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Foreword 

Nagra report NTB 88-25 provides an extensive review of the possibilities 
of disposal of vitrified HLW and long-lived ILW in Swiss sedimentary 
formations. The report consists of two main volumes (text and figures) in 
German. Because of the extensive international interest in this work, this 
additional executive summary volume in English has been prepared. The 
summary emphas i ses aspects of the work of more genera 1 interest and 
readers are referred to the two main volumes for more detailed discussion 
(especially of geological topics and hydrodynamic modelling), datasets, 
figures and references. 

The sed iment study is a synthes i s of the work of many peop 1 e, the rna i n 
contributors being listed in the foreword to the German text volume. This 
Engl ish summary was compi led by Drs. A. Lambert and I. McKinley with 
translation from German by L. McKinley and additional editorial input from 
Drs. C. McCombie, M. Thury and P. Zuidema. 
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1 INTRODUCTION 

This executive summary is a considerably abbreviated English 
translation of a review of disposal options in Swiss sediments 
(Sedimentstudie-Zwischenbericht 1988, NTB 88-25). It con
centrates on explaining the context of the study, the criteria 
used for selection of particular sedimentary formations and a 
preliminary evaluation of the performance of a repository in the 
two preferred formations - the Opalinus clay (OPA) and the Lower 
Freshwater Molasse (Untere Susswassermolasse USM). The procedure 
adopted for the se 1 ect i on of these host rock format ions and 
candidate siting regions is summarised in Fig. 9. 

A major part of the German basic report is a geological 
appraisal of the extensive literature on Swiss sedimentary rocks 
leading to the initial selection of 7 potential host rocks 
wh i c h, on more deta i 1 ed ana 1 ys is, a 11 owed the two preferred 
formations to be selected. In the current summary, no attempt is 
made to present the geological background in detail. Emphasis is 
laid on those aspects of the study of interest to an 
international audience. However, geological features of OPA and 
USM relevant to repository performance are described. 
Potentially suitable areas for siting a repository in the chosen 
formations are presented and the research programme required to, 
firstly, select between these options and, secondly, 
characterise a potential site, is discussed. 
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2 RADIOACTIVE WASTE INVENTORIES AND REPOSITORY CONCEPTS IN 
SWITZERLAND 

The max imum quant i ty of waste ar is i ng is an important boundary 
condition for waste management planning. In Project Gewahr 1985, 
Nagra based its estimate of this volume of waste on a nuclear 
energy scenario with 8 power plants (NPP) and an installed elec
trical output of 6 gigawatts for a reactor lifetime of 40 years; 
this is a conservative scenario with maximum waste volumes. For 
the present study, a reduced 4 gigawatt scenario with six power 
plants, five of which are already in operation (Beznau I, 
Beznau I I, Milh 1 eberg, Gosgen and Le i bstadt), is assumed. It is 
currently intended to reprocess all spent fuel and the option of 
direct disposal of spent fuel is not considered here. A col
lection period of 70 years was assumed in both scenarios for 
wastes arising outwith the nuclear energy programme. 

2.1 Waste categories 

Radioactive wastes can be divided into four groups depending on 
their origin, i.e.: 

- Waste from reprocessing of, spent fuel 
(reprocessing waste: WA) 
Most of the radioactive inventory is included in the high
level waste (HLW) which is immobilised in a borosilicate glass 
matrix (corresponding to over 99% of the activity inventory of 
the fuel wastes) 

Operat i on of reprocess i ng plants a 1 so produces contami nated 
fue 1 element hu 11 sand endcaps, f i 1 ters, i on-exchange res i ns, 
solvents, cleaning agents etc. These are less radioactive than 
the HLW but do still contain significant quantities of long
lived nuclides. 

- Waste from the operation of nuclear power plants 
(operational waste: BA) 
This waste comprises contaminated air-filters. ion-exchange 
resins, vapouriser concentrates etc. 

- Wa ste from the decommi ss i on i ng and d i smant 1 i ng of nuc 1 ear 
power plants (decommissioning waste: SA) 
It is assumed for the purposes of radioactive waste disposal 
that the power plants are decommissioned after an operational 
lifetime of 40 years. Of the total demolition volume arising 
from power plants, only around 1% is radioactive. 

- Waste from medicine, industry and research 
(MIF-waste) 
This category of waste is very variable in content and arises 
continually and undergoes routine collection and conditioning. 
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Apart from the HLW, waste is generally immobilised in a resist
ant matrix (mainly cement, but also bitumen and polymers) and 
sealed in steel and/or concrete containers. 

2.2 Waste characteristics, volumes and time-schedule 
for waste arisings 

For the purpose of formulating disposal concepts, Nagra divides 
rad i oact i ve waste into four rna inca tegor i es, wi th emphas i s on 
the particular radionuclides contained in the waste and their 
concentrations. These categories comprise the following waste 
sorts: 

- low-level waste (LLW) 
- Intermediate-level waste (ILW) containing mainly short-l ived 

nuclides (half-life s 30 years) 
- Low- and intermediate-level waste with a significant pro

portion of long-lived nuclides, in particular actinides (TRU) 
- High-level waste (HLW). 

A more deta i 1 ed descript i on of these four waste categori es is 
given in Table 1. 

The volumes given in Table 1 for the different conditioned 
wastes contain a large element of uncertainty. On the one hand, 
it can be expected that the coming decades will bring technical 
advances in the field of waste processing, thus reducing the 
volumes of waste to be disposed of. This seems even more likely 
in view of the fact that the majority of the waste will arise, 
or be ready for d i sposa 1, on ly after the turn of the century 
(Figure 1). There is therefore time for continuing optimisation 
of process i ng and cond i t i on i ng techn i ques. On the other hand, 
special wastes - for example from future research activities -
will arise and the exact form and quantities of these cannot be 
predicted in advance. A relatively generous volume reserve for 
such wastes has therefore been included in repository plans. 

2.3 Swiss repository concepts 

The concept of geological disposal for all radioactive wastes 
arising in Switzerland has been considered since the 1970s, 
although, at this time, low-level waste was disposed of at sea. 
Shallow land burial never came into question, mainly because of 
the high population density in Switzerland. Official guidelines 
which later came into force also rule out this type of disposal. 
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Waste sort 

Low-level 
(LLW) 

Intermediate-
level (ILW) 

Long-lived 
intermediate-
level (TRU-
Transuranic 
containing 
waste) 

High-level 
(HLW) 

Table 1: Total waste quantities for 160 GWa nuclear energy 
scenario reprocessing 

Waste Waste features Waste origin Activity of radio- Volume of 
composition active material conditioned 

(10 a after waste (standard 
unloading) values) 

Low-level short- Can be Mainly dis- Less than 9S000 m3 

lived radio- manipulated mantling of 2-1014 Bq 
nuclides (only without shielding NPPs, partly (O.OOS MCi) 
traces of long- or cooling from medicine, 
lived radio- research and 
nuclides) industry 

Intermediate- Can be Operation of 2-1017 Bq 60000 m3 

level, mainly manipulated NPPs, partly (S MCi) 
short -lived, without cooling dismantling of 
(half-life :5 30 a) but, to some NPPs, operation 

extent, only with of reprocessing 
additional plants, partly 
shielding from medicine, 

research and 
industry 

Low- and Can be Mainly from 4-1018 Bq 20000 m3 

intermediate- manipulated reprocessing (100 MCi) 
level with without cooling plants, small 
significant but, to some amounts from 
components of extent, only with dismantling of 
long-lived additional NPPs etc. 
radionuclides shielding 

High-level short- Initially high Reprocessing 1-1020 Bq 7S0m3 

and long-lived heat output: can plants (2S00 MCi) 
radionuclides be manipulated 

only with cooling 
and heavy 
shielding 
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WASTE VOLUMES 
[m3] 

200000+-------------~--------------~------------~ 

SA : OPERATIONAL WASTE 

MIF: MEDICINE, INDUSTRY, RESEARCH WASTE 

WA : REPROCESSING WASTE 
XA : SPECIAL WASTE FROM RESEARCH 

SR : SPECIAL WASTE FROM NPP-OPERATION 

SA : DECOMMISSIONING WASTE 

150000+-------------~--------------~-+----------~ 

SA 

100000+-------------~--------~----~~----------~ 
SR 

XA 

WA 

50000+-------------~--~~~------~------------~ 

MIF 

BA 

o~~~~~----~--~--~--~----~--~-.~ 
1970 '2000 2030 2055 

YEAR 

Figure 1: Timescales for arisings of conditioned radioactive 
wastes (160 GWa scenario) 

The result was that three main repository types were proposed: 

- For low-level waste (LLW): Type A repository with engineered 
barr i ers but no part i cu 1 ar requ i rements wi th respect to geo-
1 ogi ca 1 barr i ers (hor i zonta 1 access tunne 1 for easy hand 1 i ng 
of decommissioning waste, shallow location). 

- For low- and intermediate-level waste (L/ILW) and a proportion 
of long-lived intermediate-level waste (TRU): Type B reposi
tory with engineered barriers plus hundreds of metres of host 
rock between the repository and the biosphere (vertical and/or 
horizontal access tunnel). 
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- For high-level waste (HLW) and possibly also some types of 
long-l ived intermediate-level waste (TRU): Type C repository 
with good technical barriers, situated deep in a suitable host 
rock (vertical shafts, tunnel). 

An important consequence of the first safety studies was the 
deferment of any plans for a Type A repository. The main reason 
for this was that it would have required institutionalised 
supervision for a period of at least 100 years after closure of 
the repos i tory and th i sis prec 1 uded by Swi ss nuc 1 ear waste 
disposal legislation. 

This decision had no significant effect on the overall disposal 
strategy since the type B sites selected in the meantime were 
all in rock formations which are also horizontally accessible. 
There is also basically no problem involved in accomodating the 
large volumes of low-level waste, arising mainly from decommis
s ion i ng of power plants, in the Type B repos i tory. Project 
Gewahr 1985, therefore, was confined to two repository types in 
model locations, namely a horizontally accessible Type B 
facility in a marl formation and a Type C repository some 1200 m 
deep in the crystalline basement of Northern Switzerland. 

2.4 Allocation of the wastes to the repository types 

Waste should be distributed between the repositories in such a 
way that there is no hazard to man and his environment. The 
relevant safety requirements as laid down in the guidelines 
formulated by the authorities are that a sealed, unsupervised 
repository should never lead to radiation doses exceeding 0.1 
millisieverts (10 mrem) per year to the most exposed population. 
Considering that the current average radiation dose in Switzer
land is 4 millisieverts (400 mrem) per year, it is clear that 
this is very low. The quantitative safety demonstration required 
by the authorities must be based on reliable data on the waste, 
the engineered barriers and the geology of the site selected. An 
iterative procedure is adopted, whereby a general evaluation of 
the disposal concept is followed by more detailed analysis to 
check whether any particular waste could lead to radiation doses 
exceeding the permitted limit. If this is the case, the concept 
has to be altered accordingly - for example, improved condition
ing of the waste, improved engineered barriers or allocation to 
a repository with a higher level of protection. This iterative 
process should allow flexible allocation of the waste to the 
appropr i ate repos i tor i es. The element of flexi bi 1 ity is very 
important since only a few percent of the waste ultimately to be 
disposed of has arisen to date and classification of the waste 
has to take account of decontamination, separation and 
conditioning techniques to be used in the future. 
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It should be stressed that the acceptance criteria are basically 
site-specific and that the safety analyses which form the basis 
for these cr iter i a can be regarded as def i nit i ve on ly when 
sufficient data are available from site investigations. Despite 
this, the allocation of the majority of the waste is fairly 
certain. For example, it is clear that more than 80% of the low
and intermediate-level waste can be disposed of safely in the 
type B repository as conceived at present. For some waste types, 
however, deta i 1 ed invest i gat ions and more re 1 i ab 1 e data are 
required before definitive allocation can be undertaken. This 
situation was dealt with in Project Gewahr, where site-specific 
information was insufficient, by allocating certain wastes to 
both repos i tory types. Th i s app 1 i ed in part i cu 1 ar to the long
lived intermediate-level waste (TRU) from reprocessing. 
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3 CURRENT STATUS OF WORK IN SWITZERLAND 

This chapter provides a brief overview of the development of the 
Swiss disposal programme. Particular attention is focussed on 
the background s i tuat i on wh i ch 1 ed to the i ntens if i ed study of 
sediments as a disposal option. 

