the information package

* To provide convincing arguments to experts

* To describe all the details related to siting factors

* To clarify the future direction for developing repos-
itory concepts tailored to potential disposal sites

(1) Development of Repository Concepts for
Volunteer Siting Environments

This document includes the basic principles involved in
developing the repository concept, under the assump-
tion that suitable volunteers will come forward, and
introduces the concept of the “design factors” filter. It
also focuses on the process of tailoring repository con-
cepts to the environments found at a particular volunteer
site and, in particular, on how to involve all relevant
stakeholders in this process. The critical aspect of safe-
ty is discussed, with special focus on the time scales of
most concern to the volunteer community. From the
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basis thus provided, it outlines the planned supporting
program of R&D. Finally, it outlines how NUMO
expects the program to develop as volunteers are char-
acterized in increasing detail by desk and field studies,
and the site-specific concepts are iteratively optimized
for the particular environments involved.

In drawing up a strategy for iterative development of the
basic repository concept as the process of site selection
and characterization progresses, NUMO has used a
structured approach. This includes both a bottom-up
procedure for analyzing the applicability of particular
repository subcomponents within the range of expected
site characteristics, and a top-down approach for com-
paring alternative repository concepts or siting options.
This structured approach extends step by step during the
siting process, construction/operation and, finally, clo-
sure of repository. Although long-term safety is an
essential requirement of all designs, NUMO also takes
explicit account of safety principles. To assemble repos-
itory design options from the various subcomponents,
NUMO examines a set of “design factors,” each of
which addresses an issue with direct bearing on the pro-
visionally chosen design:

¢ Long-term safety

¢ Operational safety

* Engineering feasibility/quality assurance
¢ Engineering reliability

* Site characterization/monitoring

* Retrievability

¢ Environmental impact

¢ Socio-economic aspects

The design factors require the consideration of long-
term safety, based on the starting-point provided by the
reference H12 study (JNC, 2000), in addition to assess-
ing the technological feasibility of constructing the
repository. This consistent design policy optimizes long-
term flexibility and allows reasonable designs to be
obtained.

(2) Evaluating Site Suitability for a HLW Repository

This document introduces the siting factors that NUMO
is using to select PIAs. It also provides geological and
tectonic background information on Japan and describes
how NUMO addresses the key issue of geological sta-
bility, which arises early in the siting program and
which will have to be considered at the PIA selection
stage. The document also describes the practical impli-
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cations of using the siting factors and how they will be
handled, as volunteers come forward, under actual site-
specific geological and geographical constraints. It also
looks at the tectonic setting and geology of Japan and
the scientific basis for the application of the siting fac-
tors in a staged manner, as required in the various laws
governing the current phase of the HLW disposal pro-
gram. We chose to focus on this issue for two reasons:
first, the siting factors that cover tectonic stability are
applied from the very beginning of the siting program;
second, given Japan’s tectonic situation, they have more
prominence than in many other national waste manage-
ment programs.

The Japanese Islands lie at the junction of four major
tectonic plates, and interactions of these plates—by sub-
duction, collision, lateral movements, and accretionary
processes—drive the seismic, thermal, and volcanic
activity that characterizes the region. Such mechanisms
are not unique to Japan: several other regions of the
world are in island arc environments, and there are
many examples of island arc tectonics in geological
records, stretching back over hundreds of millions of
years. Over the last decades, earth scientists have built
up a broad understanding of the geometry and driving
mechanisms of such tectonic systems by combining
geological, geophysical, and geochemical observations.
The latest satellite geodetic measurement techniques
allow monitoring of crustal movements to test and cali-
brate models of surface deformation in response to tec-
tonic strain. Compelling models exist for the controls on
the distribution of earthquakes and volcanoes and for
controls on crustal deformation. These models have
been developed and tested in a large, integrated data-
base. The main conclusions that have been drawn about
stability are:

* The fundamental structure of the present plate sys-
tem around the Japanese Islands was established
approximately 15 Ma ago, when the spreading of
the Japan Sea back-arc basin ceased.

» The directions of plate movement have not changed
for the Pacific Plate over the last 2.5 Ma, and have
not changed for the Philippine Sea Plate over the
last 1.5 Ma.

e The movement of the plate system around Japan
has been in a steady state since 15 Ma ago.

» It takes more than 1 million years for a significant
change to take place within the plate system, and it
is unlikely that any rapid change would occur with-

Geological Challenges in Radioactive Waste Isolation



in the relatively short time period of 0.1 million
years.

It is therefore reasonable to extrapolate the knowl-
edge about the main tectonic controls and patterns
over at least the last 500,000 years to predict the
long-term stability of the geological environment
for at least the next 100,000 years.

12.3.3. PuBLIC RELATIONS AND INVOLVEMENT

To promote public understanding, NUMO has carried
out various publicity activities. NUMO considers that
the initial and critical milestone in the process is the first
applicant for a PIA. To encourage application, it is
essential to initiate and develop nationwide discussion
on HLW issues, which requires sufficient understanding
of the characteristics of HLW and disposal options.
Once these are understood, subsequent discussions
should become smoother and more constructive.

NUMO organized public meetings at 31 different
locations out of the 47 prefectures December
2001-November 2002, with a total of approximately
5,000 participants from the public. Local media at each
location jointly hosted the meetings and reported the
events as feature articles. These meetings provided
NUMO with a better understanding of what the general
public thinks and feels about HLW issues.

Since June 2003, NUMO and local newspapers have
jointly hosted round-table talks with local opinion lead-
ers at 32 locations up to now. The objective of these
talks was to inform the public on HLW issues and to
maintain dialogue with the public. Local newspapers
reported the results of these activities as feature articles.

To promote public understanding, NUMO has been con-
ducting information campaigns in leading newspapers,
on TV, in magazines, etc. The TV campaign has been
broadcast since October 2002, and NUMO’s program
has been advertised in magazines and major newspa-
pers, including 49 local newspapers. An example of a
newspaper campaign is shown in Figure 12.5.

A poster campaign was also conducted at major train
stations between October 2002 and May 2003.
Additionally, NUMO is planning to develop an interac-
tive website for public dialogue. The information pack-
age, technical documents, booklets, videos and pam-
phlets, some of which have been produced in English,
are available from the NUMO website.
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Figure 12.5. Example of a newspaper campaign
(discussion between NUMO
President Fushimi and Prof. Kitano
of Shukutoku University, an envi-
ronmental expert)

12.4. JNC’S R&D PROGRAM INTHE
IMPLEMENTATION PHASE

In accordance with the new framework (see Section
12.2), INC continues to be responsible for R&D activi-
ties aimed at enhancing the reliability of disposal tech-
nologies and safety assessment methodologies, as well
as the associated databases. JNC has thus actively pro-
moted technical R&D with a view to contributing to
both implementation and formulation of the safety reg-
ulations (see Figure 12.6).

12.4.1. URL PROJECTS

One of JNC's key roles is to establish and demonstrate
site characterization methodologies, based on investiga-
tions in two generic URL (underground research labora-
tory) projects, one at Mizunami (MIU) in crystalline
rock and the other at Horonobe in sedimentary rock.
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Figure 12.6. Contribution of R&D to implementation and safety regulations

These URLSs are research facilities, distinct from the
site-specific underground test facilities planned to be
constructed at potential waste disposal sites by NUMO.

The URLs provide a wide range of possibilities for
underground research in collaboration with universities
or other research institutes, as well as serving as a tool
for enhancing public understanding of R&D activities
related to geological disposal. Data from the URLs will
be widely published and will be expected to make a
timely contribution to the disposal program and to the
establishment of safety regulations, as follows:

1. Techniques will be developed for characterizing the
geological environment from the surface to deep
underground, based on investigations from the sur-
face (Phase 1). This will take into account require-
ments relating to the design of the disposal system
and safety assessment.

2. Data obtained from investigations during the exca-
vation phase (Phase 2) will serve to verify the
results from the surface-based investigation phase
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and characterize the evolution of the geological
environment during drift excavation. Models will
also be refined based on the geological data.

3. Detailed investigations in the underground facility
(Phase 3) will contribute to refining geological
investigation techniques that take into account the
requirements of disposal system design and safety
assessment. Data will also be compiled on the geo-
logical conditions to verify the reliability of mod-
els.

The MIU project began in 1996. The surface-based
investigations at the MIU construction site, located on
land owned by Mizunami City, began in March 2002
(JNC, 2002). Construction of the Mizunami URL (Phase
2) began in July 2002. According to the current design,
the Mizunami URL will consist of two 1,000 m deep
shafts. Shaft excavation began in July 2003 and, as of
October 2004, entrance structures to the shafts had been
constructed and shafts had been excavated to a depth of
50 m. Construction of the Mizunami URL is expected to
be completed around 2010.

Geological C-Zhallenges in Radioactive Waste Isolation




At the Horonobe URL, surface-based investigations
(Phase 1) have been ongoing since 2001 (Goto and
Hama, 2003). Following regional investigations, an area
for intensive site investigations (URL area) was identi-
fied. The land for construction of the facility (URL site)
was then acquired within the URL area, and site prepa-
ration began in July 2003. According to the present con-
ceptual design, the Horonobe URL will consist of two
500 m deep access shafts. Shaft excavation (Phase 2)
will start in 2005. Construction of the Horonobe URL is
expected to be completed around 2010.

12.4.2. DEVELOPMENTS IN REPOSITORY
ENGINEERING AND PERFORMANCE
ASSESSMENT

R&D on repository concepts and performance assess-
ment has been focused on key issues and uncertainties
identified in H12, which will be important for develop-
ing a convincing safety case. Basic studies and experi-
ments in two surface-based laboratories, ENTRY for
mainly engineering-scale experiments and the QUALI-
TY facility for experiments using radionuclides, have
been carried out to improve understanding of the long-
term behavior of the geological disposal system, as well
as to complement results obtained from the two URLs.

To enhance confidence in the H12 design concept, the
robustness of key safety functions of the engineered bar-
rier system (EBS), such as physical containment by the
overpack and retention of radionuclides in the bentonite
buffer, have been studied for saline groundwater expect-
ed at coastal sites and for the high-pH plume which
might be caused by the cementitious material used in the
repository (e.g., Taniguchi, 2003). Work has also been
initiated to improve understanding of coupled THMC
processes in the near field, to better evaluate system
evolution (Neyama et al., 2003). This will provide a
technical basis for possible preclosure monitoring,
aimed at confirming the initial conditions for the post-
closure safety assessment.

Assessment of the potential impact of natural perturba-
tion phenomena (volcanic activity, fault movement,
uplift/erosion, climate/sea-level change) is essential for
increasing confidence in the safety of the disposal sys-
tem. In this regard, the simplified and stylized approach
in H12 to assessing such scenarios has been improved,
by developing more realistic models that can simulate
the safety-relevant impact of these perturbations. This
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approach can also provide useful guidance to help focus
site investigation programs.

Studies on model uncertainty are focused on processes
related to key safety functions, such as:
¢ Long-term glass dissolution
» Diffusivities and porosities of gouge within frac-
tures
¢ Colloid-facilitated radionuclide transport in frac-
tured rock
e Complexation of key radionuclides with natural
organic substances

Development and updating of key databases include
determination of thermodynamic and sorption data for
safety-relevant elements under relevant conditions,
including hyperalkaline and saline systems. To ensure
quality, standardized data acquisition methods for these
databases are under development.

12.4.3. INTEGRATION OF TECHNICAL
ACHIEVEMENTS INTO A KNOWLEDGE
BASE

Through the surface-based investigations in the
Mizunami and Horonobe projects (Phase 1), integration
of work from different disciplines into a “geosynthesis”
has been illustrated and is to be developed further in the
underground facilities at these sites (Phases 2 and 3).
These projects also serve for developing and testing the
tools and methodologies required for site characteriza-
tion. Further know-how will be gained through partici-
pation in foreign underground laboratory projects, trans-
fer of experience from these projects to Japan, and tai-
loring this experience to Japanese conditions and
requirements. This experience represents an important
knowledge base, which is obviously important for the
implementer, but is also needed by the regulator to
assess how key site characteristics are derived and what
uncertainties are associated with this process.

Such site investigations and subsequent repository
design studies provide input for associated safety
assessment. In turn, safety assessment has an important
role to play in guiding site investigations and repository
design activities, by quantifying key sensitivities and
uncertainties. An integrated program in which these top-
ics are developed iteratively is thus needed. Such inte-
gration requires experienced multidisciplinary project
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teams that should also have a wide perspective, provid-
ed by participation in multinational projects and famil-
iarity with other national HLW programs.

JNC has developed the JNC Geological Disposal
Technical Information Integration System (JGIS), to
facilitate program integration and sharing of technical
information between the site investigation, repository
design, and safety assessment teams (Uchida et al.,
2003). JGIS is an archive system in which a relational
database stores technical information in the form of a
structured flowchart that systematically represents the
structure of research activities. In addition to the devel-
opment of such a structured knowledge base, JINC will
publish a state-of-the-art report, “H17,” in autumn 2005,
which will document R&D results based on the Phase 1
activities in the two URLs and studies in ENTRY and
QUALITY, as well as future development of a knowl-
edge management system for geological disposal.

12.5. RWMC’S R&D ACTIVITIES

In accordance with the new framework (see Section
12.2), RWMC has been pursuing R&D activities related
to sociological issues and advanced technological
options, as well as gathering, analyzing, and providing
information as appropriate, to support METI policy-
making for geological disposal.

12.5.1. R&D ACTIVITIES ON SOCIOLOGICAL
ISSUEs

Sociological considerations are applied to postclosure
monitoring and long-term record preservation, to
enhance confidence-building. Much effort has been
taken to structure the related information in data flow
diagrams, technological menus, and visual aids, all of
which must be transparent, traceable, and accountable
not only to experts, but to all stakeholders (Ohuchi, et al,
2003, 2004).

12.5.2. R&D AcCTIVITIES ON ADVANCED
TECHNOLOGICAL OPTIONS

To expand the technological options and enhance trace-
ability and usability in implementing the repository,
RWMC has been investigating state-of-the-art technolo-
gies and some complementary technologies, such as site
investigation, remote operation of the repository, and
engineering barriers.
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Site Investigation Technology

Because the site investigation might need scientific judg-
ment based on highly specialized knowledge of the
process, Site Investigation Flow Diagrams (SIFD) have
been developed to make a site investigation plan, super-
vise the investigation procedure, and evaluate the investi-
gated results—in such a way as to ensure transparency,
traceability, and accountability for all stakeholders. Based
on evaluations of possible site investigation technologies,
R&D studies to improve electromagnetic surveys and
seismic tomography to characterize concealed faults and
low water permeabilities (including seashore) have been
pursued at Monterey, California, and at the Grimsel Test
Site in Sweden. To confirm potential repository perfor-
mance within the Japanese geological environment, field
tests at Horonobe and Mizunami URLSs have been started
in cooperation with JNC, based on the bilateral agreement
(Yoshimura et al., 2003; 2004a; 2004b).

