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1.0 INTRODUCTION

1.1 SCOPE AND PURPOSE

This report‘ is the first of three documents describing the results of
a project entitled: "Modelling the Long Term Evolution of Geological Radwaste
Disposal Facilities", sponsored jointly by the Commission of the European
Communities (CEC) and the United Kingdoﬁ Department of the Environment (DOE).
The report presents a review of the statu; of résearch into the effects of long
term environmentai changes on deeb, iand disposal facilities for radioactive
wastes. It is intended to provide a sound footing for current and future

research into glacial processes, and the incorporation of environmental change

rodelling into performance assessment.

The review specifically addres;es tbe_,role ‘'of factors which could
potentially cause environmental change,_over g“ﬁeriod of approximately one
rmillion years din ﬁhe vicinity of a déep> (IOOﬁA'to 11000m) onland waste
repository. Changes over several million years, or factors which influence

only the near-surface environment, are not generally considered.

Wherever possible we have sought to obtain the most up to date
information on the “activities of ﬁhé ‘variohs research teams active in
considering 1long term environmental Jcﬁanges and their effects on disposal
worldwide, by means of both writteﬁ-ahd or&l communications. Background work

for the review was carried out between November 1987 and February 1988.

1.2 REPORT STRUCTURE

Following this introduction, Section 2.0 outlines the nature of the
environmental system and the changes that can occur within it. This is

intended to provide a conceptual background to the specific programmes of work
discussed later. .

Section 3.0 describes the current status of research into the effects
of long term environmental change in the various countries actively engaged in

such work. These countries, and also agencies within countries, have
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invariably adopted different approaches to the study of long term change,‘
p#rtly because of geographic location but also because of the research
strategies employed. Comparison of these different approaches is instructive
in the evaluation of the importance of different factors which contribute to

environmental change.

Research into environmentél change modelling carried out at Dames &
Moore, funded by DOE as part of the development of a suite of tools for
post-closure safety assessment, is outlined in Section 4.0. This section
concentrates on the TIMEZ2 computer model of environmental change. Although
this model specifically addresses shallow onland disposal, rather than deep
disposal, it represents important groundwork for future environmental change

=modelling.

Section 5.0 addresses the incorporation of environmental change
evaluation into performance asssessment. It thus comprises the application of
the factors discussed in the preceding sections. In particular, two approaches
o0 evaluation of environmental change are compared and contrasted: the

"scenarios approach” and “time dependent performance assessment™.

Conclusions from this review are presented in Section 6.0. A glossary
of terms follows this section, as well as a list of references. Finally, the

2ppendix provides a categorised list of source material for the review.
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* 2.0 THE NATURE OF ENVIRONMENTAL CHANGE

2.1 INTRODUCTION

This chapter presents an overview of the nature of environmental
change, as a background to the- di;cussion of recent work on the effects of
environmental change on the disposal of radioactive waste. We concentrate on

issues relevant to deep, onland disposal.

It is important to realise that all the processes and events involved
in environmental change act togethér as a unified system. Our knowledge of
this overall system is poor and in many cases we do not understand how
different processes interact in detail despite knowing that some linkage
exists. - In other cases, we are able to model the linkages effectively over
very short timescales but these models break down when projected too far into
the future (for example large glébal ciiéulation models which have been
constructed to model climatic and weather systems). It is therefore necessary
to recognise some basic features of the environment when attempting to model

environmental change:

o The interlinking of processes and events;

o The need to model those linkages whenever poésible;

o The limitations of our current understanding of the environmental
system.

In the following sections the emphaéis‘is, therefore, placed on the discussion
of ’systems’. Individual proceésés and their precisehinterrelations_yith the
‘system’ may be unknown; nevertheless, these processes must be regarded as

contributions to the environmental system which we aim to model.




2.2 THE ENVIRONMENTAL SYSTEM .t

Change is inevitable in the earth’s environment. This is evident in
the many dynamic processes presently understood in the study of the earth. Two

fundamental driving forces can be identified (Plate 1):

o Astronomical movements;

o Tectonic movements.

Changes in the earth’s climate result primarily from astronomical fluctuations
in the earth’s orbit and their effects on the atmospheric and surface
temperatures of the earth. Changes in processes at the earth’s surface (eg.
river and groundwater flow) are primarily determined by tectonic processes in
the crust. These tectonic processes arise ultimately from radiogenic heat
production in the earth’s core and mantle. However, the effects of these two
primary causes of change are not simple and are supplemented by numerous
environmental processes. For example, the global water-circulation system
responds slowly (ie with delayed response) to changes in temperature resulting
from (solar) insolation effects, and this response is in turn further

complicated by the distribution of land masses and the vegetation patterns on
them.