3.1 High-level waste programme 

1978 saw the first comprehensive Swiss study of the suitability 
of different host rocks and regions for disposal of high-level 
waste. This was followed by two detailed project studies which 
presented concepts for facilities in deep-lying Opalinus clay 
and in the crystalline basement. Top priority was assigned to 
the crystalline variant in the demonstration of the feasibility 
of safe disposal (Project Gewahr 85) demanded by the Federal 
Government and the safety authorit ies. However, sed imentary 
rocks which could be considered as repository host rocks were 
a 1 so invest i gated ina 11 the deep boreho 1 es in the crysta 11 i ne 
investigation programme. 

At the beginning of 1985, Project Gewahr was submitted by Nagra 
to the authorities. In mid-1988 the Government published its 
decision, based on the technical reviews of various safety 
authorities and expert groups. It was accepted that the safety 
analyses methods used were state-of-the-art, that the data used 
for modelling were correctly derived from the results of field 
invest i gat ions and that a suff i c i ent degree of safety cou 1 d be 
assured, provided that further field work confirmed that the 
crysta 11 i ne rock propert i es measured to date extended over 
1 arger areas. Part i a 11 y because of the reduct i on in potent i a 1 
siting areas indicated by the first phase of Nagrais regional 
geologic investigations, the authorities judged that further 
investigation of the crystalline basement might not easily 
provi de such a confirmat ion. It was therefore recommended that 
Nagra shou 1 d i ntens ify its stud i es of sed iments as a 1 ternat i ve 
host rocks. 

Tab 1 e 2 gives an overv i ew of the past and future programme to 
identify a suitable site for disposal of high-level wasteo 
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Table 2: Overview of past and future programme for identification 
of a suitable repository for HLW and TRU 

HLW repository 

1978 
1980 

1982 

1982-87 
1985 
1986 

1988 

Concept report (technical concept, geological requirements) 
Identification of investigation area in Northern Switzerland 
(1200 km2), submission of applications for 12 deep bore
holes and seismic investigations 
Licences granted by Federal Government for boreholes and 
seismics 
Seismic survey (700 km) and 6 deep boreholes 
Submission of Project Gewahr to authorities 
Continuation of work in Crystalline, intensification of 
sediment investigations as potential alternative formation 
to Crystal 1 i ne 
Federal Government decision on Project Gewahr 

Disposal of TRU and HLW (planning) 

1 Completion of regional investigation in Northern Switzerland 

from 1988 
1988 

from 1989 

from 1993 

o Drilling of 7th borehole (Siblingen) 
· Interim report on sediment study 
· Decision on alternative sediment host rocks, submission 

of application for investigations 
• Carrying-out sediment programme 

Synthesis and evaluation of regional investigations in 
Northern Switzerland (crystalline/sediments) 

e Proposal for site investigations 

~ Site investigations 

from 1993 Investigation of a more closely-defined siting region 
(seismics, additional boreholes) 

• Decision on site for detailed characterisation 

3 Detailed investigations and realisation of repository 

from 1998 

from 2010 
2020 

o Detailed site characterisation; exploratory shaft with 
pilot tunnels; underground rock laboratory 

• Repository construction 
· Earliest possible start-up of operations 
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3.2 Low- and intermediate-level waste programme 

Low- and intermediate-level waste is already produced today in a 
form suitable for final disposal. Considerable effort has there
fore been directed towards the realisation of an appropriate 
repository. A further incentive for rapid progress was to avoid 
the necessity for extending interim storage capacities. Great 
emphasis was, accordingly, placed on having as complete knowl
edge as possible of geological conditions during the first phase 
of site selection, in order to eliminate potential surprises and 
delays at a later date. Of around 100 potential sites, 20 were 
selected for more detailed characterisation. 

Desk studies narrowed these down to 3 sites, for which formal 
applications for site investigation permits were submitted to 
the Federal Government in 1983 (Table 3). However, political, 
1 ega 1 and, to a 1 esser extent, techn i ca 1 hurd 1 es 1 ed to long 
de 1 ays in the dec i s i on-mak i ng process. The resu 1 t was that, 
contrary to the or; gi na 1 intent i on I add it iona 1 inter im storage 
capacities will have to be provided by the power plants and by 
the Government. In 1987, a fourth site appl ication for Wellen
berg was added to the three existing ones (Bois de la Glaive, 
Oberbauenstock and Piz Pian Grand). 

There was no final decision on the waste inventory for disposal 
at any of the selected sites; as already mentioned, this will be 
possible only after specific site investigations. However, when 
assessing the applications for site investigations, the auth
orities expressed some reservations regarding long-lived inter
mediate-level waste (TRU) and attached certain conditions to the. 
licences for initial investigations at the first three sites. 
These included an obligation on Nagra to identify a further site 
outwith the pre-alpine region in which the other four are 
situated. This additional site should be suitable, in particu
lar, for the disposal of long-lived intermediate-level waste 
(TRU). The authorities did not question the feasibility and 
safety of a repos i tory for L/ I LW as demonstrated in Project 
Gewahr 1985. 

This interim report thus fulfils two requirements, i.e. for 
intensification of studies in sediments with respect to disposal 
of HLW and for identification of a suitable site for disposal of 
TRU. The sediment study therefore parallels the crystalline 
HLW/TRU programme and a 1 so a llows the LLW/ILW programme to be 
decoupled from the problems involved in disposing of long-lived 
intermediate-level waste (Table 3 and Figure 2). 
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Table 3: Overview of past and future programme for identification 
of a suitable repository for L/ILW and TRU 

Preparations for repository for L/ILW· and TRU· 

1978 
1980-82 
1983 

1985 

1986/87 
1987 

Concept report (technical concept, geological requirements) 
Inventory and selection of potential sites 
Submission of site investigation applications for: 
- Bois de la Glaive (VD, anhydrite) 
- Oberbauenstock (UR, marl) 
- Piz Pian Grand (GR, crystalline) 
Licensing of Phase 1 (exploratory boreholes, seismics) 
the federal government 
Commencement of Phase 1 at three sites 
Submission of site investigation application for 
Wellenberg (NW, marl) as alternative site 

Preparation for repository for L/ILW (planning) 

1 Preparatory work 

1988 

1988 

1988/89 
1989/90 

from 1991/92 

e Application to federal government for implementation of 
Phase 2 (exploratory drifts) at: 
- Bois de la Glaive (VD, anhydrite) 
- Oberbauenstock (UR, marl) 
- Piz Pian Grand (GR, crastalline) 

· Federal government decision on Wellenberg (NW, marl) 
application 

• Performance of exploratory work 
• Detailed investigation of one site with tunnels in the 

potential disposal zone, site selection 
• Application for general licence and construction, at 

least for L/ILW 

2 Realisation of repository 

1995-98 
1998 

· Construction of repository and infrastructure 
· Earliest possible start-up of operations 

• L/ILW: LOW- AND INTERMEDIATE-LEVEL WASTE 
TRU : LONG-LIVED INTERMEDIATE-LEVEL WASTE 
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HLW/TRU programme 
CRYSTALLINE 

Regional geology 
programme in 
Northern Switzerland 

project Gewahr 
1985 

Synthesis report 
Northern Switzerland 

- 12 -

HLW/TRUprogramme 
SEDIMENT 

Evaluation of 
existing data 

Interim report 
1988 

Intensified study 
of Opalinus clay 
and Lower Fresh
water Molasse 

Final report 
Sediment study 

Overall synthesis: selection of most promising sites 

Site characterisation from the surface 

Site characterisation with shaft/tunnels 
Final safety demonstration 

Repository construction in Switzerland 
or option of foreign repository 

r-----=:l 
ITYPE A REPOSITORYI 
_~LW _--.J 

L/ILW programme 
SEDIMENT/ 
CRYSTALLINE 

Site applications 
Bois de la Glaive (sed.) 
Oberbauenstock (sed.) 
Piz Pian Grand (cryst.) 
Wellen berg (sed.) 

Interim report on the 
first three sites 

1988 

Site characterisation 
with tunnels 

Repository construction 

Current 
Status 

Figure 2: Links between Nagra waste disposal programmes 

3.3 Procedure adopted for the sediment study 

By around 1993, investigations of the disposal potential in 
sed i mentary rock s (supported by a programme of fie 1 d invest i
gations) should have reached the stage where it will be possible 
to quantitatively assess the technical feasibility and safety of 
a repository in such formations. The investigations are concen
trated on finding a deep site for both high-level and long-lived 
intermediate-level waste but also consider the option of ident
ifying a less deeply situated site for the TRU alone. 

Bearing in mind the restrictions set by time-schedules, even for 
the overa 11 HLW programme, the fo 11 owi ng invest i gat i on concept 
was defined for the sediment study: 
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First phase of sediment investigations (up to 1990) 
- desk studies, analyses of existing field data, model 

calculations 
narrowing-down of options, discussions with experts from 
Switzerland and abroad 
selection of sediment formation and siting region to be 
investigated with top priority 
application(s) for site investigation licenses. 

Second phase of sediment investigations (1990-1992) 
- regional geological field investigations (e.g. geophysics, 

borehole(s)) 
eva 1 uat i on of the feas i b i 1 i ty and safety of a repos i tory in 
the siting region under investigation 
selection of a top priority site (in crystalline or sediments) 
for more detailed characterisation within the framework of the 
HLW site selection programme. 

Cons i dering the research nature of the programme and the 
complicated licensing procedures for site inve,stigations, all 
dates should be seen as optimistic estimates. 
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4 SITE SELECTION CRITERIA IN THE SEDIMENT STUDY 

4.1 The purpose of criteria lists 

4.2 

4.2.1 

Objectives for the long-term radiological safety of radioactive 
waste d i sposa 1 have been formu 1 ated in many countr i es. The 
guidelines drawn up by the Swiss safety authorities are in the 
nature of system performance goals rather than detailed 
criteria. This has the advantage of maintaining an element of 
flexibility in planning a waste management strategy. It is up to 
the repository planners to draw up criteria 1 ists in order to 
faci 1 itate their own work; such 1 ists are useful tools in the 
designing, planning and testing of technical systems. However, 
for complex systems involving the interaction of many different 
components, it is often difficult to formulate hard criteria 
without risking losing the all-important element of flexibility. 

In Switzerland, therefore, criteria are considered as aids to 
decision making and not as strict pre-conditions. Exclusion 
criteria, which are particularly useful in allowing ranges of 
possibilities to be narrowed down at an early stage, must thus 
be formulated with care. 

Assessment criteria for Swiss disposal projects 

Selection of Northern Switzerland for disposal 
of high-level waste 

The Swiss HLW-programme (type C repository) has not yet reached 
the stage of site selection. Work to date has involved regional 
investigations with more general objectives. Selection of 
Northern Switzerland as an area for intensified investigation is 
discussed in the Nagra techn i ca 1 report NTB 80-07. The bound
aries of this region are set by the national border in the 
north I the depth of the crysta 11 i ne bedrock and tector'! i c com
plexity in the south and areas of increased seismic activity in 
the east and west. 