Remote Welding,
Technology

Inspection, and Emplacement

Based on the disposal concept in the H12 report, RWMC
has been developing key technologies for remote opera-
tion of the repository. The integrity of the overpack lid
closure is very important in guaranteeing the confinement
of HLW for more than 1,000 years. The applicability of
possible welding technologies such as arc and electron
beam, as well as inspection technologies such as ultra-
sonic testing and alternating current field magnetic
method, have been investigated, along with carbon-steel
work-pieces with maximum thickness of 190 mm. The
applicability of possible handling and emplacement tech-
nologies—such as vacuum suction cup to handle the
compacted bentonite blocks, in situ compaction of ben-
tonite powder, in situ filling of bentonite pellets, and pre-
assembled packaging with air bearing units—have been
demonstrated, in combination with vertical and horizon-
tal emplacement concepts (Asano et al., 2004, 2005a,
2005b).

12.5.3. INFORMATION-RELATED ACTIVITIES

To pursue the mission of providing appropriate informa-
tion in support of national policy, RWMC gathers infor-
mation related to geological disposal of HLW, analyzes
that information, and decides whether the information is
appropriate to policy and safety regulations. The collect-
ed information is stored in a database, with recent devel-
opments of HLW programs in various countries provid-
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ed to the public through the RWMC website

(http://www.rwmc.or.jp).

12.6. CONCLUSIONS

NUMO has chosen a volunteer approach to site selection
in the belief that the support of local communities is
essential to the success of this highly public, long-term
project extending over more than a century. The siting
process needs to more vigorously incorporate discussion
with, and decisions by, municipalities. It is therefore par-
ticularly important to promote public understanding of
geological disposal and to obtain and maintain public
trust. To ensure that the decision-making process is trans-
parent, NUMO makes available diverse information rele-
vant to its siting activities through the publication of doc-
uments, websites, etc., and will provide opportunities for
residents in the vicinity of PIAs to voice their opinions.
To promote this communication, NUMO has been carry-
ing out a range of public relations activities.

This unique approach presents particular challenges for
the repository concept development program. Thus,
NUMO intends to provide regular updates on how to pur-
sue and apply repository concept development and site
evaluation techniques. For this purpose, NUMO is using
a structured approach, which is applicable for all stages of
HLW disposal implementation. Variants of the “require-
ments management system,” which could be integrated
with the development of “knowledge management” and
“quality management” systems, are being investigated.

The Japanese Government and relevant organizations
(such as JNC and RWMC) have been promoting R&D
aimed at increasing confidence in the technical basis pro-
vided in H12 by making maximum use of its infrastruc-
ture. The experience gained in the JNC URL projects at
Mizunami and Horonobe will contribute to the NUMO
site characterization program by providing tools, experi-
ence, and manpower, as and when required. Through
development of a quality-assured knowledge base, INC
can also act as a valuable resource for both the imple-
menter and the regulator. JNC will be integrated with the
Japan Atomic Energy Research Institute to form a new
organization in October 2005. A structured approach to
managing technical knowledge on geological disposal is
also critical in this regard, allowing the new organization
to preserve a valuable legacy of intellectual property and
to continue to play a central R&D role in the HLW dis-
posal program. This knowledge management system,
associated with the knowledge base, can be complemen-

Chapter 12

tary with NUMO'’s requirement management system.

Finally, it should be noted that international collaboration
has been playing a key role in the Japanese HLW
Disposal program. NUMO, JNC and RWMC have con-
cluded international bilateral collaboration agreements
with several organizations such as Nagra, SKB, and
ANDRA. NUMO has also joined EDRAM (International
Association for Environmentally Safe Disposal of
Radioactive Materials) and organized the International
Advisory Committee, made up of experts who have spe-
cific knowledge and expertise in subject areas relevant to
NUMO?’s project activities. The results of these collabo-
rations have contributed both to preparation of JNC’s
progress reports (such as H12) and to RWMC'’s activities.
International collaboration will be continued in the
Japanese program, as an opportunity for sharing experi-
ence and applying that experience towards the final goal.
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ABSTRACT. The Korean nuclear industry continues to show growth. Twenty nuclear power plants are in opera-
tion, and the accumulated amount of low- and intermediate-level radioactive waste (LILW) is approaching the satu-
ration capacity of on-site storage. The national plan is to have an operational LILW disposal facility by 2008 with a
capacity of 800,000 drums. Since 1986, there has been an ongoing effort to secure a site for LILW disposal and spent
nuclear fuel (SNF) interim storage, but without success. We changed the site securing approach in 2005 to separate
sites for an LILW disposal facility and an SNF interim storage facility. Based on a new site selection process in 2005,
Kyungju was selected as the repository site for LILW. Research and development (R&D) programs for the safe dis-
posal of LILW have been conducted actively and will contribute to the national radioactive waste disposal project.
For safe disposal of high-level radioactive waste (HLW), there has been a three-step, 10-year program of R&D to
establish a Korean reference disposal system (KRS) by 2006. Within this HLW disposal program, we have carried
out repository system development studies, performance/safety assessment, geoscientific environmental research,

and system performance validation.

13.1. LOW AND INTERMEDIATE-LEVEL
RADIOACTIVE WASTE (LILW) DIS-
POSAL

13.1.1. INTRODUCTION

In Korea, the safe management of radioactive waste
is a national effort, one that is required for sustain-
able generation of nuclear power and for energy self-
reliance. Nuclear power generation started in Korea
in 1978. Since then, a rapid growth in nuclear power
supply has been achieved; Korea has 20 nuclear
power plants (NPPs) with a total installed capacity of
17.7 GWe (see Figure 13.1). Moreover, the future
NPP construction program is also ambitious: six
NPPs will be constructed by 2010. Such a large
nuclear power generation program has produced a
significant amount of radioactive waste, both low-
and intermediate-level waste (LILW) and spent
nuclear fuel (SNF).

In the early stages of nuclear power development in
Korea, the philosophy of the radioactive waste manage-
ment was to reduce the waste generation volume by
conditioning and storing the waste within the nuclear
power plant sites. However, with the LILW at these
plants ever increasing, the accumulated amount of
LILW is approaching the anticipated saturation capaci-
ty. (Table 13.1 shows the accumulated amount of LILW
as of November 2004.) Therefore, the necessity to find
a final disposal facility of LILW becomes imminent.
Moreover, because of the extensive application of
radioisotopes (RI) in Korea, the volume of RI waste
generation from industries, hospitals, and research orga-
nizations has also been increasing.
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Figure 13.1. Nuclear power plants in Korea (as of April 2005)
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13.1.2. NATIONAL POLICY AND
ORGANIZATIONAL STRUCTURE

In 1997, Korea Hydro & Nuclear Power Co., LTD.
(KHNP) conducted a study of the national radioactive
waste management policy, in consultation with experts
from various fields, and a final report based on this
study was presented to the Korean government. Based
on this report, on Sep. 30, 1998, a new national program
for radioactive waste management policy was approved
by the Korean Atomic Energy Commission (AEC),
which had full authority to make policy decisions relat-
ed to atomic energy in Korea. The fundamental princi-
ples of this national radioactive waste management pol-
icy include (1) direct control by the government, (2) top
priority on safety, (3) minimization of waste generation,
(4) a “polluter pays” principle, and (5) transparency of
the site selection process.

The policy making and regulation for licensing of all the
nuclear activities in Korea are based on the provisions
of the Atomic Energy Act, the Enforcement Decree and
Enforcement Regulation of the Act, and the Notice of
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the Ministry of Science and Technology (MOST).
Specifically, practical regulation and technical standard
details are addressed in provisions of the MOST. A
license applicant had to be approved by MOST, and
facilities or activities had to be in accordance with des-
ignated regulations within the legal framework. Figure
13.2 shows the major legislative framework related to
the nuclear industry in Korea.

The AEC is the highest policy-making body on nuclear
matters. The Deputy Prime Minister is the chairperson
of the AEC. The MOCIE (Ministry of Commerce,
Industry and Energy) is the government authority in
charge of national energy supply and supervises
radioactive waste management, including the
LILW/SNF site-securing project by KHNP. MOST, as
the government regulatory authority, is responsible for
establishing and implementing nuclear regulatory poli-
cies for the control of nuclear activities related to power
and research reactors, radiation applications, etc. MOST
is also responsible for R&D in the peaceful use of
nuclear energy. The principal function of the Nuclear
Safety Commission (NSC) is decision making on major

Prime Minister

1AEC

v
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SKAERI 8KINS Lﬁ"&%’

[ I A T S

e

. AEC {Aromic Energy Committes),

. MEC (Nudiear Safety Commission),

. MOST iMinistry of Science and Technology),

. MOCIE (Ministry of Commence, Industry and Energy),
. KAERI {(Korea Atomic Energy Research institute),

. KINS (Korea Institute of Muclear Safetyl,
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Licl/ Muclear Erwiranment Technology nstitute)

Figure 13.2. Major legislative framework of nuclear industry in Korea
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nuclear safety and regulatory policies and licensing
issues. The Korea Institute of Nuclear Safety (KINS)
was established to support MOST with its technical
expertise and is entrusted with the duty of safety regula-
tions. KINS performs safety review and inspection, and
develops safety standards. KHNP is the sole nuclear
power licensee and is in charge of radioactive waste
management nationwide through its affiliated institute,
Nuclear Environment Technology Institute (NETEC).
Korea Atomic Energy Research Institute (KAERI),
which is funded primarily by MOST, is in charge of
research into peaceful application of nuclear energy,
including production of radioisotopes for domestic con-
sumption.

13.1.3. HISTORY OF SITE SELECTION FOR
LILW DisposAL FAcCILITY

Site selection activity for LILW disposal facility began
in 1986. There were several attempts for siting along the
Korean eastern seashore between 1988 and 1989, and
there was also site-securing activity into the early 1990s.
In 1990, Anmyon Island was proposed as a candidate
disposal site, and in 1995, Gulup Island was also pro-
posed as a site, but then cancelled, as a result of strong
objection by antinuclear groups and local residents at
that time.

In 1997, the responsibility for securing the disposal site
was assumed by the KHNP. From that time on, the strat-
egy of KHNP for securing the disposal site was based on
the voluntary application of local governments and
negotiation with local governments after the selection of
the candidate site. During the one-year site subscription
period from June 2000 to June 2001, nine coastal com-
munities were organized for voluntary site subscription.
Among the nine communities, seven submitted petitions
to their local governments. However, all petitions were
rejected by the local governments.

On February 4, 2003, after an intensive screening
process that considered the social/natural environment
and the feasibility of waste transportation, MOCIE and
KHNP announced the candidate sites: two in the eastern
coastal area and two in the western coastal area.
Voluntary subscription from Korean local governments,
including these four candidate sites, was expected, and
finally, on July 14, 2003, Buan County, located on the
western coast seashore, applied for the subscription. A
preliminary site-evaluation committee was organized to
review the natural/social environment of the applied
site. Later that month, on July 24, 2003, Wido Island

was announced as a candidate site. However, there was
strong opposition to consideration of this site from anti-
nuclear groups and some nearby local residents in Buan
County.

Continuing effort to secure the LILW disposal and SNF
interim storage sites resulted in a new announcement for
a public solicitation process on February 4, 2004. After
this announcement, 10 local communities announced
their intention to petition for the site. Public hearings
were conducted on Sept. 15, 2004, and preliminary
applications were submitted by the local governors.
However, as of November 30, 2004, there had been no
final application for the site.

As a result of the AEC meeting on December 17, 2004,
the policy on low- and intermediate-level radioactive
waste management has been changed. The new AEC
policy is basically to separate the sites—one site each
for an LILW disposal facility and an SNF interim-stor-
age facility, rather than constructing both on one site. To
accommodate this new policy, special laws were pro-
mulgated to support the local community hosting an
LILW disposal site. This law promises the residents of
the host community that the LILW disposal site will not
be combined with SNF interim storage. The government
announced new application procedures for LILW candi-
date disposal site in early 2005.

After the announcement of the new procedure, four
local governments petitioned to become a host commu-
nity of the repository. Among them, one candidate site
was located along the western seashore (Kunsan) and
the other three sites were located along the eastern sea-
side (Youngduk, Kyungju, and Pohang). Based on the
new site selection procedure, a local referendum was
conducted simultaneously at all four local governments
in November 2005. Based on the local referendum
results, the city of Kyungju had the highest approval rate
for the candidate repository site to be located near
Wolsong NPP site and became the host community for
the national LILW repository. Currently, a detailed site
investigation as well as an environmental impact assess-
ment is being conducted at the Wolsong site for licens-
ing application.

13.1.4. RESEARCH AND DEVELOPMENT FOR
LILW DisrPoSsAL

KHNP/NETEC is conducting extensive R&D related to
radioactive waste management, focusing on (1) safety
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Figure 13.3. Interaction and relationship between QUARK and SAGE in an integrated safety assess-

ment system

assessment technology for an LILW disposal system, (2)
experimental performance testing of a near-surface bar-
rier cover system, (3) site and environmental data man-
agement systems for site characterization, and (4) vol-
ume reduction technology by a vitrification process.

National R&D programs for LILW disposal system are
implemented to establish a comprehensive safety
assessment system framework, including safety assess-
ment methodology/procedures, a conceptual design for
both near-surface and rock-cavern-type disposal sys-
tems, development of assessment code systems, and val-
idation of each code.

An integrated safety assessment system, to be used for
evaluation of the near-surface disposal concept, has
been developed as part of the safety assessment method-
ology for LILW disposal. This system is designed to
provide disposal safety in a clear, comprehensive, and
well-documented manner, and to integrate the results
into a defensible package, showing reasonable assur-
ance of compliance with the regulatory requirements for
licensing application.

This system is made up of two key components that

interact with each other: a system-level safety assess-
ment code, called SAGE (Safety Assessment
Groundwater Evaluation), and an input database/quality
assurance module for safety assessment, named
QUARK (QUality Assurance and database for
Radioactive waste management in Korea). SAGE per-
forms the safety assessment calculations, either deter-
ministically or probabilistically, considering long-term
radionuclide releases to the groundwater system in the
engineered-vault-type LILW disposal concept. QUARK
manages both information analysis and input parameter
database for SAGE under quality assurance guidelines.
SAGE is composed of three categories: near-field, far-
field, and biosphere models.