Our understanding of these processes follows several pioneering
discoveries such as those of Milankovitch (who £irst established the link
between climatic change and planetary orbits, in 1951), Wegener (who initiated
the idea of moving continents and their role in changing the face of the
planet, in 1919), and Darwin (who pioneered the understanding of living species
and their adaptation to the changing environment, in 1859). Since these
initial steps in understanding the earth’s environment, a vast web of
inter-relation has become apparent. . individual processes can rarely be

considered in isolation.

The task of geological disposal of radioactive waste requires detailed
knowledge of many of these aspects of the earth’s environment. The repository
is located within the geosphere, the behaviour of which needs to be
sufficiently understood for long-term assessment of the future performance of

the repository. Transporxt of radionuclides from the repository into the
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biosphere is the primary issue in the calculation of potential long-term
effects on human, animal and plant life. 1In this report we do not consider the
processes of biosphere transfer or the effectiveness of the engineered
repository components (steel, concrete etc.) but consider the geosphere and its
effects on both the biosphere and repository. Thus our interest in climatic
change, water movement and human activity relate primarily to their effects on

the geosphere and its effectiveness in radionuclide containment.

2.3 THE DEEP-DISPOSAL ENVIRONMENTAL SYSTEM

We turn now to consider the specific elements of the environmental
system which are of concern to the disposal of radioactive waste at depth
within geological formations. Plate 2 illustrates the principal factors which
have been - identified as influencing the long-term performance of a repository.

Two forms of change constitute the primary drivers of the system:

o Climatic change;

° Tectonic change.

The effects of climatic change are especially evident in the processes
associated with glaciation. This is partly because recent geological history
has been essentially ‘glacial’, but also because most areas (in Europe) where
geological disposal of radioactive waste is proposed are at high latitudes
wvhere glacial effects have particular importance. Other aspects affected by

climate dinclude sea 1level change, denudation, water balance and permafrost

development.

'Tectonics’ refers to the structure and deformation of the earth’s
crust. It dis din many ways analogous to ‘climate’ in being the total state of
the crust, much as climate is the total state of the atmosphere. ' In terms of
radioactive waste disbosal, tectonic change is of interest primarily for its
influence on the conditions of the geosphere around a repository.
Specifically, this involves the state of stress in the rocks, the level of
seismicity and associated deformation, and the permeability and degree of

fracturing of various rock types (the media parameters).
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The schematic system outlined in Plate 2 terminates with two facets of

the state of a xepository’s environment. These are:

o Groundwater {(and biosphere) regime;

o Tectonic state.

These two facets of the deep disposal environment are illustrated in Plate 3.
"Essentially the groundwater regime depicts all the aspects which.determine
groundwater £flow and the tectonic state describes the media in which the
groundwater flows. fhese two facets are not of-course independent, but exist

in a dynamic interrelation which wultimately determines the deep disposal

environment.

2.4 SIGNIFICANT PROCESSES IN THE DEEP-DISPOSAYL ENVIRONMENT

2.4.1 Introduction

Several aspects of the deep-disposal environment are outlined below.
The first three sections concern aspects of the ‘groundwater regime’ and these
are followed by four sections which relate to the ’‘tectonic state’. In each
case detailed discussion of the processes involved is not included, instead
discussion focusses on aspects related to long-term change. Specifically we
address the question "ﬁhat factors can cause significant environmental change

over a period of one million years (viz. significant for performance
assessment)?”

2.4.2 Climate and Groundwater

The groundwater regime shown in Plate 3 indicates how climate plays a
fundamental role in determining groundwater flow. :Precipitation, overland flow
and evapotranspiration largely determine the surface water budget, which in
turn directly affects groundwater f£flow, That is, the climatically-derived
surface-water budget is the major ariving force of the groundwater system.
Cther factors, such as sea level and.vertical crustal movement, will play a

role, but it is wultimately climatic change which will cause changes in the
groundwater system.
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However, this fundamental 1link may involve a significantly delayed
':esponse, whose time-dependent nature is difficult to quantify. Groundwaters
of considerable age (105 to 106 years) are frequently observed to be
involved in present-day groundwater circulation. The aquifers of much of North
Africa and Arabia, for example, are known to involve waters of Pleistocene age
(pre- 10,000 years before present) from recharge zones in upland areas where
present precipitation is wholly insufficient to account for the observed
groundwater flow (Lloyd & Farag i978). Study of groundwater in the north-east
of England has likewise shown the presence of Pleistocene (9,000 to 25,000 year
old) waters in deep limestone aquifers (Downing et alia 1977). Typical
response times for aquifers (ie the time for a system in equilibrium to decay
to a new equilibrium) range from 100’s to 1000’s of years, and can be longer.
The <response time is dependent on several factors including porosity,
compressibility and length of flow paths. In general, circulation in
near-surface, local groundwater flow syétems will respond relatively quickly (1
to 100 years) to changes in recharge and discharge, whereas deeper, regional
groundwater flow systems will respond much more slowly (103 to 105 years).
Local groundwater systems typically penetrate to a few hundred metres and
regional groundwater systems may circulate to depths of several kilometres
(Plate 4). This is usually the case in Britain, where local systems relate
closely to the surface topography and river basin morphology, but deeper
regional systems may relate to former climatic or tectonic conditions (such as

the Pleistocene ice sheet distribution).