Selection of the crystalline basement as a potential host rock 
was based on the following criteria and assumptions: 
- low seismicity of the area 

old, well-consolidated bedrock (good long-term predictability) 
the hydrogeo logy of a basement over 1 aid by sed iments can be 
favourable 
the overlying strata offer a large dilution potential 
the hydro- and geochemical conditions are favourable 
natural resources are minimal (possible exception is geo
thermal energy) 
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4.2.2 

- many foreign disposal projects are based on a crystalline host 
rock and there is therefore a lot of experience in this area, 
as well as an extensive database which is partly applicable to 
the Swiss situation 

- granite and gneiss are very attractive from both a mechanical 
and an engineering point of view. 

Less positive is the fact that water movements in fractured 
crys ta 11 i ne rock can be very comp 1 i ca ted. I n the case of 
Northern Switzerland, the Permocarboniferous Trough and the fact 
that this is a regional exfiltration zone are two unfavourable 
factors. One of the rna i n resu 1 ts to emerge from the fie 1 d 
investigations is that the area in the crysta11 ine basement 
proposed as a repos i tory host rock is sma 11 er and more comp 1 ex 
than originally assumed. The research carried out by Nagra has, 
however, shown that safe disposal in the crystalline is, in 
principle, feasible. Potential sites for detailed characteris
ation in the crystalline are presently being investigated and 
evaluated. 

During the course of the regional investigation programme in the 
crystalline basement, Nagra also looked at some of the overlying 
sediments which were potentially suitable for disposal of radio
active waste. The selection criteria for these sediments were: 
sufficient depth and thickness, simple tectonics and geometry 
and low water flow. Anhydrite and argillaceous rocks seemed to 
best fulfil these criteria and were therefore singled out for 
further characterisation. 

Selection of sites for disposal of low- and 
intermediate-level waste 

During the course of the L/ILW programme, Nagra has acqu ired 
direct experience in searching for specific disposal sites. The 
process of site selection involves drawing up a set of pri
orities based on a list of site characteristics (see Table 4) 
which will influence the disposal projecto 

Because of the population density in Switzerland, it is vir
tually impossible to find any areas which have special advan
tages from the po i nt of 1 and-u se or env i ronmenta 1 protect i on. 
Transport routes do not rule out any areas conclusively and only 
a few options in soft clays were dropped for engineering 
reasons. The selection procedure therefore laid the greatest 
weight on geological/hydrogeological criteria, i.e. those 
parameters wh i ch can have a direct effect on long-term safety. 
The safety criteria used in this selection procedure are given 
in more detail in Table 5. 
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Table 4: Summary of assessment criteria used by Nagra to date 

Geological and hydrogeological situation 

- Detailed safety-relevant criteria 
- Predictability of geological changes, tectonic stability, erosion 

Engineering and realisation 

Mechanical stability of rock, suitability from rock engineering 
viewpoint 

- Scope of investigations required to bring project to completion, current 
state of knowledge 

- Time requirement and costs for repository construction 

Environmental aspects and land use planning 

- Nature and landscape preservation, adapting disposal facility to natural 
surroundings 

- Impact on the environment during construction and operation of 
repository 

- Disposal of broken-out rock material 
- Transportation aspects 

Table 5: Safety-relevant site characteristics used in Nagra1s 
selection procedure for L/ILW sites 

Geological Situation 

- Extent of host rock available 
- Geometric predictability 
- Rock mechanical stability 
- Complexity of the geology 

Hydrogeological Situation 

- Water-flux through the host rock 
- Length of flow-paths 
- Water flow-rates 
- Zones of higher permeability 

Biosphere 

- Outflow locations, dilution 

Temporal Predictability; Changes 

- Tectonic stabi 1 ity 
- Endogenetic and exogenetic 

alterations 
- Hydrogeo logy 

Chemical Properties (Rock and Water) 

- Nuclide retention in the rock 
- Chemical properties of the water 

(aggressivity, redox potentials 
etc. ) 

Future Conflict of Use 

- Use of raw materials/resources 
- Water supp ly 
- Underground constructions 
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4.2.3 

The ability to predict variations in site characteristics with 
space and time is of great importance. Spatial predictability 
can be improved by selecting either simple geological formations 
or those for wh i ch there is a 1 ready a cons i derab le amount of 
information available. Since only a limited time is available 
before a repository for L/ILW has to be constructed, the 
emphasis therefore tends to 1 ie on using information which is 
already available. This tends to focus attention on pre-alpine 
regions since their geology is relatively well known. 

Criteria proposed by the Swiss authorities 

The most recent siting criteria for Switzerland are outlined in 
the wr i tten response of the safety author it i es to Nagra IS 

applications for permission to carry out investigations at the 
Type B sites. These were incorporated directly into the corre
sponding licences granted by the Government. 

The 1 ist defines the following requirements for a repository 
site: 

- good geological predictability 
- area with low topographic relief (disposal zone well below the 

valley floor) 
- hydrogeological conditions which are simple and easy to 

investigate 
- longest possible underground water flow-times to the biosphere 

(avoiding exfiltration zones) 
- tectonically and seismically inactive zoneo 

These criteria are a selection from those contained in earl ier 
reports. It remains to be seen to what extent all these criteria 
can be fulfilled simultaneously at a single site in Switzerland. 
Not included in the list are factors which, from previous 
experi ence, Nagra wou 1 d rate as be i ng very important - for 
example low water circulation, favourable flow-systems with 
respect to nuclide retention, good sorption and a large dilution 
potential. Being able to validate assumptions made with regard 
to site characteristics is also important (e.g. ruling out very 
pessimistic scenarios which are highly unlikely). Nagra places 
great weight on these factors when narrowing-down the sediment 
options. 
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5 THE CONCEPT FOR HLW/TRU DISPOSAL IN SEDIMENTS 

The conta i nment of rad i oact i ve was te ina repos i tory and its 
isolation from the human environment is ensured by a system of 
technical and geological barriers. 

The eng i neered barr i ers for the env i saged sed iment repos i tory 
consist of the following: 
- the waste matrix in which the waste is immobilised: 

(glass for HLWi cement for TRU) 
the canister in which the waste matrix is encapsulated. The 
cast steel canisters used for HLW provide complete containment 
for an initial period of at least 103 years. Currently, no 
isolation period is ascribed to the containers for TRU 
the backfill material which surrounds the container (highly 
compacted bentonite for HLW and special concrete for TRU). 

The emphasis in the sediment study interim report is on geology 
and its significance with respect to disposal, but near-field 
mechanisms and characteristics must also be discussed in so far 
as they are relevant to assessing the different geological 
situations. As will be discussed later in some detail, the 
geo log i ca 1 env ironment surround i ng the repos i tory has a marked 
i nf 1 uence on the beha v i our of the techn i ca 1 barr i ers and the 
re lease of rad i onuc 1 i des from the near-f i e 1 d. The se 1 ect i on of 
favourable geological conditions is therefore of paramount 
importance. 

The direct contribution of geology to repository safety can be 
summed up as follows: 

- protection of the engineered disposal system (waste and tech
nical barriers) from external influences 

- retention of radionuclides, retardation of geosphere transport 
and dilution in deep groundwaters. 

Protection of the disposal system is ensured in favourable 
geological systems by the following factors: 

- the th i ckness of the overburden protects the repos i tory from 
intentional or accidental human intrusion, from sabotage and 
from other external influences (e.g. acts of war) 

- the deep 1 ocat i on of the repos i tory protects the techn i ca 1 
barr i ers and the waste from the effects of eros i on by water 
and ice and also minimises the effects of extreme events such 
as earthquakes. The max imum eros i on depth expected wi 11 be 
investigated on a site-specific basis since it depends on 
local and regional topography and on the resistance of the 
rock formations at the particular site 

- situating the repository in a tectonically inactive area 
ensures 1 ong-term mechanical integrity of the technical 
barriers and stability of the geological ones. 
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Retention of radionuclides and retardation of their transport to 
the biosphere are ascribed a central role in the overall safety 
concept. Provided the repository is well sited, i tcan be 
assumed that groundwater transport wi 11 be the on ly means by 
which nuclides can reach the biosphere. Release of nuclides from 
the repository can be kept to a minimum by selecting a geo
logical location with low water flow and favourable geochemical 
conditions. The geological barriers should also retard nuclide 
transport so that a large proportion of the nucl ides wi 11 have 
decayed to a significant extent before they reach the biosphere. 
In genera 1, as nucl ides approach the biosphere, they undergo 
strong dilution in groundwaters circulating near the surface. 

5.1 Evolution of the HLW near field 

The performance assessment (c.f. Chapter 8) was focussed on HLW 
as this is the dominant component of the activity inventory. The 
system of engineered barriers which define the near field will 
evolve with time in a manner dependent on the geological 
environment. In general, a number of phases can be identified: 

1) Once the repository has been sealed, water flows back into the 
disposal zone which was partly drained during the operational 
phase and the backfill material thus becomes wet. Swelling 
pres sure bu i 1 ds up in the benton i te and a 11 empty spaces 
surrounding the waste canisters are filled in. After a certain 
time, the 1 oad-carryi ng capac i ty of any tunne 1 i nsta 11 at ions 
present will be lost and the internal pressure required to 
ensure the i ntegri ty of the system is then prov i ded by the 
swelling pressure of the bentonite. 

2) The heat production of the waste leads to increased 
temperatures which reach a maximum within the first hundred 
years and drop back to ambient levels within several hundred 
years. The temperature increase depends, to a large extent, on 
the thermal conductivity and the heat capacity of the sur
rounding rock. Temperature is a key factor affecting alter
ation of the backfill material and the neighbouring rock. High 
temperatures can also influence the hydraul ic situation and 
can, for example, lead to increased pore-water pressures in 
very low-permeability rock. 

3)The backfill material is generally thermodynamically unstable 
and alters slowly. The rate of alteration can be restricted by 
the availability of reactants supplied by the groundwater. In 
the case of bentonite, smectite may alter to illite. This 
process is particularly dependent on groundwater composition, 
groundwater flow and temperature and occurs extremely slowly 
under expected repository conditions. 
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4) Steel canister corrosion initially consumes any oxygen trapped 
in the backfill and then continues anoxica11y, possibly with 
the product i on of hydrogen gas. The corros i on rate depends, 
amongst other things, on the availability of oxidants. Once a 
certa in thickness has been corroded, the canister wi 11 no 
longer be ab 1 e to wi th stand the swe 11 i ng pressure of the 
benton i te comb i ned wi th the 1 i thostat i c pressure. Water wi 11 
then come directly into contact with the waste matrix. 
However, the can i ster corros i on products st ill funct i on as a 
redox buffer after canister failure and ensure a reducing 
environment in the near-field. 

5) Over long time periods, the glass matrix can be assumed to 
degrade at a constant rate with congruent release of radio
nuclides. Radionuc1ide concentrations build up in the water 
surrounding the glass; for some nuclides, this is determined 
by the dynamic equilibrium between leaching and removal rates 
and, for others, by their solubility. Nuclide solubility 
depends on the pore-water chemistry in the backfill material, 
which is in turn influenced by the geochemical conditions in 
the geosphere (e.g. concentration of organic and inorganic 
comp 1 exants). Any co 110 i ds produced by glass or can i ster 
corrosion will be retained effectively due to filtration by 
the compacted bentonite. 

6) The d i sso 1 ved nuc 1 i des are transported through the backf ill 
and into the host rock. Trans port through the benton i te is 
mainly by way of diffusion which may be very slow due to 
retardation processes leading to long transit times. Indeed, 
many nuclides may decay to insignificance within the bentonite 
barrier. 

The release rate is influenced by water flow in the repository 
zone, the lower the water flow, the better the repository per
formance. A host rock with the lowest possible water circulation 
(low permeability and/or low hydraulic gradients) is therefore a 
positive advantage. 