From a technical perspective, the code has been tested
extensively against existing analyses of LILW disposal
facilities and other computer codes (J.-W. Park et al.,
2003; J.B. Park et al., 2003a; J.B. Park et al., 2005).
Excellent agreement has been achieved for a number of
situations. These benchmark analyses provide a high
degree of confidence that the code has been implement-
ed correctly, and that the results generated using the
code have a high degree of reliability. The data in the
QUARK database is defined by parameters required by
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Figure 13.4. EBS test facility for near-surface disposal at KHNP/NETEC
(a) Front view of engineered barrier test facility;
(b) Experimental laboratory for near-surface cover performance
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Figure 13.5. Site database management (SDM) system in SITES Program

the SAGE assessment code. QUARK stores and man-
ages the safety assessment information under QA guide-
lines consistent with international standards. As can be
seen in Figure 13.3, the information is organized and
linked to maximize the integrity and traceability of
information, through the coupling between SAGE and
QUARK.

The pilot test facility has been constructed, and a per-
formance demonstration test has been conducted to ver-
ify the performance of engineered barriers at the near-
surface disposal facility. Figure 13.4 shows the front
view of the test facility (Figure 13.4a) as well as a view
of the experimental laboratory for near-surface cover
performance (Figure 13.4b) (J.B. Park et al., 2003b).

KHNP/NETEC is developing a site and environmental
data management program called SITES (Site
Information and Total Environmental Data Management
System). This program, funded as a National Research
Laboratory (NRL) research program by MOST, facili-

tates site and environmental data management and the
evaluation of nuclear facilities, including an LILW dis-
posal facility. The purpose of the SITE program is to
collect and manage site characterization data produced
from radioactive waste disposal sites and to manage the
safety assessment data required for a license. The SITES
program contains a site database management (SDM)
module and monitoring/assessment (M&A) module.
Figure 13.5 illustrates the structure of the site database
module. The M&A module is used for integrated safety
assessment and disposal site environmental monitoring
(S.M. Park et al., 2003; Kim et al., 2003; Ko et al., 2004;
S.M. Park et al., 2004).

13.2. HIGH-LEVEL RADIOACTIVE
WASTE (HLW) DISPOSAL

13.2.1. INTRODUCTION
The Korea Atomic Energy Research Institute (KAERI)

launched a three-step 10-year R&D program in 1997 to
develop a reference geologic repository system for
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HLW by 2006. The program has now entered into its
third year of the last step (2002-2006), in preparation of
the Korean Reference (Disposal) System (KRS).

The R&D program has been carried out in four different
areas: repository system development, performance/
safety assessment, geoscientific environmental research,
and performance validation of the proposed HLW dis-
posal system.

13.2.2. REPOSITORY SYSTEM DEVELOPMENT

Packaged SNF, encapsulated in a corrosion-resistant
container, is to be disposed of in a mined underground
facility, located at about a 500 m depth in a crystalline
rock mass. No site for the underground repository has
been specified in Korea, but a generic site with granitic
rock has been considered. The waste packages that con-
tain SNF are to be placed in boreholes drilled into the
floor of disposal drifts. Alternatives to the baseline con-
cept concerning the emplacement patterns of the con-
tainer, waste packaging methods as well as the distance
between deposition holes and tunnels, are also consid-
ered, together with the reference concept. The engi-

T~

neered barrier system is to be composed of the SNF
itself, the waste package, clay-based buffer, backfill
material, and other man-made items for plugging and
sealing purposes in the underground facility.

The reference PWR SNF has an average burn-up of
45,000 MWd/tHM (initial enrichment of 4.0 wt%) and
the fuel dimensions are 21.4 cm X 21.4 cm X 453 cm
(length). The reference CANDU fuel has the average
burn-up of 7,500 MWd/tHM, and the fuel dimensions
are 10 cm (diameter) X 49.5 cm (length). Because of the
significantly different properties of both fuel types, the
reference container separately encapsulates the spent
PWR and CANDU fuels. However, the overall sizes and
component materials of the containers for both SNF
types are proposed to be identical, to simplify the encap-
sulation and handling processes in the repository. The
dimensions of the container were determined from the
mechanical structural analysis under the expected
mechanical loads in underground repository conditions.

The underground repository system includes two ser-
vice mains that run the length of the repository, con-

Figure 13.6. Schematic diagram of the preliminary layout for KRS-1
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necting each shaft complex. The entire facility is bound-
ed by a panel and a central tunnel, which functions for
both ventilation and access/operations. The disposal
area consists of eight disposal panels capable of future
expansion. Based on a 40 m emplacement tunnel spac-
ing, disposal tunnels for PWR and CANDU fuels are
323 and 54 tunnels, respectively. Each emplacement
tunnel is 254 m long, which includes about 10 m end-
standoff and about 17 m standoff at the entrance for
emplacement works. The entire underground facility
requires an area of about 4.6 km? (Figure 13.6).

Alternative disposal concepts being considered in the
study include multiple-level waste emplacement with
shaft access. These, in turn, have a potential impact on
disposal room layout, ventilation, construction
sequence, etc. Each concept has construction-related
features that have advantages and disadvantages.

13.2.3. PERFORMANCE/SAFETY ASSESSMENT

Since 1997, KAERI has worked on concept develop-
ment for permanent disposal of HLW and its total sys-
tem performance assessment. The FEP encyclopedia is
actively developed to include all potential FEPs suitable
for Korean geological and sociological conditions. The
FEPs are prioritized and then categorized to the inter-
mediate level FEP groups. For each specific scenario,
the assessment contexts and associated assessment
method flow charts are developed. All information on
these studies is recorded into the web-based program,
FEAS (FEP to Assessment through Scenarios.)

KAERI applies three basic programs for the postclosure
radionuclide transport calculations: MASCOT-K,
AMBER, and the new MDPSA being developed.
During 2002-2004, a probabilistic safety assessment for
reference scenario, radionuclide release through
groundwater flow, and a few alternative scenarios (such
as the effect of EDZ, initially failed containers, and
potential climate change) has been performed. In 2004,
the AMBER, based on a compartment theory, was
applied to reassess the reference scenario. The new
MDPSA code, which uses a control volume method, is
under development for the probabilistic assessment of
radionuclides in multidimensional regions, both of a
fracture network and of a porous medium (such as top
soil and buffer and backfill layers).

Preliminary assessment results show that under the
given safety conditions, the KRS satisfies the guidelines
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given by KINS, the sole regulators in Korea. Results
clearly indicate that future R&D in data acquisition
should be focused on understanding the major water
conducting features (MWCEF).

13.2.4. GEOSCIENTIFIC ENVIRONMENTAL
RESEARCH

Korea is located on a stable platform subjected to major
periods of significant tectonic movement between about
180 and 100 million years ago. The subsequent tectonic
activities have diminished and have been limited to par-
ticular, localized areas (KAERI, 2002).

The lithology of the Korean peninsula has a complex
structure, with about 29 rock types from Archean to
Quaternary. In the southern part of the peninsula,
Mesozoic plutonic rock is distributed over nearly one-
third of the area. The wide distribution of plutonic rock
is an important consideration, because the abundance of
this rock provides flexibility in the siting process.
Jurassic and Cretaceous granites will be preferable as
competent host rock for the development of an HLW
repository in Korea.

The geological environment of Korea has been summa-
rized in this document, with emphasis on the plutonic
rock mass, as part of the research program for HLW dis-
posal. In a deep repository for radioactive waste, the
geological formation plays an important role as a barri-
er system The long-term objective of the geological
research work as part of an HLW disposal program in
Korea is to develop the evaluation technology for a deep
geologic environment. Common geological parameters
suitable for the repository would be assessed using a
multistaged and scale-dependent approach. The region-
al geologic conditions of the nation have been reviewed
with emphasis on the fracture system. In addition, the
hydrogeologic and geochemical characteristics, as well
as mechanical properties, have also been evaluated from
the results of a deep drilling program conducted in a
Jurassic plutonic rock mass on the Korean peninsula.

The main task at this stage of the evaluation is to char-
acterize the representative near-field conditions of the
deep geological environment for the Korean Reference
HLW Disposal System. It is also planned to define and
characterize the geologic conditions, including rock-
fracture systems and the mechanical properties of plu-
tonic rocks, as well as the hydrogeological and hydro-
geochemical characteristics of groundwater at a
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Figure 13.7. Schematic diagram of the first stage of Korean URT

prospective site. At some Jurassic plutonic rock mass
sites, we have carried out a more detailed study on rock
blocks, along with a deep drilling program.

13.2.5. PERFORMANCE VALIDATION FOR THE
HLW DisPOSAL SYSTEM

The major research topics of the validation study being
carried out by KAERI are the construction of small-
scale underground research tunnels, the behavior of the
engineered barrier system (EBS), and radionuclide
migration in fractured granitic rock. A small-scale
Underground Research Tunnel (URT) is planned at the
KAERI site (Figure 13.7). To investigate the geological
and topological characteristics of the site, surface survey
and borehole drilling had been carried out (Cho et al.,
2004a). The first stage of the URT consists of an access
tunnel and two research modules (Cho et al., 2004b).
The access tunnel is planned to be linear, with a slope of
-10% and length of 230 m. Research modules will be
located on each side of and at the end of the access tun-
nel, with lengths and slopes of 25 m and +2%, respec-
tively. The operation of the URT will be started in 2006.

For investigating the thermal-hydrological-mechanical
behavior of the engineered EBS, a semi-engineered
scale experimental facility is under installation. The
facility will consist of four major components: a confin-
ing cylinder with hydration tank, a bentonite block, a
heating system, and sensors/instruments. Results from

136

preliminary calculations, using ABAQUS Version 5.8,
showed that the temperature and maximum principal
stress in the bentonite blocks reach near steady state
after more than 20 days, although a longer time is
required with increasing distance from the heater (Lee et
al., 2004).

Experiments on contaminant migration through a natur-
al fracture in granite were carried out to better under-
stand contaminant transport in the deep underground
environment. The scale of rock fracture was 100(L) X
60(W) x 25(H) (cm). To observe the migration charac-
teristics, we used four kinds of tracers: (1) tritiated water
(THO), (2) high-molecular organic dyes (Eosine and
NaLS), (3) anions (bromide and chloride), and (4) sorb-
ing tracers (strontium, cobalt, and copper). A particle-
tracking method was applied to simulate contaminant
transport through the heterogeneous flow field in the
rock fracture (C.K. Park et al., 2002). By simulating
realistic in situ geochemical conditions, migration
experiments were also carried out in the glove box
under reducing conditions to validate migration process-
es of actinides and to verify the migration models for
chemical species in granitic rock fractures.

This study was supported by Korea Science and
Engineering Foundation (KOSEF) and Ministry of
Science & Technology (MOST), Korean Government,
through its National Nuclear Technology Program.
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The Latvian Approach to Final Disposal of Long-Lived
Radioactive Waste

Andrejs Dreimanis

Radiation Safety Centre, Riga
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14.1. INTRODUCTION

Safe, final disposal of long-lived radioactive waste
(RW) is one of the main priorities of RW management
policy in Latvia. The RW management concept, accept-
ed by the Cabinet of Latvia in 2003, identifies the key
problems of RW safe management. In addressing solu-
tions to these problems, it is emphasized that safe isola-
tion of long-lived RW can be achieved only by disposal
in a geological repository, in compliance with interna-
tional recommendations and documents (Amended
Proposal for Council Directive, 2004), which state that:

1. On the basis of present knowledge, geological dis-
posal represents the most appropriate solution for
long-term management of long-lived RW.

2. Member States shall study the possibility of obtain-
ing a solution for deep geological disposal, taking
due account of the specific circumstances.

As a supplementary measure to be discussed below,
there is also the possibility of participating in regional
waste disposal, in accordance with recent international
activities and recommendations on regional disposal of
long-lived and high-level RW.

The need to address the safe disposal problem in Latvia
has arisen from the specific inventory present in an
existing near-surface RW repository, as well as from
recommendations in a recent safety analysis to remove
used sealed sources from the operating vault before clo-
sure, and ensure their safe storage while remaining
accessible for the final disposal program.

14.2. RW MANAGEMENT IN LATVIA

14.2.1. THE MAIN FEATURES OF RW
MANAGEMENT:

(a) Latvia has a single national RW near-surface
repository of the RADON-type, developed for low
and intermediate level short-lived waste (LILW-
SL). In compliance with international recommen-
dations, for the operational vault of a repository,
currently only long-term storage of conditioned
radioactive waste are licensed.

(b) Alicense for disposal will be issued after addi-
tional safety assessments and some safety
enhancements (based on recommendations
derived from a long-term safety analysis per-
formed by an international consortium (Cassiopee,
2001)).

(c) Preparatory work is in progress for the Salaspils
Research Reactor (SRR), in operation until 1998,
to be dismantled and decommissioned. SRR sys-
tems will be switched off and dismantled, and
equipment no longer being needed for mainte-
nance of the SRR will also be switched off and
dismantled.

(d) The State Agency "BAPA" (Hazardous Waste
Management Agency) is the sole organization in
Latvia for dealing with RW management, ensuring
a unified administration and maintenance of the
SRR shutdown, which involves spent nuclear fuel
(SNF) storage. The whole cycle of RW manage-
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ment (collection at the site of origin, processing
procedures, and storage/disposal), is fully financed
by the State, which receives supplementary funding
from an import tax on radioactive substances.

14.2.2. RW MANAGEMENT CONCEPT

According to the principle cited in the Joint Convention
on the Safety of Spent Fuel Management and on the
Safety of RW Management of 2003, “The timely cre-
ation of an effective national legal and associated orga-
nizational structure provides the basis for appropriate
management of RW.” Latvia has accepted the RW
Management Concept based on the recently established
national, legal, and organizational policy and infrastruc-
ture of RW management.

The main problems to be solved with this RW
Management Concept (Dreimanis and Shatrovska,
2004) are as follows:

1. The increase in the amount of RW and lack of suf-
ficient storage space. In addition to the traditional
producers of RW, such as medicine, industry, and
science, there is a specific major operation in Latvia
that has significantly increased its annual amount of
RW in recent years and will continue to do so in the
future. This situation results from the planned dis-
posal of most of the SRR dismantling and decom-
missioning waste into the existing near-surface
LILW-SL RW repository (in Baldone), which needs
to be enlarged to accommodate this additional
waste.