Thus, although climate has a fundamental role in determining

groundwater flow, its effect is not necessarily simply determined.

2.4.3 Land Elevation, Sea lLevel and Groundwater

Whereas climate mainly affects the water budget of a groundwater
system, land elevation and sea' level act as major boundary conditions to a
groundwater system. Changes in both land and sea level result in changes in
hydraulic gradient by affecting the locations of recharge and discharge points
and by changing the flow paths employgd. Changes in these boundary conditions

are likely to lead to delayed-response effects in the groundwater in a similar

manner to that described for climatic changes (above). However, changes in
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land. elevation are generally much slower than sea level or climatic chanQBS'so:
that delayed-responase effects are likely to be less significant. Plate 5 shows
the effect of even minor topographic changes on a groundwater sys&em.
Essentially, varied topography tends to lead to more complex groundwater flow,
whereas uniform topography results in simpler systems. The illustration in
Platé 5 assumes uniform geology. In reality geological variation in
permeability and conductivity will add further complexity to the effects of
topography. .

The evolution of a landscape with time is therefore likely to be
accompanied by substantial changes in groundwater £flow. On the whole the
response of a groundwater system to such changes is likely to be closely
coupled, since the rates of change are not rapid enough for délayed response
effects in the groundwater to be important. This may not be the case for sea
level changes which can be rapid: rates of 10-100m per 1000 years can occur in

association with glaciations.

This illustrates one of the ways in which erosion and denudation
processes, although not directly affecting a deep repository, can have a

secondary role in affecting the groundwater flow around a repository.

2.4.4 Glaciation and Groundwater Flow

The occurrence of a period of glaciation involves such a severe
climatic change that its -effects are best considered separately. At the
latitude of Northezn Eurdpe glaciation is perceived as an important and highly
probable development in future environmental change. In association with
glaciation, periglacial conditions occur in the areas peripheral to the icg
masses. Periglacial conditions involve a severe environment characterized by
the effects of freeze-thaw action, which have significant effects on
groundwater flow. Essen;{ally, in both glacial and periglacial conditions the
physics and hydraulics of ice melting and freezing processes provide an
additional component to g}oundwater flow which greatly modifies the flow
system. The effect of these processés is currently the subject of background
research being carried out under this contract by Dames & Moore and the
University of Edinburgh. The nature of this work will be summarized in Section

4.4.2, below; here we cutline the general principle involved.
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In some respects the effect of covering the ground surface with an ice
mass 4is analogous to the removal of topographic effects on the groundwater
system. This occurs, not because topography is removed (although it may be
altered Dby glacial processes), but because ice-cover interrupts the pattern of
meteoric (ie from precipitation) groundwater recharge, on topographic highs,
and discharge to surface waters, at topographic lows, The gross effect of
glaciation is thus to break up smaller circulation cells (similar to Plate Sb)
and to replace them with larger systems (similar to Plate 5a).- Meteoric

recharge is replaced by glacial récharge in a manner illustrated in Plate 6.
During glaciation, then, it is primarily the ice distribution which

determines groundwater flow, in contrast to more temperate climatic conditions

where topography plays the key role.

2.4.5 Tectonic Stress

The word ’tectonic’ comes from the Greek for ’‘craftsman’ (Tekton) and
is used in geology to refer to the earth’s structure and form as a whole.
Usually this is restricted to the outer, brittle sheil of the earth, the
crust. Tectonics thus includes structural composition, deformation processes
and the forces at play within the crust. Plate 3 illustrates the many aspects
which contribute to the tectonic state of a body of rock. In this section we

focus on tectonic stress - the forces which can develop in the crust.
The main sources and causes of tectonic stress are:

o Plate Tectonic stress: stresses caused by the movement and
interaction of the crustal plates around the earth;

o Lithostatic stress: the weight of overlying rock;

o Hydrostatic stress: the pressure caused by the weight of water in and
overlying a rock-mass; .

o Thermal stress: expansion and contraction due to temperature changes
in the crust;

o Bending stresses: caused by fiexure of the crust;

o Loading stresses: caused by the addition or removal of masses on the

surface of the crust (such as glaciers and vqlcanic material as well

as erosion of mountains).
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Of these, plate tectonic stress is the dominant source of stress;: the
others occur essentially in terms of spatial and temporal departures from the
ambient plate tecteonic stress. The plate tectonics of the European area are
illustrated in Plate 7. Northern Europe comprises a plate interior subject to
north-west / south-east trending compressive stress. 1In the south of Europe
more complex, active tectonics .occur, associated with the compression of the

African Plate against the Eurasian Plate.