Spatially irregular water flow is expected to have no adverse 
effects on the performance of the benton ite because preva i 1 i ng 
capillary effects will ensure uniform water-uptake. An exception 
to th i s wou 1 d be the case where extreme 1 y high· 1 oca 1 water 
circulation could lead to erosion of the bentonite. Such 
localised flow zones could probably be identified and avoided to 
ensure acceptable near-field performance. 
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5.2 Transport of radionuclides through the geosphere 

Any rad i onuc 1 ides re 1 eased from the near fie 1 d are transported 
through the geosphere by groundwater. The movement of the 
groundwater i tse 1 f is therefore of key importance, as we 11 as 
the interact i on between the host rock and the nuc 1 ides wh i ch 
causes retardation of the dissolved nucl ides relative to the 
groundwater. 

The groundwater flow-field is determined by the anisotropic 
permeabilities of the different sedimentary layers (aquifers, 
aquitards), the presence of any water-bearing tectonically dis
turbed zones and the hydraul ic boundary conditions (influenced 
by topography). The groundwater circulation rates in the dif
ferent sediment layers depend on local hydraulic gradients and 
permeabilities and can vary widely, irrespective of depth. Long 
transport times (i. e. s low transport rates and/or long water 
flow-paths) from the repos i tory to the biosphere reduce rad i 0-

nuclide release because of decay and temporal dilution. 

The retardation of radionucl ides in the rock can occur via 
severa 1 different mechan isms and is determi ned rna i n 1 y by the 
small-scale geometric and geological properties of the flow
paths in the rock (flow-systems) and by prevailing geochemical 
conditions. The radionucl ides in the groundwater can be trans
ported advect ive ly (by f 1 owi ng water) through 1 inked pores in 
the rock (e.g. through a porous sandstone) or through discrete 
open fractures. The nuclides may be fixed (reversibly or irre
versibly) by interaction with rock surfaces. This sorption 
process depends to a 1 arge extent on the phys i co-cherni ca 1 
properties of the rock which, for their part, are determined by 
mineralogy. Sorption is also dependent on the form in which the 
nuclides are found in solution, i.e. which species of nuclide is 
present wh i ch is, in turn, dependent on _ the propert i es of the 
formation water (concentration of organic and inorganic complex
ants, redox conditions etc.). 

Besides advection, diffusion can also play an important role. 
For example, in a rock with open fractures, water movement will 
be mainly along these features. However, because of the concen
tration gradient, nuclides can diffuse into pores or micro
fractures (fi lled with stagnant water) of the rock matrix 
surround i ng the fracture and thus interact wi th the bu 1 k rock. 
This process of matrix diffusion is a potentially very important 
retardation mechanism. Small-scale conditions (flow-systems) are 
therefore very important and must be characterised as accurately 
as possible. 

Factors which could potentially decrease retardation would be 
the presence of colloids, microorganisms or organic complexants. 
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Idea lly, the concentrat ion of these substances shou 1 d be very 
low in a host rock or the flow system should be such as to 
minimise their effects (e.g. due to efficient filtration). 

Di 1 ut i on occurs when groundwater-conta in i ng rad i onuc 1 i des pas s 
from the low-permeability host rock into an aquifer. Release 
into the biosphere occurs by transfer into an alluvial gravel 
aquifer or directly into surface waters (e.g. springs, rivers 
etc.). The effectiveness of the resultant dilution increases 
with greater water flow in the biosphere. 

5.3 Spatial and temporal predictability of the geological situation 

Analysis of radionuclide transport requires detailed knowledge 
of geo 1 og i ca 1, tecton i c, hydrogeo 1 og i ca 1, hydrochemi ca 1 and 
geochemical conditions. A large proportion of this information 
is acquired through costly field investigations. The costs 
involved in investigation are dependent on the ease of 
exp 1 orat i on of a format i on wh i ch, in turn, is dependent on the 
spatial predictability of the geological-hydrogeological 
situation, on the host rock properties at a potential site and 
the extent to which the measured data can be extrapolated. 

A key factor which complicates exploration is large-scale 
heterogeneity, for example due to the existence of preferential 
f 1 ow- paths in wh i ch the water flow-rates are great 1 y increased 
compared to the mean flow velocity. A geological situation with 
heterogeneity in the 100 to 1000-metre range can make heavy 
demands on the exploration techniques used. 

A further important point is the abi 1 ity to predict temporal 
changes in the geological-hydrogeological conditions in the 
geosphere and the i r effect on nuc 1 i de transport. These changes 
could occur as: 

- Long-term alterations in the geological-hydrogeological 
conditions caused by processes in the earth's interior 
(endogenic changes, e.g. tectonic movements, earthquakes, 
volcanism) and at the surface (exogenic changes, e.g. erosion 
by rivers and glaciers) 

- Changes in the nuc 1 ide re 1 ease pathway caused by human 
influences or direct intrusion (e.g. construction of wells, 
geothermal boreholes, drilling for raw materials) 

- Changes in the geological-hydrogeological conditions caused by 
the construction and operation of the repository itself. 
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The long-term geological changes are significant for disposal. 
Even in the least tectonically active areas of Switzerland, the 
rocks are be i ng subjected to hor i zonta 1 stresses since, ina 11 
probability, the alpine orogeny and the formation of the Folded 
Jura is still continuing. These rock stresses lead to vertical 
and hori zonta 1 crusta 1 movements a long fau 1 ts and overthrusts. 
Climatic changes can lead to ice-ages which cause increased 
erosion of near-surface formations. 

Although a repository may be situated in a tectonically quiet 
area at a depth which is greater than the maximum erosion depth, 
the long-term changes mentioned can still affect nuclide trans
port through the geosphere. The groundwater flow-field, and 
therefore the water flow-paths from the repos itory to the bio
sphere, can be altered, for example if erosion or crustal move
ments cause a shift in the in- or ex-filtration areas of the 
groundwater or if hydraul ic short-circuits are caused by an 
increase in the permeability along active faults. 

5.4 Engineering and operational aspects of disposal 

Disposal of nuclear waste will also be influenced significantly 
by the. eng i neer i ng and operat i ona 1 boundary cond i t ions of the 
repository. The following basic conceptual principles apply to 
the planning and operation of the facility: 

- The repository considered in the sediment study is intended 
for high-level waste and a certain proportion of long-l ived 
intermediate-level waste 

- Waste is disposed of underground in mined tunnels and caverns 
at a depth of several hundred metres. Access to the repository 
is through vertical shafts. The system is designed in such a 
way that it can be adapted to the geometry of the host rock at 
disposal depth without compromising long-term safety (e.g. 
avoiding potential disturbed zones) 

- The actual construction of the repository is the closing phase 
in a process of detailed reconnaissance of a suitable site. 
Optimum design of the disposal system is ensured by the 
systematic, multi-phase investigation of the host rock in the 
siting region 

The repository is designed in such a way that, once it is 
sealed, supervision and maintenance are not required to ensure 
long-term safety. 
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General safety requirements apply to the repository (i.e. to the 
underground constructions). These can be summarised as follows: 
- The disposal zone must be in a geologically favourable. 

situation at significant depth (which means that hydrostatic 
and lithostatic pressures are high) 

- The form and dimensions (particularly cross-section) of the 
underground constructions must allow a sufficient quantity of 
backfill material to be introduced as easily as possible (e.g. 
avoiding construction of poorly accessible cavities). 

The technical feasibility of constructing tunnels and shafts 
depends on the stress fie 1 d and the geotechn i ca 1 propert i es of 
the rock (both of wh i ch may be depth dependant). These two 
parameters in turn determine: 

• the maximum possible diameter of the tunnels 
• the type of tunnel construction and 
• the extent of the decompressed zone with increased hydraulic 

conductivity surrounding the tunnels and shafts 

- The installations required to ensure mechanical stability must 
be compatible with the technical barriers and the host rock, 
particularly with respect to the geochemical and hydraulic 
long-term behaviour of the barriers. 

Construct ion of the repos itory causes changes in the geosphere 
whi ch can affect the overa 11 behaviour of the system. Any 
adverse effects can be prevented by careful planning of the 
disposal system and selection of suitable construction 
techniques. The following points should be noted: 

- The decompressed or damaged zone (caused by stress changes in 
the rock, excavation etc.) with potentially increased 
hydraulic conductivity should be counteracted by sealing 
shafts and tunnels to prevent hydraulic short-circuits between 
the repository and the biosphere 

- During construction and operation of the repository, drainage 
is achieved locally by pumping away any accumulating water and 
by ventilating the tunnels. This could lead to groundwater of 
a different nature (e.g. oxidising waters) penetrating into 
the rock of the repos i tory zone, part i cu 1 ar ly through the 
decompres sed zone. Th i s groundwater cou 1 d alter the geo
chemi ca 1 reg ime in the rock, but effects cou 1 d be kept to a 
minimum by taking appropriate steps, e.g. using appropriate 
tunnel liners 
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- Dur i ng the construct i on and operat i ona 1 phases, the rock 
surround i ng the repos i tory is in direct contact wi th the 
atmosphere. This can cause changes in the geochemical 
conditions (e.g. oxidation) in the immediate vicinity of the 
repository. 

With regard to construction and operation, the following 
problems should be considered: 

- The requirements placed on the long-term behaviour of the 
backfi 11 may 1 imit the selection of materials which can be 
used for tunnel construction; for example, the long-term 
stability of bentonite could be adversely affected by the high 
pH of a concrete environment. Similar considerations also 
apply to the surrounding rock 

- Since rock temperatures rise with i ncreas i ng depth, vent i
lation and cooling installations will be required in order to 
conform with accepted working conditions. A limit on the rock 
temperature for operat iona 1 reasons fixes a maximum depth I 
below which construction and operation of a repository would 
be considerably more difficult 

- Mos t potent i a 1 acc i dents wh i ch cou 1 d 1 ead to a re 1 ease of 
act i v i ty dur i ng the opera tiona 1 phase can be ru 1 ed out by 
appropriate planning of the facilities. Those which cannot be 
dealt with in this way were the subject of detailed investi
gation in Project Gewahr 1985. It was shown that disturbances 
within the repository would not have any unacceptable radio
logical effects on the outside world. These findings are also 
valid for the sediment study since they are only slightly 
dependent on the geological situation. 
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6 GEOLOGICAL-TECTONIC CONDITIONS IN NORTHERN SWITZERLAND 

The first step in the search for a repository site in sediments 
was to make a large-scale general assessment of the whole of 
Switzerland (Fig. 3) with a view to finding areas which are 
tectonically and seismically quietest. Series of strata which 
are as undisturbed as possible and close to horizontal were 
sought since their geometry and long-term behaviour are 
relatively easy to predict. The Swiss Plateau and the Tabular 
Jura in central and eastern parts of Northern Switzerland seemed 
to best fulfil these conditions. 

6.1 Tectonic situation in Northern Switzerland and bordering regions 

Within central and eastern Northern Switzerland, tectonic 
conditions vary considerably. There are four main components in 
the structure of the Basement of Northern Switzer land and the 
surrounding areas: 

- the crystalline bedrock which was metamorphosed and 
consolidated during the Variscan (Hercynian) orogeny 

- the metasediments of the Badenweiler-Lenzkirch zone which were 
folded during the Variscan, and equivalent structures in the 
Vosges 

Figure 3: Geological structure of Switzerland 
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6.2 

6.2.1 

- the Upper Paleozoic Troughs (Permocarboniferous Troughs) which 
subsided discordantly and were subjected to multi-phase 
deformation 

- the Mesozoic sedimentary slab which underl ies the shearing 
horizon of the Jura overthrust. 

Based on geological development in the Tertiary, the sedimentary 
cover of Northern Swi tzer 1 and to the north of the Alps can be 
divided from NNW to SSE into the following tectonic units: 

- Tabular Jura (weak deformation of the Mesozoic sedimentary 
slab (due to extensional tectonics in the crystalline bedrock) 

- Upper Rhine Graben (subsided mainly in the Oligocene) 
- Folded Jura and Molasse Basin (coupled by the decollement of 

the sedimentary cover in the Neogene). 