2. The safety of the existing repository. To ensure pro-
tection of the public and the environment from
exposure and radioactive contamination, proper
measures are to be taken. The safety of the RW
repository should be upgraded by building a long-
term cover, in accordance with the Cassiopee rec-
ommendations.

3. Construction of long-term storage in a geological
disposal site. Safe isolation of long-lived RW can
only be achieved by storage in a geological dispos-
al site, thereby:

* Supporting the interests of future generations by
using standards that ensure minimal risk in the
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far future, and simultaneously minimizing the
transferred responsibility for safe management
of RW

e Ensuring satisfaction for the current public
interest by implementing the latest develop-
ments in repository construction

* Not prescribing the necessity to allow removal
of waste packages from the repository

4. Strategic aims of foreseen solutions.
¢ To build a long-term storage facility for used
sealed sources that can't be stored in near-sur-
face repositories
* To investigate the possibilities for constructing
a geological repository

5. Risks that RW management poses to the public.
The need to find a compromise between different
parts of society may make it necessary to imple-
ment a compensation mechanism for hypothetical
risks and the mitigation of negative perceptions by
the public concerning activities with RW —percep-
tions that seriously hinder projections for new stor-
age space. The introduction of an efficient compen-
sation mechanism could influence opinion polls to
be conducted before planning new facilities.

6. The competence level of the employees involved in
RW management. To promote education and scien-
tific development in the area of RW management,
one should actively support various international
projects and disseminate the results of such pro-
jects, as well as support the participation of
employees in international forums.

14.2.3. PRODUCTION OF RW IN LATVIA

The use of radioactive and nuclear materials in Latvia
is relatively minor. In the last decade, approximately
3-5 m? of unconditioned institutional RW was generat-
ed for long-term storage or disposal, along with
500-5,000 different sealed sources of ionizing radiation.
In the process of conditioning and preparing this mater-
ial for disposal, the gross volume of RW has increased
by a factor of two. The total activity of such annually
produced RW now reaches ~1-10 TBq.

In addition to the traditional institutional RW producers
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in medicine, industry, research and other areas, the
D&D process at SRR has significantly increased the
annual amount of RW to be disposed of in this reposito-
ry. The projected annual volume of radioactive waste
arising from the D&D of SRR is ~1,200 m3, the vast
majority of which is to be disposed of as LILW-SL.
Only a relatively small part of this waste is of interme-
diate activity, and this waste will be handled through
geological disposal. The SNF is projected to be moved
out of Latvia, in the framework of the USA-IAEA-
Russia cooperation project and the proposed Russia-
Latvia governmental agreement on SNF management.

14.2.4. THE MAIN FEATURES OF THE EXISTING
NEAR-SURFACE RW REPOSITORY

The single national radioactive waste near-surface
repository is located near Baldone, about 27 km south-
east of Riga, and is projected to receive LILW-SL waste.
The total capacity of the repository is 1,880 m3; current-
ly, the total amount of RW in storage is slightly below
1,000 m>.

Although current Latvian regulations encourage re-
exportation of used sealed sources (USS), a consider-
able amount of USS with very different half-lives has
already been disposed of in the existing vaults. The
Baldone site, a permanent disposal site managed by
BAPA, has received USS from approximately 300
Latvian institutions, as well as from the Kaliningrad
region. On the whole, USS accounts for 80% of the
radioactivity in the repository. At Baldone, six of the
vaults used during the period 1962-92 have been closed,
but the last vault (No. 7) is operating as a long-term stor-
age site. The waste deemed unsuitable for near-surface
disposal is to be stored at No. 7 until a deep geological
disposal option is available. This could be either within
the country, or outside, if a regional approach should be
approved.

Geologically, the Baldone site is characterized by qua-
ternary deposits of interbedded lacustrine, fluvioglacial
and glacial sediments of sands and clay, and overlying
dolomite and gypsum layers. No surface geological
processes, such as erosion, landslides, or weathering,
are known to have occurred at the disposal site or in the
near vicinity. However, during its operation, there was
some evidence of karst conditions that resulted in col-
lapses at the land surface.
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14.3. GEOLOGICAL AND NORMATIVE
BASIS FOR POSSIBLE DEEP
UNDERGROUND DISPOSAL OF

RW IN LATVIA

14.3.1. PROVISION FOR GEOLOGICAL DisPOSAL
OF LONG-LIVED RW—STRATEGIC AIM
OoF NATIONAL RW MANAGEMENT
CONCEPT

In compliance with the International Atomic Energy
Agency (IAEA) generic safety principles for RW man-
agement, the following are of particular importance:

Principle 4: "Protection of future generation"
Principle 5: "Burdens on future generation"
("Radioactive waste should be managed
in such a way that will not impose undue
burdens on future generations")
Principle 9: "Safety of facilities"

Latvia is planning to minimize the impact and burden on
future generations, via:

1. Institutional measures in the post-closure period of
the repository

2. Considering storage of long-lived RW at a geologi-
cal site as the sole option that would minimize risk
in the distant future, as well as decrease the trans-
ferred responsibility for the safe management of
RW

Safe isolation of long-lived RW from the biosphere can
be achieved by storage in the geological disposal site
only, because the near-surface repository has a greater
probability of unintentional destruction, which may
result in harm to the environment and the public (IAEA,
2003a). Besides, geological repositories have the great-
est potential for ensuring the highest level of waste iso-
lation and are applicable to the disposal of the most
demanding RW categories: high-level waste, SNF and
other long-lived RW (IAEA, 2003b). The near-surface
repository requires state supervision during the entire
period of danger from RW, which for long-lived iso-
topes constitutes a much longer time than the possible
existence of a particular state.

The disposal of long-lived RW in a geological reposito-
ry would:
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(a) Support the interests of present and future genera-
tions by using those standards that guarantee the
minimum of risk at present as well as in the distant
future, and simultaneously minimize the trans-
ferred responsibility for the safe management of
RW.

(b) Ensure fair satisfaction for the current interests of
the public, by implementing the newest scientific
and technical methods in repository construction
and by consultation with all interested parties
throughout all phases of the process.

To achieve the main strategic aims while developing
solutions to these problems, Latvia is planning:

(a) To construct long-term storage for used sealed
sources and long-lived waste, which must be
stored pending the availability of deep geological
disposal. A newly recommended strategy has been
accepted to build a dedicated long-term storage
facility for used (spent) sealed sources. This
involves the European Union (EU) PHARE
("Poland and Hungary Assistance for
Reconstruction of Economics") project, Design of
Additional Waste Disposal Vault and Integral
Storage Facility for Long-Lived Waste (LE
01.09.01). Long term storage will be used for the
RW types that are not suitable for near-surface dis-
posal.

(b) To investigate the potential possibilities for con-
structing a geological repository in Latvia and, in
the framework of a dual-track option, to develop
international activities to evaluate the possibilities
of regional disposal options.

14.3.2. PLANNING OF FEASIBILITY
STUDIES FOR GEOLOGICAL
DiIsPOSAL IN LATVIA

Taking into account Japan’s experience with these
issues (NUMO, 2002), a national program of feasibility
studies on geological disposal would require Latvia to:

(a) Formulate basic criteria and requirements for the
probable arrangement of a geological facility.

(b) Select a group of possible candidate sites comply
ing with these requirements.

(c) Make an Environmental Impact Assessment (EIA)
for each site.

(d) For each site with a favorable EIA, make detailed
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feasibility studies and site investigations for deep
geological disposal.

(e) Draw conclusions about how well the physical
properties of the geologic layers at each site
correspond to the recommended international
standards for barrier layers at a geological
repository.

In the process of conducting an EIA at each of the pro-
posed sites, it will be necessary to follow European
Union guidelines (European Union, 1999), including the
siting guidelines, which would take account of:

1. Geological factors (including initial factors to
determine whether volunteer sites, where applica-
ble, should be included in the site characterization
process)

2. Environmental protection factors (with require-
ments relating to population density and require-
ments relating to land use and biological diversity)

. Areas of specific scientific and cultural interest

4. Utilization of natural resources, including water and
soil

5. Requirements relating to costs

6. Transport considerations

7. Guidelines for social acceptability

W

In addition, potential mining sites (in particular, antici-
pated areas of oil output), underground gas-storage
sites, and other economically important areas should
also be excluded from consideration as eventual dispos-
al sites (with suitable geological structure). The Latvian
hydrocarbon prospects are associated with Western
Latvia and the adjacent part of the Baltic Sea shelf, i.e.,
the northern part of the Baltic Syneclise.

14.3.3. GEoLoGIcAL CONDITIONS OF
LATVIA TERRITORY

The geological structure of Latvia is mainly formed
by the old East-European Platform, taking into
account that Latvia is a part of the so-called Baltic
Syneclise and the Latvian Saddle, located on the
northwestern edge of the East European Platform. The
Baltic Syneclise is a sedimentary basin with a thick
succession of sediments and is regarded as highly
prospective, being part of a proven Baltic petrolifer-
ous province. Approximately 35 petroleum deposits
have been discovered there, and most of them are oil
accumulations.
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The geological section of Latvia contains two compo-
nents characteristic of palacoplatforms: the crystalline
basement and a sedimentary cover. The most important
features within the territory of Latvia are: (1) subsidence
at the top of the crystalline basement (mainly Archaic
and Proterozoic crystalline slates, gneisses, and gran-
ites), which slopes from the northeast, at a relatively
shallow depth of ~400 m, towards the south and south-
west at a depth of ~1,800 m; and (2) the sedimentary
cover, which unconformably overlies the heavily eroded
surface of the crystalline basement, and consists of ter-
rigenous, carbonate, and sulphate rocks of Proterozoic
and Phanerozoic-Cambrian through Jurassic ages.

In 2004, geological mapping of the entire territory of
Latvia, at a scale 1:200,000, was accomplished by the
State Geological Service of Latvia. These maps contain
information about the rock, the crystalline basin with its
sedimentary cover, the tectonics, and the relief and mod-
ern geological processes that will be used in selecting
areas for preliminary investigation and subsequent
detailed investigation.

Although Latvia is located within the seismically low-
active East-European Platform, over the last few cen-
turies, seismic events reaching 5-6 Richter force have
been recorded. On the basis of regular seismic monitor-
ing and processing of domestic and international (NOR-
SAR) data, some zones have been identified as epicen-
ters of concentrated seismic events.

14.3.4. WASTE AccePTANCE CRITERIA (WACQC)
AND SAFETY ASSESSMENT FOR
GEOLOGICAL DisPOSAL

In parallel with the decision to carry out feasibility stud-
ies for deep geological disposal in Latvia, the Latvian
Cabinet has also specified in detail the RW groups to be
disposed of in a geological repository, as well as the
main requirements and parameters for long-term safety
assessment (SA) of a geological repository. These
requirements and parameters are included in Cabinet
Regulation No. 129 (2002), "Requirements for the
Practices with Radioactive Waste and Related
Materials." This regulation states that the wastes to be
disposed of in a geological repository are:

1. RW containing radionuclides with half-life >30
years
2. High-activity RW
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3. RW with activity values not complying with WAC
for packages and vaults originally planned for near-
surface disposal

4. LILW-SL RW with radionuclides whose activity,
after the state supervision period, will exceed the
limits prescribed by "Cabinet Regulations on
Licensing" for determining the necessity to receive
a license for work with such radionuclides

Regarding the requirements for the SA of a geological
repository, Regulation No.129 states that, in particular:

¢ The time period of the SA analysis is at least 10,000
years
¢ The seismic parameters to be analyzed:
(a) the maximum magnitude of earthquake—5.4
Richter force
(b) the earthquake probability —once in 400 years
(c) horizontal acceleration—4 m/s?
(d) vertical acceleration— 1.2 m/s?
(e) vertical movement—2.0 cm.

14.4. INTERNATIONAL ACTIVITIES IN
PROVIDING SAFE FINAL DISPOS-

AL OF RADIOACTIVE WASTE

In the last decade, the importance of international dis-
posal options has been developed because of the dual-
track enhancement of global security and environmental
safety (McCombie et al., 2001). In view of this dual-
track option, Latvia, in parallel with its feasibility stud-
ies on geological disposal, is considering the option of
regional disposal.

14.4.1. RECENT DEVELOPMENT OF REGIONAL
DisposaL CONCEPT—BASIC
ORGANIZATIONAL FEATURES

At the present time, there are three basic scenarios for
the possible preparation and implementation of a shared
disposal facility (Stefula, 2004; IAEA, 2004):

1. The Add-on scenario, in which the host country
offers to supplement its internal inventory of wastes
for disposal with wastes imported from other coun-
tries.

2. The Cooperation scenario, characterized by the par-
ticipation of other (partner) countries in developing
a repository program jointly with a potential host-
ing country or countries. In this case, one or more
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other countries interested in disposing their
waste(s) in the potential hosting country or coun-
tries will be involved directly, at an early stage of
the repository development and implementation.

3. The International scenario, in which a higher level
of control and supervision is implemented by an
international body.

The European regional project SAPIERR (Support
Action: Pilot Initiative for European Regional
Repositories) was started in 2004, with the aim of help-
ing the European Commission to begin to establish the
boundaries of the European regional repositories issue,
to collate and integrate information to allow relevant
concepts for potential regional options to be identified,
and to gauge any new research and technical develop-
ment (RTD) needs (Stefula, 2004).

The primary objective of SAPIERR is to bring together
Member States of the current and extended European
Union who wish to explore the feasibility of regional
European solutions for deep geological disposal.
Specific proposals for regional facilities, including
potential siting, were deliberately left out of the scope of
this initial pilot study.

The SAPIERR project, included in the EU FP6
Programme, has the following main stages and objec-
tives:

¢ National data gathering analysis—to establish the
RW inventory for the regional disposal option and
to document the current legal framework for such
an option

» Elaboration, by the working group, of scenarios and
RTD requirements—to define the possible options
open to interested countries for regional storage and
disposal solutions, as well as scenarios under which
such options might be considered; to identify the
transnational RTD requirements that must be car-
ried out in the future

¢ Information dissemination—to disseminate, wide-
ly, the objectives and the findings of the study, in a
freely accessible form- to determine further man-
agement tasks

14.4.2. LATVIAN ACTIVITIES TOWARDS
INTERNATIONAL COOPERATION IN
REGIONAL DisposAaL OPTIONS

With the objective of evaluating the possibilities for
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using the regional disposal option, Latvia has developed
the following activities:

1. Implemented in its legislation (The Regulations of
the Cabinet of Ministers No.129 (19.03.2002)
"Requirements for the Practices with Radioactive
Waste and Related Materials") the Council
Directive 92/3/Euratom of 3 February 1992 on the
supervision and control of shipments of radioactive
waste between member states and into and out of
the community.