We are principally concerned with significant changes in stress over
periods of less than one million years (ie over geologically short
time-scales). In geologically stable areas (such as northern Europe), plate
tectonic stresses can be assumed to be relatively constant over a periocd of a
million years and attention can be focussed on other causes of stress change.
This is not 'so for the more tectonically active areas of southern and central

Europe, where significant changes in plate tectonic stress are likely to occur
within a million years.

Lithostatic and hydrostatic stresses are'fégrtainly variable over
periods of leﬁs than one million years. This is especially the case in the
shaliow crust (less than 1 Xm depth) wherevthe effects of local erosion and
changes in surface water distribution (eg thé formation of large lakes) can

have a marked effect on the stress field.

On a global scale thermal stresses in the crust are linked to plate
tectonic movements so that changes occur at similar rates to plate tectonic
rates. However, locally and at shallow depths more rapid changes do occur.
For example, glaciation 4is known to have a marked effect on the geothermal
gradient (the profile of temperature against depth). At depths of less than a.
few hundred metres, glaciation causes changes in rock temperature of between
2% and 6°C (Kukkonen 1987). Changes of this order will result in

significant thermal contraction and expansion stresses in rock.

Bending stresses, significant for periods of less than one million

vears, are usually associated with the imposition of surface loads. The best
attested such condition is the crustal warping associated with loading of the
crust by a major ice sheet. Depression of the land surface by several hundred

metres is evident in the areas formally covered by the Laurentian and
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‘Fennoscandian ice sheets, in North America and Scandinavia respectively, during

the last Ice Age (Andrews 1870, Morner 1980). In Britain the last major
glaciation resulted in a crustal depression of over 200 metres. These
differential wvertical displacements result in flexure of the crust and produce
associated bending stresses. The imposition and removal of the ice mass also

results in an additional component of loading stress.

Given appropriate data, most of these stresses can be modelled for the
crust by assuming elastic or visco-elastic behaviour. Reasonable
approximations to observed data are generally achieved with such calculations,

especially where timescales are geologically short (Turcotte & Schubert 1982).

2.4.6 Glacial Stress

Glacial 1loading stresses are particularly important for modelling the
deep-disposal environment in high latitudes. This is because glacial stress
levels are high and are applied at relatively rapid rates (103 to 104
years). Glaciation is perceived as a major probable development in future

environmental change in most of northern Europe.

A detailed set of measurements of stress at various depths down to
500m in Sweden indicates the scale and nature of glacial stress (Plate 8). 1In
their report of these measurements, Carlsson and Olsson (1982) (also Carlsson &
Christiansson, 1987) point-‘to several features which attest the contribution of

the former (Fennoscandian) glacial load to present-day stress conditions. They

note:

o Horizontal  stresses are considerably higher than the calculated
lithostatic stress {(weight of overburden). That is, marked horizontal
compression is observed.

o A decoupling is observed in the profile, in that the orientation of

the maximum principal horizontal compressive stress changes from
WNW-ESE above 300m depth to NW-SE below 300m. A marked increase in

magnitude coincides with this shift in direction.

- 11 -
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Carlsson and Olsson show that much of this stress, in excess of
calculated lithostatic stress, can be explained by residual stress resulting
‘from a 2 km thick layer of ice over the site (ie the Fennoscandian iée
thickness at the site). - The very high stress values below 300m require some
additional component to explain them, such as regional tectonic stress. The
sudden change in stress at 300m is not understood but may relate to features of
glacial rebound. It certainly suggests that shallow stress measurements made

in deglaciated areas may not be reliably extrapolated to depth.

Thus from this site study (the most detailed available in‘'Europe) it
appears that major glaciation causes major changes in stress at the depths of
concern for a deep radiocactive waste repository. Between 100m and 300m an

increase in stress by a factor of two to three is evident in the Swedish data.

2.4.7 Seismicity

Seismic energy release and deformation processes can be seen as.two
complementary products of tectonic change. Tectonically active areas 'are
seisﬁically active arecas. Most of northern Europe has relatively low levels of
seisﬁicity, the main exceptions being the Alpine belt and the Rhine graben.

Much® of Mediterranean Europe is seismically active, being a plate collision
zone (Plate 7).

The effects of the passage of seismic waves on underground rock-mass
behaviour are complex. Several recent reviews of the subject (eg Pratt et alia

1978, Carpenter & Chung 1985) reflect the importance of this issue for deep

disposal. Here, however, we focus only on aspects that could result in changes

in the level of seismicity. -

Changes in seismicity rates. which accompany-major changes in-plate tectonic

configuration will not be considered, their being generally too long-term to be

of relevance. Short-term changes can however occur in terms of the following

phenomena:
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a)

b)

Temporal fluctuations in seismicity rate:

In many instrumental and historical records changes in the rate of

seismic energy release have been observed on the scale of 10’s to

- 1000’s of years. For example, Bath (1978) provides evidence for an

abrupt change in seismic energy release in Scandinavia at round 1910
AD, Béfore 1910 much higher rates than the presently observed rate
occurred. In terms of hisporical evidence, Ambraseys and Melville
(1982) show that similar changes in seismicity rates have occurred
during the last 13 centuries of the Persian/Iran record. Such
phenoﬁena are probabiQ‘ gglated to minor changes in tectonic
deformation rates (ié‘periodicity of strain release). " Although poorly
understood, such cﬁanges indicate the need for caution when attempting

to extrapolate present-day seismic hazard into the long-term future.