The Tabular Jura east of a line Olten-Sackingen, the Ajoie and 
the Plateau (Molasse Basin region) have a simple geological 
structure with large regions showing very little tectonic 
disturbance. The Folded Jura, on the other hand, has a complex 
tectonic structure and the regions of the Upper Rhine Graben and 
Lake Constance (Bodensee) are active graben zones. From a 
geological-tectonic point of view8 the Tabular Jura and the 
Plateau wi th i n centra 1 and eastern Northern Swi tzer 1 and wou 1 d 
therefore appear to be most suitable for the siting of a reposi
tory for HLW/TRU. The repository could be located either in the 
crystalline basement or in the sedimentary cover. It should not, 
however I be located in the potent i a 1 shear i ng hor i zon in the 
Triassic evaporites of the Jura overthrust since continuing 
movement cannot be ruled out here. 

Neotectonic activity in the central part of Northern Switzerland 

Geological-morphological observations, geodetic measurements 

Apart from trad i tiona 1 geo 1 og i ca l-morpho 1 og i ca 1 observat ions, 
geophys i ca 1 and geodet i c measurements are comi ng i ncreas i ng ly 
into the foreground of field investigation techniques. However, 
the data available are still incomplete and a consistent picture 
can be achieved only on a local scale. 

In the north, the Black Forest is still being actively uplifted. 
High-precision levelling has shown that the Feldberg area is 
rising at a rate of 0.1-0.2 mm/year relative to the reference 
point Laufenburg on the Rhine. Indications of neotectonic 
activity are, however, very rare in the Tabular Jura and in the 
eastern Folded Jura. A regional uplifting tendency in the area 
Baden-Brugg-Schinznach has been detected by geodetics and by 
analysis of alluvial terraces in the Aare valley and is possibly 
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6.2.2 

6.2.3 

an indication of continued folding of the eastern Jura range. In 
the Weiach-Schaffhausen area, there seems to be a tilting move
ment towards the south-east wh i ch can be documented by the 
course of the Rhine and by active, SW-NE-striking faults. 

Recent earthquake activity, stresses and seismotectonics 

Exact chart i ng of hypocentres and determi nat i on of foca 1 
mechanisms give information on the location of active fracture 
zones and on the stress field prevai 1 ing in the region under 
investigation. As part of Nagra1s neotectonic investigation 
programme in Northern Switzerland, the Swiss Seismological 
Service set up a network of seismological stations in the area 
in 1983 . • 

Recent years have seen developments in techniques for measuring 
stresses, both in deep boreholes and in shallow boreholes at the 
surface. Investigations in the Nagra boreholes in Northern 

'Switzerland and in quarries over a wider area have produced a 
consistent model of st'ress distribution in the upper crust. In 
lower zones beneath the Mesozoic, afai~ly uniform, more or less 
NW-SE-orientated maximum horizontal stress seems to prevail g 

while regionally varying conditions exist in the overlying 
sediments. This situation can be interpreted as a decoupling of 
the stress field in the basement from that in the overburden. 

5e i smotecton i cs is a re 1 at i ve 1 y new procedure for ana lys i ng 
recent tectonic processes in the crust. Since the observation 
network for mi cro-earthquakes has been set up in Northern 
Switzerland, much new, accurate information has been obtained. A 
fairly constant stress field can be derived, with the main 
horizontal stress direction again being orientated more or less 
NW-SE. 

Regional overview 

The area to the north of the central Swiss Alps can be divided 
according to its geological structuring into individual regions 
with differing neotectonic character: 

- I n the southern Upper Rh i ne Graben there are discrete zones 
with Quaternary upl ifts and subsidences and relatively high 
seismic activity 

- The Black Forest shows a tendency towards uplifting in central 
and eastern areas; this has probably been going on since the 
Miocene and varies regionally 

- In the Bodensee Graben and its bordering areas (Hegau I 

SeerUcken), rece_nt subs i dence cannot be proved beyond doubt, 
but is very likely 
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- Only a few indications of neotectonic activity extending from 
the Molasse basin to the surface have been found. Different 
sei smotecton i c events cou 1 d be located in the deeper crust; 
these fit well with the concept of the regional stress field 
with a maximum NW-SE component 

- The Tabular Jura between the Rhine Valley flexure in the west 
and Schaffhausen in the east cons i sts of zones of differing 
neotectonic activity. It continues to play its role as an 
interference- or hinge-zone between the Black Forest dome and 
the relatively stable Plateau 

- Conceptua 1 geo 1 og i ca 1 cons i derat ions tend to i nd i cate the 
continued folding of the Folded Jura. 

6.3 long-term geological changes 

Alternative scenarios have been assumed for development of 
Northern Switzerland and the Alps: 

- Scenario A: The alpine orogeny is complete and the uplift of 
the alpine formation which can be measured today is purely the 
result of isostatic equalisation processes and is decreasing 
all the time. The uplifting of the Black Forest is also 
decreasing. Erosion dominates, the water network is mature and 
there is a certain amount of alluvial sedimentation. The base 
level of erosion of the Rhine is sinking insignificantly. In a 
warm period, alluvial infilling of the Rhine graben could be 
expected. 

- Scenario B: The alpine orogeny is not yet complete. The Alps, 
the Plateau, the Jura and the Black Forest are st ill mov i ng 
due to the collision of the Eurasian and African plates 
(continental drift). The uplifting and tilting in the southern 
Black F ores tis cont i nu i ng and the Rh i ne graben and the 
Bonndorf zone are st ill sink i ng. Th i s causes i ntens i f i ed 
erosion by the Rhine, which leads in turn to continuing 
changes in the groundwater flow-systems in the sedimentary 
cover and the upper crystalline. A northwards movement of the 
sedimentary cover is causing new folding in the Eastern Jura 
and the Plateau. 

Based on observed fracture pattern, sei smi cs and neotecton i c 
act i vi ty for the who 1 e of Swi tzer 1 and ,it can be assumed that 
Northern Sw i tzer 1 and (exc 1 u ding the Upper Rh i ne 'graben and 
Bodensee area) could be suitable from a long-term point of view. 
No bas i c changes in the fracture pattern of the area are 
expected, since the general stress field has basically remained 
unchanged in the last 5 million years. 
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There is no indication in Northern Switzerland of recent (e.g. 
Quaternary) magmatic intrusions. There are also no geophysical 
indications of such phenomena. Magmatic and volcanic activity 
are therefore not cons i dered as a long-term ri sk factor for 
Northern Switzerland. 

Extrapolation of previous climatic changes into the future would 
indicate that further, periodically recurring ice-ages are very 
likely. A new ice-age comparable with the Riss or WOrm 
glaciation is expected within the next 100,000 years. The human 
influence on global climatic conditions, however, remains 
unquantifiable at present (e.g. greenhouse effect). 

Even discounting the effects of new ice-ages, surface erosion 
(denudat i on) of ca. 100 mimi 11 i on years can be expected in 
Northern Switzerland. 

6.4 Geothermal conditions in Northern Switzerland 

Rock temperature is an important factor in assessing the feasi
bility of a waste repository. Many of the chemical and physical 
processes in a repository which are relevant from a safety point 
of view are dependent on temperature. In addition to this, high 
rock temperatures mean that expensive cooling facilities are 
required during construction and operation of the repository. In 
addition, high gradients also increase the value of the area as 
a potential geothermal energy resource. 

The rock temperatures in a region vary as a function of location 
and depth and are strongly dependent on the thermal conductivity 
of the rocks in question. The existing geothermal field is 
determined by the lateral (and vertical) variation of the geo
thermal gradient. 

The southern Upper Rhine graben, the Rhine Valley, Tabular and 
Fo lded Jura and the lower Aare Va lley (zone of the Northern 
Swiss Permocarboniferous Trough) have higher geothermal 
gradients than the rest of Northern Switzerland. This could lead 
to restrictions on the depth of the repository. A potential link 
with deep groundwaters rising along disturbed zones needs to be 
investigated on a site-specific basis. 
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7 POTENTIAL HOST ROCK FORMATIONS FOR A REPOSITORY 

a 

From the i nformat i on a 1 ready presented, it appears that the 
Swi ss Plateau and the Tabu 1 ar Jura in centra 1 and eastern 
Northern Switzerland best fulfil the requirement for 
tectonically stable and seismically inactive area for hosting a 
repository. 

The requ i rement for a 1 ow- permeab i 1 i ty rock wi th good rad i 0-

nuclide retardation properties led, within the sediments 
(Fig. 4), to selection of the following potentially promising 
formations: 

Stratigraphy 
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Moraine, fluvio-glacial 
gravels and sands, lacustrine 
clays 

Channel sandstones, 
marls and conglomerates 

Sandstones, glauconitic 
and bioclastic 

Channel sandstones 
and variegated marls 

Micritic limestones, 
massive to well-bedded 

Coralline limestone, oolites 

Alternation of argillaceous 
limestones and calcareous 
shales 

0-55 Bioclastic limestones, 

r:r:;l\!~~nsoni1 Hr:50-80 marls, Fe-oolites 

P:10-60 Oolites (Hr), Mudrocks (P) 

17-65 Sandy, bioclastic limestones, 
shales, Fe-oolite 

Monotonous sequence of 
dark grey silty, micaceous 
clays 

Bioclastic limestones, sandy shales 
Variegated marls, dolomite 
variegated sandstone 
Alternation of shales, 
nodular and bedded gypsum/ 
anhydrite Satin spar veins 

Permian (Rotliegendes): Red silt
stones, sandstones and breccias 
Carboniferous: Sandstones, 
Siltstones, bituminous shales, 
breCCias, coal seams 

Basement Gneisses with Variscan 
granite and syenite intrusions 

Regional aquifer 

Effinger Schichten: 
low permeability 
Local aquifer in the western 
Jura ("Rauracian") 

Parkinsoni-Schichten: 
low permeability 
Hr: local aquifer 

Low to very low permeability 

Low permeability rocks with 
local aquifers 

Very low permeability 

Very low permeability 

Crystalline basement: 
water conducting faults and 
fracture zones 

Schematic overview of the sediments in Northern Switzerland 
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- the rocks of the Permian 
- evaporitic rocks of the anhydrite group 
- evaporites of the Gipskeuper 
- Opal inus clay 
- the Eff i ngen beds and the "0xford i an clays II 
- Lower Freshwater Molasse 
- Upper Freshwater Molasse 

The following specific properties were then determined for each 
formation: 

- lithostratigraphy 
- thicknesses 
- depth and extent (area available) 
- special aspects (neotectonics, raw materials, ease of 

exploration, etc.) 
- rock-mechanical parameters 
- geological characterisation of flow-systems including per-

meabilities, porosities etc. 
- hydraulic properties 
- hydrochemical, geochemical and mineralogical conditions and 

sorption properties. 

From this list, the most favourable formations could be 
identified. The various evaporites were generally considered to 
be less favourable because of possible karst formations allowing 
rapid groundwater transport with minimal nuclide retardation 
and, regionally, limited thickness and the possibility of 
slippage along re-activated sliding horizons. The Effingen beds 
and Oxfordian clays were considered to be less favourable than 
the Opa 1 i nu s clay due to the i r higher carbonate content and 
increased likelihood of flow in karst-like systems. The permian 
rocks were also considered less favourable than the Opalinus 
clay due both to increased likelihood of open fissures (lower 
swe 11 i ng clay content) and poss i b 1 e natura 1 resource conf 1 i cts 
(hydrocarbons). 