2. Adopted regulations of the Cabinet of Ministers
No.157 of April 16, 2002 "The Principles of
Determination of the Equivalence of Various
Radioactive Wastes," which are intended to manage
the possible exchange of RW between relevant
states, should the regional disposal option be imple-
mented.

3. Submitted data on RW inventory to the SAPIERR
project manager, specifying an approximate volume
of 200 m? to be disposed of as long-lived RW, as
well as the existing legislative basis for RW man-
agement, and regional/international RW disposal
issues.

4. Joined ARIUS (Association for Regional and
International Underground Storage) in 2004, to pro-
mote the most relevant solutions for national as
well as regional/international geological disposal
options for long-lived RW. This is an international
association whose objective is "to promote con-
cepts for socially acceptable international and
regional solutions for environmentally safe, secure,
and economical storage and disposal of long-lived
radioactive wastes."

14.5. CONCLUSIONS

Latvia recognizes the ultimate importance of providing
safe disposal for long-lived radioactive waste. Given
this awareness of the ethical obligation to ensure pro-
tection for future generations without imposing an
undue burden on them, Latvia has commenced dual-
track activities in seeking possibilities for geological
disposal of relevant waste categories.

The importance of studying deep-geological-disposal
options also follows from the problem of public
response (and acceptance of) basic RW management
tasks in Latvia. To obtain public acceptance of any plans
for enlarging the existing near-surface repository, the
public shall get guaranties that long-lived RW will be
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stored there only for the shortest possible period, and
thereafter moved to a deep geological repository/region-
al repository.
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Lithuania’s Approach to Disposal of Radioactive Waste and
Spent Nuclear Fuel
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15.1. INTRODUCTION

There is only one nuclear power plant (NPP) in
Lithuania—the Ignalina NPP. It is situated in northeast
Lithuania, near the borders of Latvia and Belarus, on the
bank of the largest Lithuanian body of water, Druksiai
Lake. The Ignalina NPP possesses two similar RBMK-
1500 reactor units. RBMK-1500 is the last and most
advanced version of the RBMK-type reactor design
series (actually only two units were constructed). The
Ignalina NPP reactors were commissioned in December
1983 and August 1987, respectively. Original design
lifetime for these reactors was projected to be
2010-2015.

The Ignalina NPP is a vital component in Lithuania’s
energy balance because it is producing more than 70%
of the total electricity in Lithuania. There are a variety
of reasons for this high percentage, but the main one is
that nuclear power has a significantly lower production
cost than other forms of power under the present eco-
nomic and technical circumstances in Lithuania. (Note
that after the nuclear accident in Chernobyl, safety sys-
tems at the Ignalina NPP were re-evaluated, and it was
decided to decrease the maximum thermal power of the
units from 4,800 to 4,200 MW. This limits the maximum
electric power to about 1,250 MW per unit.) On October
5, 1999, Seimas (Parliament of Lithuania) approved the
National Energy Strategy, in which it was stated that the
first unit of the Ignalina NPP would be shut down before
the year 2005, taking into consideration substantial
long-term financial assistance from the European Union
(EU), G7, and other states, as well as international insti

tutions. On October 10, 2002, Seimas approved an
updated National Energy Strategy, in which it was stat-
ed that the first unit would be shut down before the year
2005 and second unit by 2009, if funding for decom-
missioning were available from EU and other donors.
Following this, on December 31, 2005, Unit 1 at
Ignalina was finally shut down. There are no other
nuclear facilities in Lithuania.

The RBMK-1500 reactors were designed for nuclear
fuel with 2% enrichment of 235U. Use of the new urani-
um-erbium fuel at Ignalina NPP started in 1995, and at
the end of 2001, the first batch of nuclear fuel with 2.6%
enrichment was loaded into the reactor. Introduction of
fuel with 2.8% enrichment is under consideration. It is
estimated that about 22,000 spent nuclear fuel (SNF)
assemblies (about 2,436 tons of uranium) will have
accumulated at the Ignalina NPP by 2010.
15.2. LOW-AND INTERMEDIATE-LEVEL
WASTE
15.2.1. CURRENT SITUATION AND PLANS FOR
CONDITIONING AND INTERIM STORAGE

The Ignalina NPP produces about 2,000 m? of radioac-
tive waste (except SNF) annually: 1,100 m?® of solid
waste, 700 m> of bitumenized waste, and 200 m3 of
spent resins (Poskas and Adomaitis, 1997; 2001).
Treatment methods applied at the plant are as follows:
compaction (baling) of the solid low-level combustible

waste with a low-pressure compactor, evaporation of
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liquid waste, and bituminization of evaporator bottoms.
Implementation of the project for cementation of ion-
exchange resins and perlite mixtures was started in 2001
and will be finalized in 2005. A project for modernizing
the entire management system for solid short-lived
low/intermediate level waste (LILW-SL) and long-lived
intermediate level waste (ILW-LL) is in the final stage
of the tendering process, and implementation will be
started in 2005.

The complex for solid radioactive waste storage at the
Ignalina NPP consists of four buildings (155, 155/1,
157, and 157/1) with auxiliary systems and equipment
for the operations in each building. Buildings 155 and
155/1 are intended for storage of LILW-SL, and they are
assembled monolithic buildings. Buildings 157 and
157/1 are intended for storage of LILW, and they are
ground facilities of concrete with the surface reserved
for expansion. Buildings 157 and 157/1 are separated
into sections by solid partitions, with each section stor-
ing a specified group of wastes. A safety analysis report
on these facilities was prepared during 1999-2000, and
the regulatory authorities subsequently issued a license
for its operation. Wastes from research, medicine, and
industry are transported to the NPP and are also stored
in these buildings. Liquid waste is collected in large
concrete tanks, for temporary storage, before being
evaporated and bituminized. Ion-exchange resins and
perlite mixtures are also stored in the tanks, awaiting
commissioning of the cementation facility.

15.2.2. AcTiviTIES RELATED TO THE
DisposAaL oF LILW-SL

There are two old radioactive waste disposal facilities in
Lithuania. Of Russian design, both of them could be
classified as near-surface disposal facilities.

15.2.2.1. Maisiagala ‘“Radon” Type Disposal Facility
for Institutional Waste

This repository is designed for institutional waste and is
a typical “Radon” type facility constructed in the early
1960s (1964 in Lithuania) and used throughout the for-
mer Soviet Union. It was closed in 1989. Waste at this
site was disposed of in a reinforced concrete vault with
internal dimensions 14.75 x 4.75 x 3 m (200 m? in vol-
ume). The vault was only partially filled with waste
(about 60%) during its operation. When loaded, the
waste was interlayered with concrete. In addition, sealed
sources were disposed of in two stainless steel contain-
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ers, each with a volume of 10 liters. Medical sources
were disposed of with a biological shielding. At the end
of the disposal period, the residual volume was filled
with concrete and sand.

The disposal site is constructed of glacial sediments on
the Baltic highlands, on a hill of medium relief in the
catchment’s area of the Neris River. A thick layer of sed-
iments, up to 1,000 m, is prevalent in the repository
area. The upper 100 m consists of sandy loams and clay
loams from the Quaternary period. The disposal site is
on the levelled top of a hill consisting of sand and grav-
el. Height above sea level is between 140 and 150 m,
and the height of the surrounding hills is around 150 m.
Most hills are elongated, with steep slopes and flat tops,
and consist of moraine subclay and subsand or
sand/gravel.

A preliminary safety assessment of this facility was per-
formed by SKB (Sweden) with participation of the
Lithuanian Energy Institute (Poskas et al., 2000). The
Radwaste Management Agency (RATA) has applied for
a PHARE project (2004-2006), which is aimed at safe-
ty assessment and upgrading of the Maisiagala reposito-
ry. We plan to upgrade the physical protection system
and collect the data needed for safety analysis (summa-
rize the waste inventory, make necessary ground
drillings for sampling, etc.). The project will also
include the preparation of a Safety Analysis Report, a
conceptual and detailed design of the facility upgrading,
and documentation for work, supply tenders, and repos-
itory licensing.

15.2.2.2. Storage/Disposal Facility for
Bitumenized Waste at Ignalina NPP site

A storage/disposal facility exists at Ignalina NPP for
bituminized evaporator bottoms of liquid radioactive
waste generated there. This is an aboveground two-story
assembled concrete monolith (Building 158) consisting
of 12 steel-lined vaults for loading the bitumen com-
pound. At present, five vaults are filled with this com-
pound.

This facility is located at the Ignalina NPP site, near the
East-European platform, at the juncture of two large
structural elements (the Baltic syncline and the Mazur-
Belarus anticline). The granitic bedrock is separated
from the sediment by a series of tectonic breaks, the
dimensions of which are approximately 2 X 2 km. In the
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area of the Ignalina NPP, the surface sediments are quite
heterogeneous. They were formed during the retreat of
the last glacial period as a result of different glacial and
water-glacial processes. Later, alluvial, marsh, and lake
sediments were formed. The lithological structure, fil-
tration, and geological engineering properties of the sep-
arate genetic types of surface sediments are not equal.
Most prevalent are the permeable water-glacial sedi-
ments located in direct proximity to Lake Druksiai and
the Ignalina NPP. All the surface sediments contain sub-
soil water. Supporting weight is provided by the marsh,
lake-marsh, lake-glacial, and water-glacial sediments,
all located near the surface. Lithologically, these sedi-
ments are composed of peat, sand, gravel, sandy soil,
sandy loam, and clay. The depth of the aeration zone is
from 1-2 m to 5-8 m, with the subsoil composed of fine
sands and sandy loam.

A preliminary long-term safety assessment of this facil-
ity was also performed by SKB (Sweden) with the par-
ticipation of the Lithuanian Energy Institute (Poskas et
al., 2000). This assessment led to the conclusion that
this radioactive waste facility could be converted into a
disposal facility if a multilayer earth cover were used,
but a more detailed analysis is necessary. At present, this
facility is licensed as a storage facility, based on the
Safety Analysis Report prepared in 1999-2000.

15.2.2.3. New Near-Surface Disposal Facilities

Activities related to the implementation of a landfill
repository for very-low-level waste at the Ignalina NPP
site were started in 2003. A reference design, recom-
mendations on site selection, and preliminary waste-
acceptance criteria were prepared in 2003. The siting
and an Environmental Impact Assessment (EIA) are
planned for 2005.

The project dealing with a reference design for a near-
surface repository for low- and intermediate-level short-
lived waste in Lithuania was performed in 2000-2002.
A consortium consisting of SKB-SWECO International
and Westinghouse Atom (Sweden), with participation of
the Lithuanian Energy institute and some other Swedish
organizations, suggested a robust and simple design for
this near-surface facility in Lithuania. The design is
modular and highly flexible with regard to its barrier
design and overall geometry. It can easily be adapted to
various site conditions, and the cell groups can easily be
redesigned for different waste packaging. The reference
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environment and the assumed site conditions are such
that the siting of the repository is flexible. It is possible
to establish, operate, and close the repository with
acceptable long-term safety characteristics at a variety
of sites available in Lithuania.

Siting of a near-surface repository was started in 2003.
The Lithuanian Energy Institute prepared the siting cri-
teria that were used by the Lithuanian Geological
Survey and the Institute of Geology and Geography in
selecting two sites for the repository close to the
Ignalina NPP. In 2004, the Environmental Impact
Assessment Program was prepared and approved by the
Lithuanian government. An Environmental Impact
Assessment Report was also prepared by the consortium
lead of the Lithuanian Energy Institute. Relevant author-
ities approved the report, and at the moment, it is under
review by the Regulator (Ministry of Environment).
15.3. SPENT NUCLEAR FUEL AND
LONG-LIVED WASTE

15.3.1. INTERIM STORAGE OF SNF AND

LONG-LIVED WASTE

According to Lithuania’s Law on Nuclear Energy, SNF
is a radioactive waste, so it will not be reprocessed. In
1992, the decision was made to build an interim dry
SNF storage facility at the Ignalina NPP site with a life-
time of about 50 years. After the tendering process,
GNB (Gesellschaft fur Nuclear Behalter) casks were
chosen. Twenty of these casks are ductile cast iron CAS-
TOR RBMK-1500 casks; the remaining ones are metal-
concrete CONSTOR RBMK-1500 casks. Both types of
casks are designed to load 102 half-assemblies, which
are arranged in the basket in a special configuration. In
March 2000, INPP received its operational license, and
regular loading of the CASTOR RBMK-1500 casks was
started. The last CASTOR cask was loaded and trans-
ported to the storage site on September 20, 2000. At the
same time, the licensing procedure for CONSTOR RB
MK-1500 casks was under way, and regular loading of
these CONSTOR casks started at the end of June 2001.
The capacity of the existing SNF dry-storage facility at
Ignalina NPP is for 80 casks.

It is estimated that after the final shutdown of Unit 2 in
2009, the total amount of SNF will be approximately
22,000 fuel assemblies, with 4,080 of them accommo-
dated for within the existing facility, and the new inter-
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im storage facility accommodating the remaining more-
than-18,000 SNF assemblies. After the tendering
process in January 2005, Consortia GNB mbH (GNS),
RWE NUKEM GmbH, Germany was awarded the con-
tract. The Lithuanian Energy Institute, as local subcon-
tractor, is supporting the Consortia in an Environmental
Impact Assessment Program and Report and also
Preliminary and Final Safety Analysis Reports. The
SNF will be loaded in the higher-capacity (182 fuel half-
assemblies) CONSTOR RBMK-1500 casks.

As indicated above, the long-lived intermediate level
waste is also stored in big vaults within concrete struc-
tures (Building 157) at the Ignalina site. It is planned,
within the solid radwaste management modernization
project, that this waste will also be retrieved, loaded into
containers and, after proper characterization, transferred
into the new facility for an interim storage of at least 50
years.

15.3.2. AcTIVITIES RELATED TO THE DISPOSAL
OF SPENT NUCLEAR FUEL AND
LONG-LIVED WASTE

15.3.2.1. Strategy for disposal

The Strategy on Management of Radioactive Waste in
Lithuania, approved by the Lithuanian government in
2002, also defines a number of activities related to
SNF disposal:

e Draft and implement the long-term research pro-
gram, “Possibilities to dispose of spent nuclear
fuel and long-lived radioactive waste in
Lithuania.”

¢ Analyze the possibilities of having a deep geolog-
ical repository in Lithuania for SNF and long-
lived radioactive waste.

* Analyze the possibilities of creating a regional
repository from the joint efforts of a few countries.