Migration of seismic zones:

Spatial wvariations in seismicity have been noted in association with
temporal changes; however, they are generally 1less frequently
observed. On the whole seismically active: zones have remained so
throughout historical time (1000 Qéars). Some spatial variations are
evident in the eastern United States during the last 300 years
(Mitronovas 1981) and geéloéical evidence indicates recent movement on
faults in the area, whicﬁ‘.S;e.presently,seiamically inactive (Kerr
1885). It is likely ;hat éome apparent spatial variations are simply

the result of Along—teimritempOral variations, in that fault zones

* become "locked-up' for lengths: of time before developing spates of

activity. The increasing geological evidence for pre-historic
seismicity (sieh 1978, Thorson, et alia 1986,. Ringrose 1988) does
nevertheless indicate that over periods of -thousands of years the

locations of seismic zones do change. Again this must be borne in

‘mind in perforﬁance aésessmehts extrapolated to the long-term future.
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c)

d)

Climate-induced seismicity:

Recent studies in the eastern United States (Costain et.alia 1987)
suggests some link between groundwater hydraulics and seismicity
rates, This phenomenon of ‘hydroseismicity’ 4is as yet poorly
established, but suggests that climatic/water balance changes could
significantly change patterns of seismicity. A more severe form of
climate-induced seismicity is that which results from glaciatﬁon. The
period immediately <following deglaciation is known to result in
dramatically enhanced fault-movement and.seismicity. To what extent
this is due to glacial stress factors or glacial hydraulic factors is
not yet known. The evidence that such changes do occur is now
overwhelming. Broadly speaking it seéms that seismicity is much
reduced or absent beneath an ice cap (such as presently beneath the
Antarctic and Greenland ice sheets, Johnston 1987) but that as soon as
deglaciation and isotatic rebound occur a dramatic rise in seismicity
results, which then decays over several thousands of years to return

to 'normal’ rates (Morner 1978).

Man-induced seismicity:

Reservoir-induced earthquakes have been commonly observed. The largest
of these occurred at Koyna, 1India, 4in 1967, where a magnitude 6.5
event, causing more than 200 deaths, occurred after the £illing of a
large reservoir (Adams 1983). The explanation for this phenomenon is
not clear, but it is thought to be due to a combination of the
reduction in shear strength due to seepage of water under pressure
into fault zones and the increase in vertical stress due to the water
load. Reservoirs more than 100m deep are found to be much more prone
to producing a seismic event. Seismicity can also be induced by
mining activities, where earthquakes as large as Magnitude. 4 to 5 have
been known (Kusznir et alia 1985). Generally such events are much

smaller. Activity is usually very localized around the mine.

- 14 -~




-

2.4.8 Fault Movement

The most significant form of crustal deformation at shallow depths is
fault movement. Gradual aseismic, strains do occur in the crust but fault
rupture is by far the dominant means of strain release. The basic theory of
seismology proposes that rocks undergo gradual, elastic, strain build-up (phase
I) before beginning to fail, <£firstly by microcracking (phases II and III)
before the eventual rapid rupture (on large discontinuities) which ;esults in

seismic energy release. This is illustrated in Plate 9.

Faults are of critical importance in deep disposal performance
assessment since fault movement is a serious potential means of damage to a
repository and since discontinuities can be important pathways for groundwater
-£flow. It is not appropriate, here, to discuss the contribution of faults to
performance assessment; we shall consider only long-term changes in fault
behaviour. Such changes generally relate directly to changes in stress and
seismicity: the tectonic state (considered in the three previous sections).
However, there is some difficulty in extrapolating future stress and seismicity
levels to future degrees of £fault displacement, since our knowledge of

underground displacement is limited.

It is generally assumed that a repository will be situated in a
tectonically stable rock-mass away from the influence of significant faults.
That is, the direct effects of <faults on a2 repository can be mitigated by
avoiding fault zones. This basic assumption requires careful evaluation when
considering long-term environmental change, since the maintenance of an
funfaulted’ state in the 1long-term needs to be demonstrated. Two examples

serve to illustrate that unpredictable locations of fault rupture can occur:

a) The Meckering earthquake in western Australia, 1968, occurred in an
area of no previously recorded seismicity and resulted in a fresh
surface break in alluvial deposits above basement rock where no fault

was previously suspected (Everingham et alia, 1969).

b) Studies of post-glacial faults 3in areas of glacial rebound indicate
that, although most such fault movement is manifested as re-activation
of o0ld faults, some major displacements have occurred where no

distinct, pre-existing, fracture =zones are evident (Kukkonen &
Kuivamaki 1986, Ringrose 1988).
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The top curve shows relative sea level near Niigata, Japan. The other three curves
show elevation differences for three bench marks resurveyed repeatedly before the
1964 earthquake (M =7.5). Note the correspondance with premonitory stages
postulated by the dilatency model, viz (I) elastic strain accumulation, (lI) dilatency
dominant, (llf) influx of water dominant.