The Lower and Upper Freshwater Molasse are mainly distinguished 
by the much greater thickness and extent of regions with rock in 
appropri ate depth range for the former. The Upper Freshwater 
Molasse also lies over an aquifer used for mineral water. On 
this basis, the Opalinus clay (OPA) and the Lower Freshwater 
Molasse (USM) were selected for further detailed investigation. 
The other options have been shelved for the meantime. 

7.1 Opalinus clay 

The Opalinus clay is widely distributed over the whole Tabular 
and Folded Jura as well as the Molasse Basin and is the lowest 
lithostratigraphic unit of the Dogger. It consists of a sequence 
of dark-grey clays and marls and is between 70 and 120 m thick 
in the area being considered. 
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7.1.1 Important rock parameters 

The rock mechanical properties of the Opalinus clay depend to a 
1 arge extent on its water-content. Th is, in turn, is dependent 
on the lithostatic pressure. At greater depths, i.ee at high 
lithostatic pressures, the rock has improved mechanical 
stabi 1 ity. In contrast with evaporitic rocks, it becomes more 
br itt 1 e and stab 1 e wi th i ncreas i ng overburden and temperature 
(see Table 6). 

Various analyses were carried out on Opalinus clay samples in 
order to evaluate the porosity and permeability, the specific
surface and the mean pore radii. The bulk porosity of the clay 
samples measured varies between 3 and 12%. The Opalinus clay 
samp 1 es invest i gated us i ng mercury pressure-poros imetry had 
average open porosities of 5%. The frequency distribution of the 
equivalent pore radii is similar for all the samples investi
gated and ranges from 0.005 to 0.5 ~m, with a marked maximum at 
0.1 J.Lm. 

Table 6: Important parameters of the Opalinus Clay (Beznau, 
Weiach,Riniken, Schafisheim boreholes) 

Main rock types 

Main mineral components 

Permeabilities 
Rock density 
Thermal conductivity 
Heat capacity 
Vp Velocity between 500 
to 100 m depth 

Fracture density 
Fracture healing 
Deformation mode 

Formation of shear zones 

At greater depths 
Swelling behaviour 

General rock stability 

claystones (shales), clayey 
marls, siltstones 

clay minerals, calcite, siderite, 
quartz 

10-11 - < 10-13 m/s 
ca. 2.3-2.6 t/m3 
ca. 3 W/m-K 
ca. 2-2.2 MJ/m3 -K 

2800-3300 m/s 

<l/metre (deep borehole) 
through swelling 
brittle/plastic (depth- and 
humidity-dependent) 

sharply delimited shear surfaces 

kink folds 
large swelling capability 

friable to bad 
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7.1.2 

7.1.3 

The specific surface of the clay samples reached 350 m2 /g. 
Almost all the permeability values were below 0.05 millidarcys 
(i.e. ~5.10-1o m/s) with a highest measured value of 
2 millidarcys. The relatively high open microporosities in the 
Opalinus clay could promote diffusive transport between the open 
fractures and the surrounding rock (matrix diffusion). The wide 
oxidation bands observed in outcrops are an indication that 
matrix diffusion processes can occur to a marked extent in these 
rocks. 

Comments on water circulation 

In contrast to fracture surfaces in surface outcrops, no iron 
hydrox i de coat i ngs are observed in the deep boreho 1 es invest i
gated. These limonite coatings along fractures and bedding 
planes are caused by circulation of oxygen-rich, meteoric 
waters. However, the absence of 1 imon i te coat i ngs on the frac
ture surfaces in the Opalinus clay encountered in the boreholes 
does not mean that fracture-re 1 ated water c i rcu 1 at ion can be 
ruled out completely. It is probable that the oxygen required 
for limonite formation is used up in near-surface zones and thus 
such oxidation processes cannot occur at depth. Nevertheless, no 
large-scale water circulation within the Opalinus clay is docu
mented in the literature or was observed in Nagra boreholes. 

As a monotonous sequence of fine 1 y 1 ami nated c 1 ay-, s i 1 t- and 
fine sandstones, the Opalinus clay can be taken overall to be a 
very low-permeability unit. 

Hydrodynamic modelling 

Using a numerical groundwater model, the groundwater flow 
conditions in the Mesozoic sediments above the Middle Muschel
kalk in the regions of the Tabular Jura north of the.Lagern, the 
ZUrich Weinland and Reiat (see also Fig. 8) could be reproduced 
to the extent that the ca 1 cu 1 ated hydrau 1 i c potent i a 1 sin the 
aquifers of the Upper Malm and the Upper Muschelkalk largely 
agreed with the (few) existing measurements. 

The hydrodynami c mode 1 prov i des data on potent i ali nf i 1 trat i on 
and exfiltration areas and on regional flow conditions but the 
different calculation variants make it clear that, unless exist
ing uncertainties regarding the hydraulic potentials in the 
Upper Malm and Muschelkalk are reduced, no reliable information 
can be obtained on flow directions and flow distances. 
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7.1.4 Hydro- and geochemical properties 

There are no chemica 1 data on deep groundwaters from the 
Opalinus clay and very little on pore waters. 

Results from core-leaching studies indicate a Na-Cl-rich pore 
water (::;::200 mmol chloride/l) which contains around 10 g per 
litre dissolved solids. This would imply that Na-Cl-rich pore 
waters and fracture waters are most 1 ike ly in the deep-lying 
Opalinus clay of Northern Switzerland. 

Typically the Opalinus clay consists of 75-80% clay minerals and 
micas, 10-15% quartz, 5-10% calcite, 1-5% siderite, 1% pyrite 
and 0.7 % organic carbon. Based on the high clay content and the 
relatively high concentrations of organic material and pyrite, 
it can be assumed that most nuclides will be strongly sorbed on 
the Opalinus clay. 

No traces of oil or gas were observed in the Opalinus clay 
either in the Nagra boreholis or in oil exploration boreholes in 
the central and eastern Swiss Plateau. 

7.2 Lower Freshwater Molasse 

7.2.1 

The Lower Freshwater Molasse (USM) consists, for the most part, 
of a sequence of fluviatile coloured marls and sandstones, 
interbedded towards the Alps with significant conglomerate 
ser ies. In the area of the Plateau, the USM 1 ies direct lyon 
Mesozoic and (locally) Early Tertiary formations. Further south, 
it lies on the Lower Marine Molasse. The overlying strata, with 
more or 1 ess of an eros i on gap, are those of the Upper Mar i ne 
Molasse and the Upper Freshwater Molasse. The sedimentological 
picture is marked by fluviatile cycles which consist of 
alternating conglomerate-sandstone-silt-marl fining-upwards 
sequences. 

The tota 1 th i ckness of the USM decreases from south to north, 
i.e. the sediments have formed a IIclastic" wedge before the 
uplifting mountain range which is a maximum 3500 m thick in the 
south and decreases to zero in the north. 

Important rock parameters 

The range of mechan i ca 1 propert i es is very wi de due to the 
mineralogical heterogeneity of the rocks (Table 7). 
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Table 7: Important parameters of the Lower Freshwater 
Molasse (Weiach, Schafisheim boreholes) 

Main rock types 

Main mineral components 

Rock density 
Thermal conductivity 
Heat capacity 
Vp Velocity between 
500 to 1000 m depth 

Fracturing 
Fracture healing 

Swelling properties 

General rock stability 

Hydraulic conductivities 

Clayey marls, marls, clayey 
calcareous silt- to sandstones, 
sandstones (also gypsum marls in 
Western Switzerland) 

Quartz, feldspars, calcite, clay 
minerals (illite, smectite, 
kaolinite chlorite) 

ca. 2.2-2.6 t/m3 

Average around 2-3 W/m-K 
1.9-2.2 MJ/m3 -K 

3000-4000 m/s 

Around 1 fracture/m (tunnels) 
Partly by swelling clay minerals 
or calcite 
In clay-rich areas average to 
high, otherwise low 

Stable to friable 

10-6 to 10-11 m/s (depending on 
location and measurement 
technique) 

Assessing constraints on repository construction can be based on 
experience gained in other construction projects in the USM 
itself. Numerous rock mechanical investigations were carried out 
in the course of these projects and the resu lts are wi de ly 
available. 

Using knowledge of sedimentary transport as a basis, and taking 
recent conditions into account, the detailed study of local 
sedimentary structures allows at least an approximate recon
struction of the lI architecture ll of fluvial deposits, even for 
older river systems. In the predominantly marly-clayey zone of 
the Plateau Molasse, a meandering channel system and a compara
tively low sand content can be assumed for the whole unit. 

The sandy features embedded in the marls and silty clays are 
critical for water flow and comprise the following elements: 
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7.2.2 

- sand channels deposited as laterally restricted formations in 
meandering flow channels 

- levee sediments which are a lateral, clayey-silty to fine 
arenaceous continuation of the sand channels 

- sandy horizons in the flood sediments, i.e. laterally very 
extensive fine sandstone banks within the clayey-silty-marly 
facies 

- crevasse splay deltas which are shallow surficial sandstone 
banks which penetrate through the river bankso 

Within the Lower Freshwater Molasse, water circulation can be 
expected along sand channe 1 s and wi th i n the sandstones of the 
flood sediments and crevasse splay deltas. Water-flow within the 
marls is mainly along disturbed zoneso 

The porosimetry (grain size- and porosity distribution) of the 
sandstone formations is very complex since they are products of 
different fluviatile processes. 

Information on open porosity is available only from laboratory 
investigations of sandstones from the Schafisheim and Weiach 
boreholes. The values lie between 3 and 21% and show a similar 
scatter to the figures for bu 1 k poros i ties in 0 i 1 boreho 1 es 0 

We ll-cemented, carbonate-ri ch sandstones have low poros it ies 
while poorly cemented ones have high porosities. It is not known 
what proport i on of the open poros i ty funct ions as a flow 
porosity. There is no information on the porosity of the clay
rich strata of the USM but, based on petrograph i c compos it i on I 

the open porosities could lie in the range 5 to 10%. 

The hydraulic properties of the USM generally vary widely on 
both a large and small scale (Table 7), depending on the 
fluviatile character of the sequence, and are difficult to 
determine with isolated measurements. 

Discussion of the interconnectedness of sand channels 

A decisive factor in assessing the large-scale permeability of 
the Lower Freshwater Mo 1 asse is the extent to wh i ch the sand 
channe 1 s embedded in the clay/mar 1 beds are interconnected in 
both the hor i zonta 1 and vert i ca 1 planes. Wi th regard to the 
length of the channels, it has already been mentioned that some 
of these may form linked sand formations and flow-paths extend
i ng over 1 arge distances. The 1 atera 1 interconnectedness of 
channels in the same plane or storey can be derived from 
reconstruction of the river type, in this case a meandering 
system. In contrast with braided or anastomosing systems, this 
involves a single main channel which is not linked on a small 
scale to similar parallel channels. 
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7.2.3 

The vertical interconnectedness depends on the width/depth ratio 
of the individual sand channels. This ratio also gives 
information on the width of the associated channel- and meander 
belt. 

Meandering rivers can oscillate freely on a wide alluvial plain 
such as that from the IIAqu itan i an II, i. e. they are mobile and 
lateral displacement results in the build-up of a sandstone 
formation which is wide compared with the individual channel. 
The width/depth ratio of such channels is > 15. However, in the 
USM outcrops of the Plateau, the channel, widths are generally 
1 ess than 50 m and the wi dth/ depth rat i 0 is 1 ess than 15 and 
more typical of relatively stable, winding river courses. Such 
geologically short-lived channels can be expected in the case of 
a high subsidence rate in the area and, according to various 
authors, such a high rate did occur. The extent to wh i ch the 
sand channe 1 s are current ly vert i ca lly 1 inked wi th one another 
depends on how often the meander was d i sp 1 aced. In quarr i es in 
the USM, the sandstones are generally isolated in a finely 
grained matrix of levee and flood plain sediments. According to 
theoretical calculations, the sand channels of meandering rivers 
are likely to be isolated from one another if they make up less 
than 50% of the total thickness of a drilling profile. There 
are, however, indications that sequences with a significantly 
low sand content can still have a considerable degree of inter
connectednes s between the sandstone features. In the Plateau 
USM, the proportion of sand in the drilling profiles is, on 
average, 20%. Predomi nant ly vert i ca lly i so 1 ated channe 1 s are 
therefore to be expected. 