¢ Analyze the possibilities of disposing of SNF in
other countries, and determining the cost and jus-
tification for such disposal.

¢ Analyze the possibilities of prolonging the storage
period for interim storage facilities for up to 100
or more years.

The Program for Assessment of Possibilities for
Disposal of Spent Nuclear Fuel and Long-Lived
Radioactive Waste for the Years 2003-2007 was pre-
pared and approved in 2003. In parallel, the Swedish

150

Ministry of Foreign A ffairs allocated special funding
to support activities in Lithuania related to the closure
of the Ignalina NPP. One of the subject areas identified
was the development of national competence on issues
related to disposal of SNF.

15.3.2.2. Geological and hydrogeological
investigations

On the basis of some earlier investigations of the
Lithuania’s geological structure, several geological
formations were identified as potentially suitable for a
deep repository for SNF (Kanopiene and
Marcinkevicius, 2000): rocks of the crystalline base-
ment, Lower Cambrian clay, Permian sulfate deposits
(anhydrite), Permian rock-salt, and Lower Ttiassic
clay.

During 2001-2004, more detailed analyses of these
geological formations have been performed by the
Geological Survey of Lithuania and the Institute of
Geology and Geography with support of Swedish
experts (Suitability of Geological Environment,
Investigations of Possibilities, Vol. 1, 2005). This work
mostly involved desktop studies for the first stage
(prospective or conceptual and planning stage investi-
gations) of geological investigations related to the con-
struction of a deep geological repository for SNF. The
main part of this effort was concerned with the selec-
tion of criteria and evaluation of rock formations on
the basis of archival data and published reports. The
general overview of the geological structure and the
composition of the sedimentary cover and crystalline
basement were carried out in 2001-2002. This started
the process of evaluating geological media to assess
the territory of Lithuania in terms of its suitability for
radioactive waste repositories. Several rock types—
clayey formations, crystalline basement rocks, rock
salt, and anhydrite formations —were selected for the
studies. As a result of these investigations, four
prospective clayey formations were selected in the
sedimentary cover of Lithuania, from the Lower
Cambrian, Lower Silurian, Middle Devonian, and
Lower Triassic sequences. In addition, the Upper
Permian anhydrite and rock salt were considered as
prospective candidates for disposal of SNF.

A screening of the territory of Lithuania was per-
formed based on the most important geological para-
meters describing the suitability of formations, such
as: simple tectonic structure, absence of intraformation
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aquifers, low neotectonic and seismic activity, good
isolation, and favorable mechanical properties of the
rock. Then, the aerial distribution of these favorable
formations was defined (Figure 16.1). The screening
was also based on an evaluation of the general geolog-
ical parameters—such as lithological homogeneity of
the prospective layer, thickness, depth and lateral
extent, and tectonic structure —of the candidate forma-
tion. It was concluded after these investigations that
rock salt could not be regarded as having a high poten-
tial for disposal of SNF. However, the crystalline
basement rocks were considered very good candidates
for a geological repository. Among those, the best
prospects appeared to be located in the southeastern
part of Lithuania (Figure 16.1) where the rock is over-
lain by only 200-300 m of a thick sedimentary cover.
The prospects for argillaceous clayey formations were
reduced to only the Lower Cambrian Baltija Formation
and the Lower Triassic, since they best fulfill the
requirements with respect to depth, thickness, litholog-
ical composition, and homogeneity of sediments.
Thus, the extended studies on media selection in
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2001-2002 led to the conclusion that crystalline rock
and argillaceous rocks are the primary candidates for a
geological repository in Lithuania.

In 2003, activities were focused on more detailed stud-
ies of these geological media, because desktop studies
are not sufficient for making a prioritization of these
media. The direct observation and characterization of
cores from reference wells were carried out for
detailed lithofacies evaluation of candidate formations,
analysis of similarities, and differences between the
cores of the different lithofacies zones at different
depths. At the same time, a sampling for a preliminary
analysis of mechanical properties was carried out.
After such investigations, the Lower Triassic forma-
tion was selected as a first priority, and the Cambrian
Baltija Formation as a second priority —for investiga-
tions of the potential clayey formations. With regard to
crystalline rock, it was determined that an area of 100
km? could be found between major fracture zones at an
acceptable depth, and with a normal fracture content
that fulfills the desired requirements both with respect

Figure 15.1. Occurrence of geological formations potentially suitable for disposal of spent nuclear
fuel (Suitability of geological environment,Vol.l, 2005)
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to tightness and stability. Furthermore, there is broad
experience and competence in the field of investiga-
tions concerning SNF disposal in crystalline rocks in
Sweden. Thus, crystalline rocks were selected for fur-
ther characterization in 2004.

Laboratory investigations were performed on crys-
talline rocks to gather general information on the
strength parameters of these rocks as a function of
different petrological composition. Rock samples
were taken from some old cores collected in bore-
holes drilled in southern Lithuania during deep geo-
logical mapping at a scale 1:200,000. Depths of the
samples varied from 427 to 606 m and were selected
as the optimal values for deep repository construc-
tion. The main characteristics of these crystalline
rocks, such as density, porosity, unconfined compres-
sion strength, rock temperature, were collected from
different literature sources. All the data were filed
systematically, and a simple statistical analysis was
performed. Tectonics and hydrology of the crystalline
basement were analyzed using existing archival
information.

Based on a four-year period of investigations, the fol-
lowing is a summary of the conclusions that have been
reached:

e After compiling available geological data and
inspecting selected drill cores, only the Lower
Cambrian Baltija Group and the Lower Triassic
clayey formations emerged as potential alterna-
tives to crystalline rocks. They fulfill the require-
ments with respect to the depth, thickness, distrib-
ution, and lithological composition. The Lower
Triassic has a higher priority than the Lower
Cambrian

e The crystalline basement rock can be considered
one of the best prospects for a geological reposito-
ry. The best crystalline-basement prospects appear
to be located in southeastern Lithuania, where
these rocks are overlain by only 200-300 m of a
sedimentary cover. Extensive geological informa-
tion is available for southeastern Lithuania, and
this makes it very attractive for future studies.

e A rather dense network of faults is located in
southern Lithuania, yet large enough blocks, suit-
able for a geological repository, are defined.
Nontectonic blocks of order 10 X 10 km can be
found. The best rock-type prospects are represent-

ed by cratonic (anorogenic) granitoid intrusions
that, in some places, have formed rather large
massifs. These rocks are the least damaged by tec-
tonic activity. Other rock types (gneisses, mafic
intrusions, migmatites) have (in various places)
formed only a weakly fractured block, which may
also be a prospective repository site. Because of
the very low seismic activity in this part of
Lithuania, the tectonic stress is very low and
should not affect tunnel construction. However, no
instrumental observations of the stress field are
available.

¢ Hydrogeological well tests indicate that the tec-
tonic zones are water saturated, whereas the
homogeneous blocks are waterproof. The salinity
of the formation water does not exceed 30 mg/L
(except in some rare anomalies), which is favor-
able for engineered barriers. The water flow field
of the basement is not yet well understood.

15.3.2.3. Development of the disposal concept and
safety assessment

During 2001-2004, the Lithuanian Energy Institute,
with support of Swedish experts, was working on
development of the repository concept (Concept of
Repository in Crystalline Rocks, in Investigations of
Possibilities, Vol. 2, 2005) and the generic safety
assessment (Generic Safety Assessment, in
Investigations of Possibilities, Vol. 3, 2005) of a repos-
itory in crystalline rock in Lithuania.

A detailed repository design is highly specific to waste
type and its geological environment. But regardless of
waste type, construction of the access and emplace-
ment shafts and tunnels will involve the excavation of
a substantial underground facility involving the
removal of some hundreds of thousands of cubic
meters of rock, to millions of cubic meters for larger
waste disposal programs. Geological repositories
presently being considered have underground dimen-
sions varying from a few square kilometers to about
twenty square kilometers, depending on the inventory
of waste, its thermal output, and the repository design.

The proposed repository concept for Lithuania is based
on the KBS-3 concept developed by SKB for disposal
of SNF in Sweden. Specifically, the KBS-3H design,
with horizontal canister emplacement, is proposed as
the reference design for Lithuania. The scheme of the
repository is shown in Figure 15.2.
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Figure 15.2. The scheme of the repository after final sealing and closure of the facility (Concept of
Repository in Crystalline Rocks, in Investigations of Possibilities,Vol. 2, 2005)

The generic repository concept for SNF disposal in
crystalline rock in Lithuania envisions the waste dis-
posal in horizontal emplacement tunnels with diame-
ters of 1.85 m and lengths of 250 m. The repository
would be constructed in the crystalline basement at a
depth of 300-500 m. Disposal canisters with RBMK-
1500 SNF would be emplaced with a distance between
canisters of 1.2 m. A copper canister is assumed for the
disposal of SNF in the basement rock. The proposed
canister for SNF is designed with two components: an
outer corrosion protection of copper and a cast iron
insert with channels for the RBMK-1500 SNF half-
assemblies. This is to improve the mechanical strength
of the canister, as is being done in Sweden as well as
in Finland. The copper canister has a wall thickness of
50 mm and should be made of oxygen-free copper with
low phosphorus content. The canister insert will be
made of cast iron with a minimum wall thickness of 50
mm. Preliminary data for the RBMK-1500 SNF refer-
ence canister suggest a 1,050 mm diameter and a 4,070
mm length. One disposal canister can hold 32 RBMK-
1500 fuel half-assemblies, and for Lithuanian SNF dis-
posal, about 1,400 canisters would be necessary. The

required area for the repository construction would be
about 0.4 km?.

The repository concept is described at the level of
detail needed to perform a generic safety assessment
and cost analysis. Determination of thermal evolution,
criticality, and other important disposal characteristics
for RBMK-1500 SNF emplaced in a copper canister
supports the development of this concept.

Cost estimates for the disposal of SNF and ILW-LL
within the crystalline basement in Lithuania is present-
ed in Volume 2 of Investigations of Possibilities
(2005). This preliminary assessment is based on the
experience accumulated during development of the
Swedish KBS-3 concept, as applied to the Lithuanian
case. The method of analysis used is based on the
application of a concept known as the “successive
principle,” which has been used especially as a tool for
managing uncertainties that may develop due to
unforeseen events in the future. The input data for the
calculations are obtained from the “most likely” costs,
or the so-called reference costs, by means of conven-
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tional (deterministic) calculations. These calculations
are based on a functional description of each facility,
resulting in layout drawings, equipment lists, person-
nel forecasts, etc., under established fixed conditions,
but without allowances for variations and uncertain-
ties. To provide guarantees to cover losses resulting
from future unforeseen events, reasonable additional
costs (cost variations) are included in the calculations.
The influence of a specific variation in costs is evalu-
ated, and the result provides a mean value of the future
costs and the standard deviation of the cost for a
desired degree of confidence.

A generic safety assessment of the Lithuanian reposi-
tory is presented in Volume 3 of Investigations of
Possibilities (2005). Because of the assumed similari-
ties in the repository environment and repository con-
cept, the selection of scenarios is based on experience
from the safety assessment performed in Sweden. For
this stage of generic safety assessment, only two sce-
narios were chosen: base scenario and canister defect
scenario. In performing this safety assessment,
Lithuanian parameter values were used as much as
possible.

To analyze system evolution under the above-mentioned
scenarios, thermal evolution, criticality, and dose assess-
ment of the copper canister loaded with RBMK-1500
SNF were performed. Analysis of thermal-evolution
effects at the top of the crystalline rock has shown that,
over a period of one million years after deposition of the
SNF, the heat released from the canister with RMBK-
1500 SNF will have only a marginal impact on thermal
conditions at the top of crystalline rock.

An essential component of the safety assessment was
to calculate radionuclide release and doses to critical
group members. The computer codes COMPULINK7,
CHAN3D, provided by SKB, were used to calculate
radionuclide release through the near-field and far-
field regions from the canister with an initial defect
(canister defect scenario). For dose assessment, the
computer code AMBER 4.4 (UK) was also used. The
results from calculations show that most of the ana-
lyzed radionuclides identified as safety relevant will be
effectively retarded in the near field (by the bentonite
buffer). Release rates of Cs-135, 1-129, Tc-99, and Ra-
226 are the most significant. The release rates from the
near field are dominated by Cs-135 and I-129. At
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longer times, the release rate is dominated by Ra-226,
which is formed by an in-growth from the chain decay
of U-238. Modeling of the transport of radionuclides
through the far field was performed for the most dom-
inating radionuclides in the near field. The values of
parameters that have an influence on radionuclide
transport were selected from the study area in
Lithuania, and if they were not yet available, values
from the Beberg site (Sweden) were used. Results of
total dose behavior demonstrate that the dose con-
straint of 0.2 mSv/y will not be exceeded in a period of
a million years, and in fact will be lower, by two orders
of magnitude, than this constraint. The total dose rate
for the initial period is dominated by the nonsorbing
radionuclide I-129; at later times, it is dominated by
Ra-226.
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16.1. HISTORICAL OVERVIEW OF
MEXICAN NUCLEAR PROGRAM

The use of radioactive materials in Mexico started for-
mally in the middle 1950s when, by means of a presi-
dential decree, the National Commission of Nuclear
Energy (CNEN) was created. As a pioneer organization,
the CNEN carried out some programs that involved the
use of radioactive sources, such as a radioisotope pro-
gram consisting of applying radioactive tracers in physi-
ological studies, evaluating blood volume, locating brain
tumors, and studying protein metabolism, among others.

In the mid-1960s, the Nuclear Center of Mexico was
inaugurated, located at a site 36 km from Mexico City.
Several CNEN facilities were housed there, such as a Van
der Graaf accelerator, a Triga Mark III reactor, and a
number of well-equipped laboratories. In 1979, the
National Institute of Nuclear Energy (INEN), which had
replaced the former CNEN, was divided into three other
nuclear organizations with well-defined responsibilities:
the National Institute of Nuclear Research (ININ), devot-
ed to conducting research and development (R&D) pro-
grams in nuclear and related matters; Mexican Uranium
(URAMEX), a government enterprise devoted to the
prospecting, exploring, and exploiting of uranium; and
the National Commission of Nuclear Safety and
Safeguards (CNSNS), the regulatory authority.

In the mid-1970s, the construction of two nuclear power
reactors was initiated at the Laguna Verde site, on the
southeastern coast of the state of Veracruz. In 1985,
because of a union-workers strike (URAMEX), the gov-
ernment decided to close this enterprise and to cancel

every activity related to exploitation of uranium. In 1988,
the first Rules and Regulations Code on Radiation
Protection and Safety was promulgated, and several sub-
sidiary standards have been put into force since then. In
1990, the Laguna Verde Unit 1 reactor started its com-
mercial operation, followed by the start of Unit 2 in
1995.