(AFTER SCHOLZ ET AL. 1973)

PLATE 9

BUILD-UP OF STRAIN BEFORE AN EARTHQUAKE

Dames & Moore




r

L

—d

(

—

|

L |

~d

L

L.

[T

L

L.

- il

These two examples illustrate that, especially whefe long-term change is to be
evaluated, future fault displacement cannot be liberally ignored. The effect
of glaciation in particular is likely to result in movement on ‘new’ faults as

well as resulting in the.reactivation of existing faults.
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3.0 CURRENT RESEARCH STATUS

3.1 INTRODUCTION

This section presehts a’geviewibf worldwide research on the effects of
long-term environmental change on radioactive waste dispoﬁal. The review is
not comprehensive but summarises the status ofv;bri ih'each‘country’involved.
wWe have concentrated on ‘discussion’ of aspects which we consider to be of
special relevance, being significant advances in this field of knowledge.
There are gaps in this review: in baiticula:, qé encbﬁntered difficulty in

obtaining recent information from the United States, Japan and West Germany.

Before discussing research in countries outside the EEC (Section 3.3)
and then within the EEC (Section 3.4) we summarise the various approaches

adopted in the prediction of environmental change.

3.2 APPROACHES TO THE PREDICTION OF ENVIRONMENTAL CHANGE

3.2.1 Introduction

The 4issue of long-term “environmental change at radioactive waste
disposal sites is essentially one of prediction. The question at hénd is: 'to
what extent can future processes at the site 6f ihgereﬁt be:predicted in order
to be sure of adequate 1ong-terﬁ'”sa£et§?' The methods of approach to this
problem are diverse and are worth ' some consideration before outlining the

current research strategies in the various countries and organisations.

3.2.2 Determinism and Probabilism

Predictive  approaches are often divided into deterministic and
probabilistic methods. Deterministic methods -place an emphasis on what is
known, whereas probabilistic methods attempt to account for uncertainty.

Prediction always involves some uhcertaiﬁty and so 'probébiiityf is always

- involved (even if not explicitly‘stéted).'VConveisely, since predicﬁion must be

made on the basis of what is known a deéfée of determinism must also always be
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employed; that is to say, determinism and probabilism are two ends of a .

spectrum in predictive science.

An example of highly deterministic prediction is the assumption that
present conditions will remain unchanged and that measurements made at a
repository site can = be extrapolated indefinitely for the purposes of
performance assessment. As the reality of a changing environment is included
iﬁ performance assessment, increasingly probabilistic methods must be employed

in order to account for variability and uncertainty.

In the following sections various approaches adopted in safety
analyses are outlined, broadly in the order of more deterministic to more

probabilistic methods.

3.2.3 Deterministic Geological Argument

The first stage in repository site selection is usually the
demonstration of a geologically safe environment. Geological processes and
history are analysed in order to be able to state that a site is geologically
"safe’ (implicity, that the site has been ‘safe’ up to the present). The
argument for safety hay rest with such analyses or proceed to more quantitative
and probabilistic arguments. Countries in which a requirement to demonstrate
Safety has been imposed, in terms of an ultimatum, have generally had to rely
on deterministic geological arguments for safety. Two projects in Sweden and
Switzerland are largely of this nature (KBS Safety Studies and Project
Gewahr). Large databases were assembled in order to demonstrate or ’quarantee’
that safe disposal of radioactive waste was indeed feasible. Essential as such
studies are in the first stages of disposal programmes, it must be appreciated

that they represent fairly subjective argument based on past geological

processes,

3.2.4 Disruptive Event Analysis

The next logical step in safety analysis is often the ‘what if’
approach. That is to say, given a deterministically argued geologically safe
environment, what are the consequences of an unpredictable damaging occurrence

(such as a fault intersecting the repository or a hole being accidentally
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« drilled through it)? Such ’what if’ problems have been addressed by two main

approaches:

o Worst-case analysis: the calculation of the consequences of the most

disruptive sequence of events which can be expected to occur;

o Fault—-tree analysis: a method for accounting for many different types

of disruption by means of an organised probabilistic scheme.

The first of these has the advantage that if the worst case is found to be
acceptable then a high degree of confidence in future safety can be retained.
However one cannot be sure that the worst case has been evaluated, and very
often ’'worst-cases’ are found to be unacceptable in terms of risk so tﬁat more

likely, less extreme, conditions have to be considered.