Hydrodynamic modelling 

Model calculations show that there are areas where long flow 
paths within the USM (in the order of several kilometres) can be 
expected. In the base case there are very long flow paths which 
run more or less horizontally S-N or SE-NW. The flow directions 
of groundwater in the USM are influenced mainly by the dif
ferences in potent i a 1 between the Ma 1m and the Upper Marine 
Molasse and by the anisotropy of the permeability in the USM. At 
present, insufficient knowledge of potentials (already men
tioned) makes it impossible to locate the in- and ex-filtration 
areas with any degree of certainty. 
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7.2.4 

Areas in the USM with horizontal or downwards flow are generally 
found in the southern reg ions of the Plateau. I n the northern 
Thur valley and in the Rhine valley and immediately surrounding 
areas, flow is generally upwards in the direction of the Upper 
Marine Molasse. It is already possible at this stage to define 
areas where hydrau 1 i c short-c i rcu its between the Upper Mar i ne 
Molasse and the near-surface aquifers can be ruled out with a 
fair degree of certainty. 

Hydrochemical and geochemical properties 

I n the USM of the Mo 1 asse trough, there are two types of deep 
groundwater in addition to the near-surface groundwaters and the 
deep Ca-HC0 3 groundwaters, name ly Na-HC0 3 waters and Na-Cl 
waters. Hydrochemical analyses from Nagra boreholes and mineral 
water wells and the salinity values from oil boreholes indicate 
that the boundary (or, more appropriately, the transition zone) 
between these two types of water in northern parts of the 
Molasse trough is located within the USM. 

Some of the sandstones contain a clay matrix, clay beds and 
ca 1 careous cemented and uncemented zones. The clays and mar 1 s 
themse 1 ves conta in quartz and alternate wi th s i 1 ty and sandy 
1 ayers. The mi nera 1 contents of the sand format ions and those 
of the sediments of the flood plain do not therefore differ 
significantly. 

The clays and marls are generally red but can be interlayered 
with greenish reduced strata on a decimetre scale. Goethite (up 
to 15% in the clay fraction) and hematite are responsible for 
the red co louring obta ined as a resu 1 t of weathering processes 
during early diagenesis. The greenish areas contain pyrite, as 
do the sand channels, which are often greenish in colour. 

The clay-rich Molasse was found to have good sorption pro
perties, which can be explained by the large proportion of iron 
and clay minerals. The sorption capacity of the sandy zones is 
not expected to be as good, mainly because iron minerals and 
organic material have been washed out to a large extent. 

Indications of natural gas and oil were found in the USM in the 
majority of the oil boreholes in the central and eastern part of 
the Swiss Molasse Basin. 



NAGRA NTB 88-25E - 40 -

8 PRELIMINARY PERFORMANCE ASSESSMENT OF A REPOSITORY IN OPA OR USM 

8.1 Aims and constraints 

In order to put the predominantly geological selection procedure 
in context, a prel iminary safety analysis was carried out for 
both of the top priority formations. This analysis was intended 
to: 

1) Indicate the basic feasibility of safe disposal in these 
formations 

2) Identify key processes which affect such safety 
3) Examine variations of parameter values in order to determine 

critical ranges in which assessment results are sensitive. 

Numerical results presented should thus be treated with caution 
and not extrapolated beyond this context. 

The safety analysis focusses on the HLW which is the dominant 
component with respect to the radionuclide inventory. In 
addition, only a base case normal evolution scenario is 
evaluated. As the main interest is evaluation of the host rock, 
the performance of the near and far field is considered but the 
biosphere is not considered explicitly (doses were derived from 
radionuclide concentrations at the geosphere outflow by 
conversion factors). 

Even though TRU may be inc 1 uded in such a repos i tory, th is is 
considered only in terms of 1-129 transport in the geosphere 
using a very simple pulse-release source term function. 

8.2 The near field 

Vitrified HLW in massive steel canisters is emplaced horizon
tally in steel-lined tunnels which are backfilled with highly 
compacted bentonite (Fig. 5). To allow comparison with PG '85, a 
240 GW(e)-a power scenario was again assumed which produces 
5895 waste packages. 

The genera 1 processes of near-fie 1 d evo 1 ut ion were prev ious ly 
described in chapter 5.1. The most important attributes of the 
rock as far as the near field is concerned are water flux, water 
chemistry, and thermal properties. Both OPA and USM have lower 
thermal conductivities (and lower heat capacities) than the 
crysta 11 i ne rock cons i dered in PG 185 and hence somewhat higher 
near-f i e 1 d temperatures may be expected. A 1 though the therma 1 
pulse is short, the predicted maximum temperatures could be suf
ficiently high to result in some loss of bentonite swelling 
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UNDISTURBED HOSTROCK 

GD~~~~~~~~~~~~~~~~~~~ 

~ 
UNDISTURBED HOSTROCK 

Figure 5: 
Schematic presentation of the components of the near field: 
1) host rock, significantly disturbed by the construction and 
operation of the repository; 2) steel 1 ining; 3) bentonite 
backfill; 4) steel canister containing 5) vitrified waste 

pressure (Couture effect) wh i ch cou 1 d be detrimenta 1. There is 
some uncerta i nty in these pred i ct ions because of poor data on 
the coup 1 ed resaturat i on/therma 1 trans i ent processes but, if 
necessary, this problem could be avoided by increasing pre
disposal storage times. 

The water chemistry assumed for the two formations is reasonably 
similar and, in fact, does not differ greatly from that assumed 
in PG ' 85 for the crystalline basement. When-the total water flux 
through the repos i tory zone (860x860 m) j s part i t i oned between 
the can i s t e r s,b est est i mat e s for the 'e f f e c t i ve flu x per 
canister is also very similar to the PG ' 85 base case for OPA 
(0.4 l/canister/year) and about an order of magnitude higher for 
USM. 
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Using the material properties for the engineered barriers 
assumed for PG'85, the general evolution in time of the near
fie 1 d env ironment does not appear to be great 1 y i nf 1 uenced by 
the host rock. One potential exception to this generalisation 
could result from oxidation of the host rock (particularly of 
pyrite) which could be much more important for the sediments and 
woul d depend on the extent to which they might become unsatu
rated during the operational phase. Nevertheless, if such a 
process proved to be significant, it should be possible to 
minimise its effect by either engineering or operational 
procedures. 

First mobil isation of radionucl ides occurs when the canister 
fails (after >10 3 years). The rate of release of radionuclides 
is constrained by the low rate of degradation of the glass 
matrix. The water in which the glass corrodes is buffered to 
chemically reducing, mildly alkaline conditions by the massive 
quant i ties of iron corros i on products and benton i te, wh i ch 
further constrains the release of many nuclides to limits set by 
their low solubility in such an environment. 

The highly compacted bentonite backfi 11 ensures that solute 
transport in the near field occurs predominantly by diffusion. 
The microporous structure of the bentonite also prevents trans
port of colloidal material through the backfill. Diffusion 
calculations are used only to screen the initial inventory in 
order to i dent ify those nuc 1 ides wh i ch wi 11 break through the 
bentonite barrier in significant concentrations. A cut-off limit 
of about 10 Bq/canister/year would allow all but 5 of the 
fission/ activiation products and the heavier actinides (Am, em, 
Pu) to be ignored in the far-field transport calculations. 

For the nuc 1 i des that break through the benton i te (and the i r 
daughters), the releases to the far field are calculated from 
glass degradation rates/solubility limits alone. Such an 
approach is very conservative but simplifies the model calcu
lations. For solubility-limited radionuclides, the releases 
calculated in this manner are directly proportional to the 
advect i ve flux through the repos i tory and th is gives rise to 
differences between the OPA and USM base cases (USM releases 
being an order of magnitude higher). If a more realistic model 
were used in which the diffusion through bentonite was included, 
the distribution of flow around the engineered barriers would 
playa role and hence the existence of preferential flow paths 
and the hydrau 1 i c character i st i cs of the disturbed zone around 
the tunnel need to be well defined. 
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8.3 The far field 

Far-field transport calculations were carried out for 3 nuclides 
Se-79, 1-129 and Np-237 (representing poorly-sorbed/ 

solubility-limited, poorly-sorbed/matrix release-limited and 
well-sorbed/solubility limited species respectively). A key 
aspect of this modelling was the detailed representation of the 
flow system in the two formations considerede This analysis was 
intended to evaluate sensitivity to alternative conceptual 
models and to identify key processes. 

For OPA, the two possible flow systems considered are illus
trated schematically in Fig. 6. In the base case, advection is 
ass umed to occur ina f i ne-sca 1 e network of sma 11 er fissures 
(mean separation = 0.5 m). Alternatively, the net advective flow 
through the formation is assumed to occur predominantly in large 
scale disturbed zones (faults) which are relatively rare 
(average separation = 100 m). It should be noted that, while the 
presence of such fissures cannot be discounted, there is cur
rently no conclusive evidence of advective flow through deep 
lying OPA formations. In the case of predominantly diffusive 
transport, however I it can be read i ly demonstrated that even a 
few metres of clay would reduce releases of all radionuclides to 
negligible levels. Apart from the geometry of the flow path, key 
parameters are the water flux (or flow rate), the extent of 
nuc 1 ide sorpt i on onto the rock (mode 11 ed by a simp 1 e Kd), the 
flow path 1 ength and the extent of so 1 ute d i ffus i on from the 
flow path into the rock matrix. An example of the sensitivity of 
the release rate to some of these parameters is illustrated for 
Np for the disturbed zone flow system in Table 8. Although the 
absolute values presented should be treated with caution, it is 
evi dent that the pred i cted doses in the base case are very low 
and are sensitive, in particular, to the flow rate and Kd 
assumed. 

The situation in the USM is much more complicated due to the 
heterogeneity of the formation. Advective flow in such a 
formation (if it occurs) will be predominantly focussed in the 
sand ier regions but it is not known if connected sand bodies 
exist (c.f. Fig. 7) or if such sandy zones are isolated by clay
rich areas. The conceptual flow models used considered both 
these options - in the case of clay-rich zones by assuming that 
advective flow occurs in fractures with an average spacing of 
0.5 m. 
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In the USM, transport distances tend to be much greater than in 
the OPA case which, even though sorption in the sandy zones is 
less than in clay-rich areas, tends to give rise to very low 
predicted doses. The scenario of continuous sand bodies tends to 
give rise to somewhat higher doses, but again the predictions 
are very sensitive to the Kd, the matrix flux and the migration 
distance. 

"'100m .. .. 