16.2. LEGAL FRAMEWORK

Article 27 of the National Constitution (Constitucion
Politica, 1975) states that the Mexican government has
the exclusive power to exploit radioactive raw materials
in Mexico, and specifically to use nuclear fuel for the
purpose of electricity generation and other activities.

The regulatory Law of Constitutional Article 27 (Ley
Reglamentaria, 1985) in the field of nuclear matters,
states that the beneficiation of radioactive ores, the fuel
cycle, fuel reprocessing, and the temporary or definitive
storage and transport of irradiated fuel or wastes pro-
duced in its reprocessing—all must be considered strate-
gic activities. It also states that the generation of elec-
tricity by nuclear means is a right reserved by the
Mexican Federal Commission of Electricity (CFE).
Concerning radioactive waste management, the same
law states that the government, through the Energy
Ministry, is in charge of the storing, transporting, and
depositing of spent nuclear fuel (SNF) and radioactive
waste, whatever its origin, and that the same ministry
has the exclusive authority to authorize other govern-
mental entities for temporary storage of SNF (and
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radioactive waste from nuclear power utilization).
However, the same law also confers to the CNSNS (cur-
rently part of the Energy Ministry) the responsibility to
evaluate and authorize the siting, design, construction,
operation, modification, ceasing of operations, defini-
tive closure, and decommissioning of any nuclear waste
storage facilities, as well as the processing, condition-
ing, releasing, and storing of radioactive wastes and any
disposal of them.

The Rules and Regulations on Radiation Safety and
Protection Code (Reglamento General, 1988) contains
several stipulations concerning the management of
radioactive wastes in the facilities where they were pro-
duced. In addition, ten official Mexican standards
(NOM), mandatory in nature, have been issued, which
cover different aspects relevant to radioactive waste
(RW) management and disposal, such as classification,
determination of activity, and concentration in RW
packages. Also covered are the requirements for low-
level RW packaging intended for final near-surface dis-
posal; requirements for RW incineration facilities; lix-
iviation tests for solidified RW samplings; requirements
for near-surface disposal facilities (siting, design, con-
struction, operation, closure, postclosure and institution-
al control); management of RW in radioactive facilities
using open sources; and limits for considering a solid
remainder as RW.

16.3. ORGANIZATIONS INVOLVED IN
RW MANAGEMENT

There are several organizations involved in radioactive
waste management, as mentioned above. At the top, the
Energy Ministry is the executive office responsible for
nuclear and radioactive waste management, but with the
capacity to delegate operative functions. The CNSNS,
as the regulatory body, is responsible for the technical
evaluation and licensing of everything concerning waste
management and disposal. As owner of the nuclear
power plant, CFE is the current administrator of SNF
and low- and medium-level RW generated in plants.
ININ is the current operator of an RW treatment plant
(for low- and medium-level RW, in addition to that gen-
erated at the Laguna Verde Nuclear Power Plant [NPP]
located inside the Nuclear Center of Mexico, and is also
the operator of CADER, a facility located 60 km north-
east of Mexico City, for temporary storage on the sur-
face.
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16.4. CURRENT SCENARIO

The Laguna Verde NPP has two BWR units, each with
2,021 MW of thermal power, which have been in com-
mercial operation since 1990 —Unit-1 since 1990 and
Unit-2 since 1995. The initial fueling per unit was com-
posed of 444 assemblies of 1.87% enriched U-235. The
estimated refueling per unit is about 96 assemblies. The
retired assemblies are stored in the SNF pool of each
unit, operation of which is managed by the utility itself.

Conservative estimates lead to the conclusion that
enough waste-storage space is available for the entire
plant lifetime, even considering a possible license
renewal for an extended period. This is a temporary
measure, while a definitive decision is contemplated.
This final decision will be made on the basis of a cost-
benefit analysis considering all the relevant factors, and
considering all the existing options (including geologi-
cal repository, exporting for reprocessing, dry storage,
and other options that may be identified in the future).
However, at the present stage, efforts are devoted to
establishing a near-surface disposal facility for low- and
medium-level RW originating in the NPP as well as in
radioactive facilities.

The low- and medium-level RW originating in the NPP
are also managed by the utility. The total annual average
waste produced is about 220 m?, which is being condi-
tioned at the plant and stored in two temporary storage
buildings. These facilities are located near the plant, out-
side the exclusion area but within the premises of CFE.

On the other hand, a conservative annual average RW
volume of 30 m?, including spent radioactive sources, is
produced in the radioactive facilities within the country.
These include medical, industrial, and research applica-
tions of open and sealed radioactive sources. The man-
agement of this kind of RW is carried out by the ININ
as the de facto responsible organization, which includes
collection, treatment, and storage. ININ operates a small
RW treatment plant where conditioning and solidifica-
tion is performed. ININ also operates one interim stor-
age facility on the surface, which is the above-described
CADER. The CADER facility is located in an area
where land use and demography trends have changed
strongly with time, and because of this change, the reg-
ulatory body has recommended the facility’s closure in
the near future.
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The rate of generation for low- and medium-level RW,
both in the NPP and in the nuclear facilities within
Mexico, creates the necessity for an adequate disposal
facility in the near term (i.e., within the next 10 years).
In this context, the region near the Laguna Verde site has
been the subject of a complete site study for construc-
tion of a near-surface facility intended for long-term
storage of the low- and medium-level RW. Although the
coastal characteristics of the site are seen as a disadvan-
tage (that should be compensated for with strongly engi-
neered barriers), no serious problems are expected
regarding public acceptance. If this site is the final
option chosen for the low- and medium-level RW gen-
erated at the plant, it could also be the solution for RW
generated in the rest of Mexico, because the volume of
the latter is relatively smaller than that of the plant.

It is very well known that in the state of Chihuahua,
there are regions with good characteristics for housing
underground RW disposal facilities. However, there
exists the political problem that the state and local gov-
ernments have shown a strong opposition to such an
idea. For example, the Nopal I uranium deposit in the
Sierra Pefia Blanca has been selected for investigation
by U.S. researchers, since it has a remarkable number of
characteristics in common with Yucca Mountain,
Nevada, a site within the United States approved for the
purpose of geological disposal of SNF produced in that
country. The data compiled could be used to support a
site study addressing the construction of an underground
facility for RW disposal, in the same geological
province, but taking care not to disturb any areas with
the potential for uranium exploitation.

Among the similarities shared with Yucca Mountain
(Murphy, 1992), the Sierra Peha Blanca is located in the
Basin and Range province of western North America,
which is the same location, geologically speaking, as
Yucca Mountain, and is also a large rotational fault
block composed of silicic volcanic rock of Tertiary Age,
with similar pyroclastic textures and rock chemical
composition. The preserved total thickness of the vol-
canic units varies over the Sierra Pefia Blanca area from
106 m to 538 m, and rock ages range from 35 to 44 mil-
lion years. The groundwater table is hundreds of meters
below the elevated ground surface. The Nopal I uranium
deposit, which is the specific location in the Sierra Pefia
Blanca where more data have been collected, is in the
unsaturated zone, well above the water table. Although
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the rock in this unsaturated zone is not completely dry
(because capillary and sorptive forces retain water on
surfaces and in small pores), this factor is considered
neither an impediment nor unsolvable, using a good
design for the engineered barriers. The climate in Pefia
Blanca is classified as arid to semiarid, with an annual
rainfall of about 24 cm per year. The groundwater
recharge and flow through the unsaturated zone are
probably low, owing to evaporation and transpiration by
plants.

Because of the several stages of hydrothermal activity
and near-surface weathering at Pefia Blanca, numerous
rich deposits of uranium have been produced there. As a
matter of fact, the Peha Blanca district is one of the most
important uranium ore reserves in Mexico. One advan-
tage derived from this uranium deposit is that the natur-
al uraninite there is similar to SNF in composition and
structure. Thus, the processes affecting the uraninite ore
body at Nopal I should resemble (to some extent) the
long-term processes affecting SNF alteration and conta-
minant transport, which are determining factors in the
performance of a geological repository.

16.5. CONCLUSIONS

In Mexico, the necessity exists for people within the
nuclear industry to provide definitive solutions in the
short term (i.e., within the next 10 years) concerning the
definitive disposal of low- and medium-level RW gen-
erated at Laguna Verde and also at other facilities. Such
a solution includes the nomination (or possibly even the
creation) of an entity devoted to managing such a pro-
gram, with enough political, administrative, and finan-
cial support to handle the problem. This organization
would be responsible for the site selection process, as
well as near-surface facility construction and operation.
The now-existing legislation necessary for carrying out
these tasks is considered appropriate and complete. On
the other hand, people within the industry have the per-
ception that enough time exists to analyze and make the
proper decision about long-term management of Laguna
Verde SNF, and that none of the presently available or
future options should be discarded. Consideration of a
possible geological repository, constructed at a site that
is thoroughly studied and found to have suitable,
demonstrable characteristics for that purpose, should be
considered a valuable advance in this context. Among
the pending tasks, it is necessary: to develop a better
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relationship and stronger influence with the politicians
who have responsibility in these issues, to solve some
political and public-acceptance challenges, and to
reverse the low-profile policies sustained so far. In this
way, such a project would become more acceptable,
enabling it to meet the increasing demands for RW man-
agement in the country. Besides the considerations
based only on the present scenario, any potential future
reactivation of the Mexican nuclear program for near-
term production of electricity will increase the necessi-
ty for viable, effective answers to questions about RW
management—always one of the traditional issues in
satisfying public opinion about nuclear energy.
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Vladimir V. Lopatin,' Evgeni N. Kamney,' Andrey l. Rybalchenko,'
Tatiana A. Gupalo,' Nicolay F. Lobanoy,'
Alexander M. Agapov,? and Victor D. Akhunov?

'All-Russia Designing and Research Institute of Production Engineering, Moscow
2Federal Agency of Atomic Energy, Moscow

Contact: A.l. Rybalchenko, oreol2@vnipipt.ru

17.1. INTRODUCTION

In the second half of the twentieth century, implementa-
tion of defense programs to produce nuclear materials
resulted in the formation of large quantities of radioac-
tive waste. Handling this waste in a manner similar to
that of industrial waste, by dumping it into water and
soil of the vadose zone and into trenches and collector
pits, led to the invasion of radioactive substances into
the environment and to a radioactive waste impact on
human beings, animal life, and vegetation. Radioactive
waste is a byproduct of electric power generation from
nuclear power, the production of nuclear fuel, and the
processing of spent nuclear fuel (SNF). Radioactive
emissions are thus an issue in various areas of human
activity.

Governments in countries where radioactive waste orig-
inates are required to implement full-scale programs
aimed at preventing the harmful impact of such waste.
They have to provide for corresponding expense items
in the state budgets, which diverts significant funds
from other important social issues, such as eradication
of poverty, health care, and education.

This issue is most acute in the Russian Federation and
the new states of the Former Soviet Union (FSU), some
of which appear to be in possession of accumulated
radioactive waste. In the process of changing the forms
of ownership, new enterprises for this waste have
evolved out of the former defense plants. Other defense
enterprises are out of business, and the waste left behind
is either managed by the state, or belongs to nobody.

Complications in settling the waste handling issues are
associated with (1) difficulties in the economic develop-
ment of these new states, (2) the ongoing creation of
waste handling legislation, and (3) the broad involve-
ment of the public in the discussions.

The disposal of radioactive waste in geological forma-
tions is an important option for solving waste handling
issues, one that has been utilized within Russia starting
as early as the middle 1950s. The prevailing concerns
then were with the geologic structure and properties of
the rock formations when used as waste repositories.
Although this approach initially appeared quite ade-
quate, there have been further developments as a result
of directed research programs. To date, our knowledge
with regard to geological disposal of radioactive waste
could be deemed to be almost completely developed.

This review is focused on the issues of deep geological
radioactive waste disposal in the Russian Federation.
We examine the history of this disposal in geological
formations, the current conditions and further develop-
ment of relevant knowledge, and basic directions for
future practical research.

17.2. DEVELOPMENT OF RADIOACTIVE
WASTE DISPOSAL IN RUSSIA

The idea to use geological formations for radioactive
waste disposal was made public in the Soviet Union in
the middle 1950s, as part of a proposed program on
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defense waste management, primarily involving waste
handling. Liquid radioactive waste, generated in large
quantities during the production of nuclear defense
materials, appeared to be the most hazardous kind. The
basic direction adopted for handling this type of waste
was its conversion into solid waste forms by incorporat-
ing or embedding them into bitumen, cement, glass, and
other materials, followed by storage and disposal.

Handling small quantities of medical and research
radioactive wastes did not present any substantial diffi-
culties. In the 1950s—1960s, several enterprises were
established for the collection and treatment of solid and
liquid radioactive wastes, generated by the above
sources, as well as for the disposal of spent ionizing
radiation sources used in industry. These enterprises
performed liquid waste solidification, solid waste treat-
ment and compacting, followed by disposal of this con-
ditioned waste into shallow storage sites —repositories.
These enterprises made up the “Radon” system; its 16
storage sites are currently in operation and are subordi-
nate to the control of the Russian Federation and local
municipal groups.

The situation with waste from the atomic industry in the
production of nuclear materials was more complicated.
Large volumes of liquid radioactive waste, ranging from
hundreds to thousands of cubic meters per day, were
produced; and certain categories had a high level of
radioactivity. This waste was stored in open surface
basins, often in former natural reservoirs. This created
serious concern because the waste represented a poten-
tial source of environmental contamination in the event
of inclement weather conditions (tornado, typhoon) or
military operations with nuclear weapons.

The development of a technology for processing and
solidifying large amounts of high-level radioactive
waste, as well as the design and construction of appro-
priate facilities, was faced with substantial technical dif-
ficulties and required a considerable period of time. A
heat-explosion incident in 1957, with high-level waste
in a tank in the Southern Urals (the “Mayak” project),
forced quicker decision making with regard to waste
management.

Consequently, an interim alternative was proposed to
either remove the liquid waste immediately after it was
produced or pump it from open surface-waste storage
sites and then inject it through wells into permeable geo-
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logical formations (reservoirs). This proposal was based
on experience gained in the oil industry, where produced
water, after being separated from the oil, is handled one
of two ways: (1) flooding the oil deposits to increase the
oil yield or (2) pumping the produced water back into
unneeded wells and thereby dispose of it. Concurrently,
activities aimed at the development of a radioactive-
waste-solidification technology were also under way.
However, disposing of liquid wastes by injection in
wells was the first technology with practical results.