Fault-tree analysis represents a more acceptable assessment of
disruptive events, and has been relatively successfully applied in a study of
the Belgian research site at Mol (d’Alessandro and Bonne 1981). In this study
a set of disruptive events, arranged in a hierarchy, are given probabilities of
occurrence (Plate 10). The consequences of each path through this hierarchy
are then evaluated as a set of hazards associated with their probability of
occurrence. The method thus allows the presentation of a logically
understandable  set of probabilities for a number of disruptive event
sequences. It is limited in that it cannot accommodate superimposition of many

different events and does not model changes in processes.

3.2.5 Environmental Simulation

In rigorous safety analyses it is not sufficient to merely consider
possible disruptive events on the presently stable situation chosen for a
radioactive waste repository. Rather, it becomes necessary to accommodate
future environmental change (gradual) as well as disruptive events
(catastrophic). A possible danger with such analysis is that attention to
environmental change may cause the significance of disruptive events to be

overlooked. Three main approaches to environmental simulation are evident:

a) Alternative Scenarios: This is the representation of future change as

a set of discrete scenarios (each time-independent). Most studies,

being conducted in high latitudes, have to some extent employed this
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concept by considering the consequences of future, cold-climate;
conditions. Different tectonic scenarios may also be considered.
This is .the .method adopted in the European PAGIS study (discussed
below, Section 3.4.2) where normal, altered and disruptive evolution
scenarios are considered, At this level such studies essentially
comprise a ’‘what 1if’ question applied to different scenarios. For
example, the rate of rédionuclide dispersal under normal (present)
conditions might be compared with that under glacial conditions. This
method is largely deterministic and does not consider the consequences

of gradual environmental change.

Time-dependent path switching: A first - approximation of

time-dependent modelling is to perform simulations of time-dependent
processes within the context of a ‘scenario’ and then, at some point
in. simulated time, switch to a different scenario. This method has
been used by AECL (Canada) in adapting their SYVAC model to
incorporate some degree of time-dependency. The method has the
advantage of being relatively easily pérférmed but it still carries
the awkwardness of sudden environmental change (switching) and does

not fully address the behaviour of time-dependent processes.

Probabilistic time-dependent modelling: One method of simulating

environmental change, without imposing artificial scenario changes, is
the Monte Carlo simulation technique. This involves the use of a set
of deterministic sub-models, idealy modelling individual processes
rather than using empirical relationships, which operate over a series
of time steps. For each complete sequence of timesteps (a run),
selected sub-model parameters are sampled from probability density
functions (pdf’s). The uncertainty in each process (temporal,
spatial, and modelling) is thus accounted for, when a. significant
number of runs are carried out. The output of this kind of analysis
is usually in terms of probability distributions of environmental
parameters against time (eg sea-level or erosion rates with time).
This method provides a quantitative representation of variability in
future environmental change. The zresults can produce a highly
credible picture of future evolution. The main drawback is the large
amount of data required and the technical difficulties involved in
performing such simulations. This method is presently being developed

in Britain and the USA.
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The use of these three'approaohes(to environmental modelling depends somewhat

on the ability and capability at hand. It is relatively easy to conceive

-various alternative scenarios for a repository environment but relatively

difficult to construct ‘realistic’, predictiﬁe models. A developing
performance assessment methodology would therfore be expected to follow a route
from more deterministic to more probabilistic strategies and from simple

scenarios to more complex simulation of the environment.

'3.3 NON-EEC COUNTRIES .

3.3.1 Introduction

The non-EEC countries actively involved in performance assessment of

- radicactive waste disposal are the two North American countries (USA and

Canada), the Scandinavian conntries (Sweden "and Finland), Switzerland, and
Japan. The USA and Canade are both characterlsed by advanced dlsposal
strategies and research programmes with large budgets and correspondlngly large
organisations. Sweden ‘and Switzerland have both recently completed
comprehensive demonstrations of the sefety and ‘feaslbility -or disposal in
response to requirements imposed by their regulatory authorities. Much of the
research in these countries is therefore convenzently summar;zed in documents
produced to Jjustify dlsposal strategzes. The research programmes in Finland’

and Sweden have also resulted in some particularly useful field data on the

potential effects on repositories of procesees associated with glaciation.

Japan is probably <the least advanced of these countries in its disposal

programme. Eastern block countries are not considered.

3.3.2 uUsa

L

Candidate sites for the construction’ of the first deep disposal

.radioactive waste repository in the United States have been selected (in 1986)

rand construction ' is - scheduled to commence 1n the late 1990'3. The background

research -'which has led up ‘to thls state’ of progress has been extensive and the
Usa has pioneered the development of may aspects of geologlcal dlsposal and

1solat10n of radioactive waste.