OPALINUS CLAY 
-100m 

I~:~ 
" 

FRACTURE ZONE 

figure 6: 
Schematic model of flow systems in the Opalinus clay. Flow 
system represents fracture zones as observed in the Sibl ingen 
clay pit with a distance of about 100 m between the fracture 
zones. Flow system II represents a closely spaced system of 
joints and fractures (spacing =0.5 m) as observed in outcrops 
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Table 8: Some typical results from parameter variations in 
geosphere transport calculations for Np-237 in the 
Opalinus clay (flow system IIfracture zone") 

Groundwater Kd Migration Maximum Dose 
flux length release rate 
[m3 /a] [m3 /kg] Em] [moles/a] [mSv/a] 

Variation of the water flux 

2.33 1.0 50 2.8xlO-17 3xlO-16 
23.3 1.0 50 3.1xlO-7 4xlO-6 

233 1.0 50 8.3x10-4 9x10- 3 

Variation of the Kd-value 

23.3 0.01 50 9.1xlO-s 1xlO-3 

23.3 1.0 50 3.1xlO-7 4xlO-6 
23.3 10 50 9.5xlO-11 lx10- 9 

Variation of the migration length 

23.3 1.0 25 4.8xlO-6 5xlO-s 
23.3 1.0 50 3.1xlO-7 4xlO- 6 

23.3 1.0 150 2.3x10-1O 3xlO- 9 
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~ River channel (filled with sand 
L1-llJ or silt-clay Imarl ) 

Abandoned channel 
(filled with silt-clay Imarl ) 

Figure 7: 
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Point -bar-sandstone 

Sediments of the flood plain 
( fine -grained sandstone , silt-clay, marl) 

__ .~ assumed flow path 

Schematic representation of flow systems in the USM, case 
IIconnected sand bodies": This flow system is composed of sand 
bodies in a marl-shale matrix. Only a small number of the sand 
bodies are connected; flow occurs through higher permeable zones 
of the connected sand channels and sand beds 
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Table 9: Maximum release rates of Np-237 from the Geosphere: 
Lower Freshwater Molasse (flow system "connected 
sandbodies") 

Large-scale Kd Migration Maximum Dose 
hydraulic length release rate 
conductivity 
[m/s] [m3/kg] [m] [moles/a] [mSv/a] 

Variation of the water flux 

10-10 0.2 5000 < 10-20 
10-9 0.2 5000 9.8x10-1O 10-8 

10-B 0.2 5000 2.0x10-9 2x10-B 

Variation of the Kd-value 

10-9 0.002 5000 1.9x10-3 2xlO-2 
10-.9 0.02 5000 2.4x10-4 3x10-3 
10- 9 0.2 5000 9.8x10-1O 10-B 
10- 9 2.0 5000 < 10-20 

Variation of the migration length 

10- 9 0.2 200 9.8x10-4 10-2 
10- 9 0.2 1000 3.1x10-s 3xlO-4 

10- 9 0.2 5000 9.8x10-2O 10-8 

8.4 Overview 

Based on these simple safety analyses, it appears that both OPA 
and USM are potentially suitable host rocks for an HLW reposi
tory. On a large scale, both formations have low permeability 
(especially OPA) and, if a region can be found where a barrier 
of a few tens of metres of good clay can be proven, radionuclide 
releases would be predicted to be negligibly small. At present, 
however, the possibility of preferential flow paths cannot be 
discounted. The OPA is relatively thin but, although the USM is 
considerably thicker, this is offset by the possibility of short 
c i rcu its es tab 1 i shed by connected sand channe 1 s. The hetero
geneity of the USM also gives rise to difficulties in both 
characterisation and modelling. 

In addition to the simple quantitative model, possible pertur
bations to these scenarios have been considered qualitatively. 
The limited thickness of the OPA could result in high hydraulic 
gradients and, possibly, higher risk of a scenario with short
circuiting along the access shaft. The existence of water 
reservoirs within USM, on the other hand, means that a borehole 
extraction scenario is more likely in this case. 
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Both formations have relatively high organic carbon content and 
the risk of perturbation of the base case by organic complexants 
or microbial activity must be considered. Such organic species, 
and inorganic colloids, are more likely to be detrimental to 
repository performance if they are mobile - in which case, 
connected sandstone bodies would be of concern. 

In genera 1, therefore, there are pros and cons for both for
mations and a number of problem areas need to be clarified for 
both before a comprehensive safety analysis could be attempted. 
Neither of the formations can be ruled out on the basis of such 
problems, however, and selection of a preferred option must be 
made on a more site-specific basis, including consideration of 
more practical constraints such as exploration difficulties. 
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9 FURTHER INVESTIGATION AND EVALUATION OF POTENTIAL TOP PRIORITY 
SITING REGIONS WITH OPALINUS CLAY AND LOWER FRESHWATER MOLASSE 

Of the seven potential host rock formations considered, the 
Opalinus clay (OPA) and Lower Freshwater Molasse (USM) were 
selected for further characterisation. This led to identifi
cation of six regions with OPA and two with USM within the 
relatively tectonically simple and seismically inactive areas of 
the Ajoie, the Tabular Jura in Cantons Aargau and Schaffhausen 
and the eastern Plateau (Fig. 8). 

A further step in the selection process involved comparing these 
potential siting regions (Table 10) with one another in order to 
allow them to be ranked according to priority. Only regions with 
the same host rock were compared with one another, i.e. the six 
Opalinus clay regions on the one hand and the two USM regions on 
the other. The reason for th i sis that the funct ion i ng of the 
geo log i ca 1 barr i ers is very dependent on the different proper
ties of the host rock format ions themse 1 ves as we 11 as on the 
overall situation with respect to structural geology, hydro
geo logy and neotectoni cs. A cross-compari son is thus not feas
ible on the basis of currently available data. 

The siting regions were assessed according to the following 
criteria, which also take account of the site criteria laid down 
by the safety authorities (c.f. Chapter 4.2): 

a) Tectonic conditions and predictability of structural geology 
b) Depth of the host rock 
c) Properties and thicknesses of the host rock 
d) Hydrogeological conditions and predictability of future 

changes in hydrogeology 
e) Seismicity and neotectonic conditions, predictability of long

term changes. 

9.1 Selection of OPA siting regions of highest priority 

On the basis of studies carried out to date, the ZOrich Weinland 
appears to be the most promising region. The region north of the 
Lagern is slightly less suitable because possible continuation 
of the Jura folding would mean that there could be tectonic 
movements in the area. These two neighbouring regions are 
recommended for further character i sat i on and shou 1 d be treated 
together as one region. 

The Reiat region is also suitable from the point of view of 
geology and hydrogeology but the host rock is at a depth of less 
than 400 m. This option has been shelved for the meantime. 
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OPALINUS CLAY LOWER FRESHWATER MOLASSE (USM) 

I Ajoie 4 Tabular Jura narth of the Liigern 7 USM west of the Ummat 

2 Jurasiidfuss 5 Zurcher Weinland 8 USM east of the Ummat 

3 TabularJura (Herznach-Aare) 6 Reiat 

Figure 8: Siting regions with Opalinus clay and Lower Fresh
water Molasse selected for further investigation 

The Ajo ie, the south foot of the Jura and the Herznach-Aare 
region are a 11 assessed as being less favourab le and have been 
deferred from further investigation. 

9.2 Selection of a top priority USM siting region 

The two potential siting regions in the Lower Freshwater Molasse 
west and east of the Limmat were also assessed in terms of the 
criteria mentioned previously. 

The region east of the Limmat was found to be more favourable in 
terms of structural geology, thickness and tectonics and is 
recommended for further invest i ga t i on. The reg i on west of the 
Limmat will not be further investigated at present. 



Table 10: Comparative assessment of the potential siting regions for both OPA and USM 

Rock formation Opalinus Clay (OPA) Lower Freshwater Molasse (USM) 

Siting region 

Criteria Ajoie South foot Herznach North ZUrcher Reiat West of the East of the 
of Jura Aare Lageren Weinland Limmat Limmat 

a Tectonic conditions and + + + + + 
predictability of structural 
geology 

b Depth of host rock + + + 

c Properties and thickness + + + + 

d Hydrogeological conditions + + + 
and predictability 

e Seismicity, neotectonic + + + 
conditions and predictability 
of long-term changes 

+ = particularly favourable 
blank = acceptable 
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9.3 Summary and future strategy 

The different steps for the eva luation of the top priority 
siting regions are summarized in Fig. 9. Further developments 
are foreseen as follows: 

· Discussion of work performed to date with the safety 
authorities, their experts and other interested technical 
groups 
At this early stage of the selection procedure, there is 
relatively little quantitative information available and the 
margin for discretion is relatively large. This margin can be 
reduced, and the data-base extended, by carryi ng out appro
priate investigations. However, at this early stage, a sub
jective assessment (expert opinion) of the numerous different 
geological possibilities will be necessary and, for this 
reason, an attempt is already being made to reach some degree 
of consensus with the authorities and their experts as to the 
priorities in the selection procedure. This applies in par
ticular to: 

- the criteria for assessing geological disposal options 
- evaluation of the different sediment options and ranking of 

pr i or i ties wi th regard to host rock format ions and sit i ng 
regions 

- identification of open questions which require further 
clarification 

· Selection of a first priority sedimentary host rock formation 
and siting region as an alternative to the crystalline 
A decisive factor in selecting a host rock formation will be 
the ease of exp 1 orat i on, i. e. whether the propert i es of the 
host rock and surrounding formations which are relevant from 
a safety point of view, as well as the structural, hydrogeo
logical and neotectonic conditions present, can be determined 
us i ng current techno logy and wi th reasonab 1 e expend i ture. 
Further studies are planned in this respect. A precondition 
for selection is that there should be a realistic investi
gation concept for the option selected, i.e. it should be 
pass i b 1 e to character i se the sed iment opt ion in suff i c i ent 
detail within an acceptable time period and at reasonable 
cost. 

· Preparation of a detailed investigation concept for the top 
priority siting region 
The investigation concept will ultimately be embodied in an 
application for a site investigation permit, such a permit 
being a legal prerequisite to carrying out field work. The aim 
of the field work wi 11 be to provide comprehensive documen
tation on the sediments which will then be used as a basis for 
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deciding on an area, either in the sediments or the crystal
line, for further detailed characterisation. Before carrying 
out field investigations, it must be assumed that: 

- the decisions made by Nagra - particularly the suggested 
narrowing-down to a single sediment option as an alternative 
to crystalline - will find the necessary support 

- the detailed studies of the investigation concept do, in 
fact, confirm that it is possible to carry out the field 
programme within a reasonable time-period and at reasonable 
expense. Present concerns regarding the feasibi 1 ity of 
obta i n i ng adequate documenta t i on for the dec i s i on on a 
siting region in the 1990s naturally apply with even greater 
force to subsequent detailed site characterisation. 



NAGRA NTB 88-25E 

Steps in Procedure 

Identification of 
investigation 
regions 

2 Determining poten
tial host rock 
formations 

Activity 

Selection of tectonically 
inactive and simply struc
tured investigation areas 

Analysis of flow regime and 
deep groundwater chemistry 
(hydrodynamics/hydro
chemistry). Attempt to 
localise important ground
water infiltration areas 

General assessment of sedi
ment sequences in N Switzer
land and identification of 
suitable host rocks with low 
permeability and sufficient 
thickness 

3 Characterisation of Listing advantages and dis
potential host rock advantages of different host 

4 

5 

6 

formations, 
determination of 
spatial extent 

Evluation of poten-
tial host forma-
tions. Listing of 
safety-relevant 
pros and cons 

Identification of 
potential siting 
regions with OPA 
and USM 
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Results 

Plateau, Tabular Jura 
in Cantons Aargau and 
Schaffhausen and Ajoie 
as sediment investiga
tion area 

Further narrowing-down 
impossible (insuffi
cient data-base for 
local ising infiltration 
areas) 

Seven potential host 
rocks 

Brief description of 
most important prop
erties. Mapping of 
spatial extent 

Two top priority host 
rock options: 

Lower Freshwater 
Molasse (USM) 

Opalinus clay (OPA) 

Six siting regions with 
OPA and two with USM 

Narrowing-down to: 
two sites with OPA 
(Zurich Weinland and 
area north of the 
Uigern) 

chemistry - one region with USM 
(area east of the 
Limmat) 

Upper Freshwater Molasse (OSM) 
Lower Freshwater Molasse (USM) 
Effingen beds 
Opalinus clay (OPA) 
Gipskeuper 
Middle Muschelkalk 
(anhydrite group) 

-Permian 

Figure 9: Sediment study - Overview of procedure 
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