Results of the preliminary experiments and an expert
assessment, made by leading specialists and scientists in
geology and oil-field exploration, were used to formu-
late the basic provisions for the practice of deep under-
ground liquid radioactive waste disposal, as follows:

¢ Liquid radioactive waste may be disposed of solely
if a selected horizon is capable of retaining the
waste planned for disposal, and if the geologic
structure and rock properties at the injection site
meet the requirements of the horizon being isolated,
both from the surface and from underground
aquifers used for water supply.

¢ The injected waste must be localized within the pre-
set boundaries of the geologic medium, i.e. within
the limits of the mining lease provided for the dis-
posal purposes, similar to the arrangements made to
establish a mining lease for mining minerals.

* The waste injection must be preceded by explo-
ration of the geologic medium to acquire informa-
tion necessary for justifying the feasibility, safety,
and consequences of the disposal.

¢ The injected waste should be compatible with the
geologic medium, i.e., the injection must not be
accompanied by processes that either make impos-
sible further injection of the required waste volume
or deteriorate the waste isolation conditions.

e The consequences of disposal should be pre-
dictable, and the injection process should be con-
trolled at all times.

These provisions were endorsed by the government,
used to define the scope and sequence of operations in
implementing liquid waste injection, and afterwards
used as a basis for the concepts of solid and solidified
radioactive waste disposal in low-permeability forma-
tions.

Studies to implement liquid radioactive waste injection
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included the following:

* An analysis of the fundamental potential for waste
injection in the vicinity of atomic industry enter-
prises

* Asurvey to specify the geological structure of areas
that are promising for injection

* A study of waste and its interactions with rocks

* Options for the design and technology of well con-
struction and surface equipment

* A forecast of disposal consequences.

A geologic survey and studies were conducted in the
vicinity of enterprises where the available data suggest-
ed the presence of porous horizons suitable for the dis-
posal of liquid waste. The goal of the completed work
was to establish a basis for the creation of a repository
and to acquire the data necessary for its justification and
design. The work involved geophysical studies, well
drilling, and an examination of well profiles and filtra-
tion tests, as well as an investigation of underground
water samples, waste samples, and the interaction of
waste with the geological medium. It was found that
favorable geological conditions were available at three
atomic industry enterprises—namely, (1) the Siberian
Chemical Combine of Seversk, Tomskaya Oblast; (2)
the Mining and Chemical Combine of Zheleznogorsk,
Krasnoyarsk Territory; and (3) the Scientific and
Research Nuclear Reactor Institute of Dimitrovgrad,
Ulianovskaya Oblast.

As a result of the geological survey, permeable horizons
possessing reservoir properties and confining low-per-
meability clay beds separating the reservoirs from one
another have been selected. A correlation of well pro-
files has also been performed, the horizon sequence in
the geological medium has been determined, and geo-
logic sections have been plotted. According to data from
filtration tests, the filtration factors for potential reser-
voir beds have been determined, and the degree of dis-
connection from overlying horizons and the surface has
been confirmed. Special studies have been performed in
areas of suspected and existing tectonic fractures to
determine the degree of interconnection between hori-
zons. None has been detected. At the same time, studies
were conducted on the waste and its compatibility with
rocks of the reservoir beds. The requirements imposed
on the waste intended for injection have been set, and
the methodology to control wells with a steady rate of
injection has been developed.
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Based on the results of this survey and study of the deep
repository, designs were developed, an expert review
was made, and the construction of the desired system
was completed. Three deep liquid radioactive waste
repositories, for the enterprises named above, com-
menced operations in the period 1963-1969. Waste
injection was accompanied by monitoring the waste dis-
tribution and the condition of the geologic medium; and
the results were used to determine efficient injection
conditions. As the requirements imposed on waste han-
dling safety and environmental protection were
increased and new laws were adopted, regulatory condi-
tions were developed to set up the desired level of con-
trol for these operations. Additional studies and justifi-
cation have also been conducted, and additional wells
have been bored for the injection of waste.

These deep repositories were scheduled to be closed
down by the end of the 1990s. Favorable injection
results and special studies on injection safety were used
to justify the prolongation of these repositories. Designs
for repository reconstruction have been developed and
reviewed. Based upon the above documentation, the
necessary licenses have been issued for the enterprises
to continue their waste injection activities. The sched-
uled life of the deep repository at Siberian Chemical
Combine was lengthened to the year 2016, at Mining
and Chemical Combine to the year 2011, and at the
Scientific and Research Nuclear Reactor Institute to the
year 2020.

This accumulated experience on liquid radioactive
waste injection has been used to create deep nonra-
dioactive waste repositories for other atomic industry
enterprises. Although the waste in question did contain
radioactive nuclides, the quantities involved were insuf-
ficient for the waste to be categorized as radioactive.
Repositories of this type have been created at the
Tchepetsk Mechanical Plant (Republic of Udmurtia)
and at the Kirovo-Tchepetsk Chemical Combine
(Kirovskaya Oblast). Currently, the latter is being used
to dispose of waste from fertilizer production.

A deep repository has been constructed at the
Kalininskaya Nuclear Power Plant in Tverskaya Oblast
to dispose of water-treatment waste and other effluents
containing tritium. The tritium solutions could be
referred to as liquid radioactive waste, but in combina-
tion with the water treatment waste, the tritium content
is reduced below the limit for the waste mixture to be
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Figure 17.1.

Locations of existing deep radioactive liquid-waste repositories and sites for deep solid

and solidified radioactive waste repositories: (1) Zeleznogorsk (Krasnoyarsk territory),
(2) Oziorsk (Mayak, Southern Ural), (3) Seversk (Siberian Chemical Combine), (4)
Dimitrovgrad (Ulianovskya region), (5) Kola Peninsula, (6) Novya Zemlya Archipelago,
(7) Leningradskaya region, (8) Krasnokamensk, Chitinskya region, and (9) Far East.

referred to as radioactive.

Concurrently with this ongoing work on liquid waste
injection, a search has been under way for alternative
techniques of waste disposal in the solid and solidified
state, and the technology for solidifying liquid radioac-
tive waste has been developed. Different options for the
geological disposal of this waste form have been con-
sidered. including the following:

* Openings in depleted mines (shafts, adits)

* Mine openings constructed for radioactive waste
disposal

» Natural cavities in geological media (caves)

* Cavities created by nuclear explosions in different
rock types including rock salt

* Deep disposal in permafrost

Some unconventional techniques were also considered,
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specifically disposal in mine openings followed by the
submersion of the waste into the rock melt obtained as a
result of the heat released by the radioactive decay, and
disposal in the immediate vicinity of volcanic vents.

Disposal of solid and solidified waste in dedicated mine
openings has been recognized as a viable disposal tech-
nique. The requirements imposed on the formations
suitable for the creation of a repository have been for-
mulated, and the possible disposal schemes and
sequence of operations to create a repository have been
determined. An analysis of solutions found for the prob-
lems of the atomic and atomic-power industries, and the
experience in relations with the public, have shown that
it is advisable to locate the repositories in the immediate
vicinity of the waste-generating enterprises, and if pos-
sible, directly on-site or in the sanitary buffer areas. This
avoids the difficulties associated with waste transporta-
tion to the disposal site, public protests, etc. Figure 17.1
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is a schematic map of the Russian Federation showing
locations of existing liquid radioactive waste reposito-
ries and the sites being developed for solid and solidi-
fied radioactive waste repositories.

Investigations regarding the development of geological
repositories for solidified waste were started in the
Southern Urals in 1975, within the territory of the
“Mayak” Combine, Tchelyabinskaya Oblast, where
both an SNF processing plant and a waste evaporation/
vitrification facility had begun operation. These studies
were carried out for over 20 years. At the Mining and
Chemical Enterprise (Krasnoyarsk Territory), studies to
create a solidified waste repository were started in 1990,
at a location in the immediate vicinity of the enterprise.

Disposal of waste in permafrost is considered one of the
geological disposal options, with the operation conduct-
ed at a depth of over several dozen meters. The design
for a repository located on the Novaya Zemlya archipel-
ago was developed in 2002; however, its implementa-
tion has been postponed for a number of subjective rea-
sons.

Since the beginning of the 1990s, a study has been under

Chapter 17

way to explore the possibility of developing a
solid/solidified waste and SNF repository in granites of
the Kola Peninsula, in the northern part of the Russian
Federation. A similar project has also been started to jus-
tify using the openings in a nearly exhausted uranium
mine for a waste repository in the eastern part of the
Russian Federation in Tchitinskaya Oblast.

At the end of the 1990s, justification and a preliminary
design had been developed for a solid and solidified
waste disposal project, using a clay formation near St.
Petersburg At the municipal “Radon” project for
radioactive waste disposal in the Moskovskaya Oblast,
another new concept was undertaken in 1988 to create a
demonstration facility for solid waste disposal, using
large-diameter wells ranging in depth from 40 to 100 m.

17.3. GEOLOGICAL LIQUID RADIOAC-
TIVE WASTE REPOSITORIES CUR-

RENTLY IN OPERATION

At the “Siberian Chemical Combine” and “Mining and
Chemical Combine” projects, the sand-clay horizons
used for the reservoirs contain fresh water, and at the
Scientific and Research Institute for Nuclear Reactors,
the carbonate rocks (limestones)

Table 17.1. Description of deep well injection storage sites contain brines. The geological
for liquid radioactive waste structure of the deep repositories,
Type Volume hydrogeological conditions, and

Storage Site Year Began of Rock Depth (m) (Min md) rock properties provide the basis
for waste localization and isola-

Siberian Chemical Combine tion in the various formations. The
Site 18, 1967 Sand 349-386 20,2 confining low-permeability clay
Horizon Il beds overlie the reservoirs and
Site 18, 1967 Sand 270-320 20,0 prohibit vertical waste migration.
Horizon Il Normal travel velocities of the
Site 18a, 1963 Sand 314-34| 6,1 underground water in the reser-
Horizon Il voirs are sufficiently low enough
to provide waste localization in

Mining and Chemical Combine the areas of disposal for a reason-
Site “Severny," 1967 Sandstones 355-500 2,5 ably long period of time. Table
Horizon | 17.1 provides some data for the
Site “Severny," 1968 Sandstones 180-280 3,7 deep liquid radioactive waste
Horizon Il repositories currently in operation.
Scientific Research Institute of Nuclear Reactors There are two repositories at the
Permeable Zone llI 1966 Sandstones 1440-1550 0,6 Siberian Chemical Combine pro-
ject. Site 18 is used for low-level

Permeable Zone IV 1977 Limestone 1130-1410 2,2 radioactive waste injection into
Horizon 1T (depth, 270-320 m)
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and Horizon II (depth, 349-386 m); Site 18a is used for
medium- and high-level radioactive waste injection into
Horizon II (depth, 314-341 m). The characteristic water
velocities in the reservoirs are in the range of 3-6
m/year. Because of physicochemical interactions, the
radionuclide components in the waste are retained by
the rocks, thus effectively restricting radionuclide
migration.

The Mining and Chemical Combine enterprise has one
repository, the North Test Site (Table 17.1) in the
Krasnoyarsk Territory. Two horizons are in use: Horizon
I (depth of 355-500 m) is used for medium- and high-
level radioactive waste injection, and Horizon II (depth
of 180-280 m) is used for low-level waste. The charac-
teristic underground water velocities are 5-6 m/year and
10-15 m/year for Horizons I and II, respectively. The
reservoir rocks also retain the radionuclide components
of waste. A hydrodynamic barrier, formed by a tectonic
fault plane, confines the reservoir beds from the west.
The barrier effectively prohibits waste movement
towards the Yenisei River. Figure 17.2 shows the layout
and a geological section of the liquid radioactive waste
repository for this enterprise. The red color in the sec-
tions shows the extent of waste migration.

The Scientific and Research Institute for Nuclear
Reactors enterprise has one repository, the Experimental
and Industrial Test Site (Table 17.1). In the initial phase
of repository operations, they used permeable zone 111
(depth, 1,440—1,550 m) for the medium- and high-level
radioactive waste injection, and permeable zone IV
(depth, 1,130-1,410 m) afterwards. The horizons used
are located in a stagnant flow zone, and hence the char-
acteristic underground water-velocity values are less
than 1 m/year.

In areas where a deep repository is located, a system is
installed to monitor the geological formation conditions,
waste distribution, and any processes that have
occurred. The monitoring points are located in observa-
tion wells, where hydrodynamic and geophysical obser-
vations can be made, and samples of the underground
waters can be collected, to identify waste components.
According to data obtained, the radioactive components
remain within predicted limits and within the mining
lease. Based upon results from modeling and migration
forecast calculations, the waste components are going to
stay within the limits of the mining lease for about 1,000
years or more. Observations on reservoir bed warm-up,

Figure 17.2.

Deep injection disposal well site
for liquid radioactive waste at
the Krasnoyarsk-26 mining and
chemical combine

in the high-level waste (HLW) disposal locations, show
that temperature is not going to exceed the vaporization
point under reservoir conditions.

In the period 1995-1999, several international projects
evaluated the possible impact of deep liquid radioactive
waste injection in Russia (Compton et al., 2000;
European Union Report, 997; Vieveg et al., 1999;
Wickham et al., 2003). According to the data obtained,
the conservative approach showed a characteristic value
for the possible accumulated dose load on the popula-
tion (induced by injection) to be as high as several hun-
dredths mZv. This level could be realized within 1,000
to 10,000 years.
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After waste injection is completed, the waste reposito-
ries should be closed down to avoid any adverse effects
on human beings and the environment, and to save
future generations a lot of trouble about the disposed
waste. A repository closedown technology is now under
development.

17.4. INVESTIGATIONS ON SOLIDIFIED
RADIOACTIVE WASTE DISPOSAL
IN LOW-PERMEABILITY

FORMATIONS AND PERMAFROST

17.4.1. GEoLOGICAL REPOSITORY IN SOUTHERN
URALS
The region planned for the repository is located in the
“Mayak” project, the City of Oziorsk, Tchelyabinskaya
Oblast. The project was the first in the USSR created for
the production of nuclear materials. HLW in this project
is vitrified, followed by interim surface storage of the
highly radioactive glass and the disposal of it later on.
To select a location for the deep repository, we have ana-
lyzed complexes of metamorphic and volcanogenic
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rocks and intrusive bodies within the site borders and in
adjacent areas. A detailed examination has been made of
the structural, mineral, and chemical composition, as
well as of the tectonic faults within the geological medi-
um. Volcanogenic rocks appeared to