‘We  have, however, been unsuccessful in obtaxn;ng recent statements on

the status of ‘research into long-term aspects of environmental change in the
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USA. Thus, as far as we are aware, no major studies on long-term environﬁenﬁal_
change have been completed since the studies done under the Waste Isolation
Performance Assessment Programme (WIPAP) of the early 1980’s. Under this
programme two detailed computer simulations of geological processes were

produced, namely:

o Geologic Simulation Model (GSM):;
o Far Field State Model (FFSM).

In this section we summarize and assess this work which has been of
considerable value to the development of geological/environmental simulations

elsewhere.

GSM is a site-specific model which was developed for the Basalt Waste
Isolation Project in Hanford, Washington. It was designed to model the
long-term effects of geological processes and events on the travel time of
radionuclides from the proposed repository to the biosphere. This model does
not predict the timing and frequency of events and processes which affect
environmental change, but instead allows such features to be input as pdf’s or
pélynomial relationships. That is, environmental change is accommodated by
allowing variability in the input parameters. This is done using the Monte
Carlo simulation technique to sample the range of input pdf’s. Modelling of
different processes is carried out sequentially, but a different random order
of processes is used at each time step. The model is essentially driven by
aspects of climatic change. Plate 11 illustrates the processes modelled and

ﬁhe methodology used.

The approach used in the GSM model is the ’‘breach scenario’ concept.

Two basic logical steps are made:

o Breach scenarios are defined and analysed in terms of the processes and

events which cause them (Plate 11);

o The consequences of these scenarios for radionuclide transport . from the

repository to the biosphere are then identified and analysed.

This approach does not involve strict environmental simulation, but is geared
towards the identification of environmental factors which could potentially
cause or enhance radionuclide release. Consequently, GSM was successful in

demonstrating various plausible radionuclide release scenarios, but was limited
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in providing more general performance assessment. In particular, GSM was not
linked to groundwater/radionuclide transport models, did not model
time-dependent evolution of the environment and was only applicable to the

Hanford (basait) site.

FFSM is an extension of the GSM metnodologyvand is generic, being
capable of treating processes at a variety of sites of potential interest for a
repository location. Many natural and human-induced effects are. modelled,

including:

Undetected features (snchhas'nnﬁnown faults):
Climate; ' “
Glaciation;

Folding;

Faulting;

Volcanism;

Salt diapirism;

Biosphere state;

Regional deformation;
Geomorphological processes;
Sub-surface dissolution;

Solution mining;

0O 0o o o 0 0o o o o O O o o

Drilling.

The FESM code can be used in.both a deteFministic mode (to evaluate
interactions or to calculate point.values) and a probabilistic mode (to make
statistic estimation of future changes). In the probabilistic mode, the
technique of Monte Carlo szmulatmon is used to generate output probabilities,
based on user—supplxed 1nput data that is largely in the form of pdf’s of

variable or uncertain parameters.

' FFSM is an 1mprovement of GSM 1n that 1t ;s generic and can provide
some input ‘data for groundwater flow, radlonuclzde transport and consequence

models. However, the basic modellzng methodology rema;ns unchanged.

" Breach scenarios are eValnated;
" Environmental change is accommodated mainly in terms of parameter

varzabl;ty.
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As far as we are aware subsequent work on other similar models oé
environmental change has not been done. 1In particular, the problem of coupled
groundwater/geosphere models has not been tackled. Some recent work on
multi-phase transport and variably saturated flow characteristics is being done
at Sandia National Laboratories (Thompson, personal communication; 6th PSAC

User Group Meeting, Dec., 1987).

The extensive studies performed in support of the GSM "and FFSM
programmes stand in their own right as contributions to radioactive waste
«disposal research. These comprise several state-of-the-art reviews (mostly

consultant’s reports; Scott et alia, 1979) including reports on:

Climatology:;
Geomorphology:
Glaciology;
Hydrology:
Meteorites;

Sea level;

o 0O 0 0O o o o

Seismology;

Structural geology:

o o

Vulcanology.

Most of this work is specific to the USA and not generally relevant to studies
elsewhere. However, we consider it pertinent to describe one piece of work on
the relationship between seismicity and permeability, as it is one of the few

attempts to address this problem.

In their report on earthquake engineering aspects, Tera Corporation
(1980) reviewed the subject of seismicity/hydraulic conductivity relationships
and then developed a polynomial for calculating the change in hydaulic
conductivity which results from an earthquake event. It was realised that
present data was inSﬁfficient for firm conclusions to be drawn and so
fintelligent speculation’ was used to generate a workable relationship (for the
purposes of release-scenario evaluation). It was concluded that changes in
hydraulic conductivity would not occur below 950m (at the Hanford, basalt,
site) because below this depth in situ stresses tend to close fractures that
open during seismic shaking (this assumed a simple 1lithostatic stress
distribution). Above this depth, increases in hydraulic conductivity were
calculated to occur as a result of the cumulative effect of minor earthquake

swarm activity in the basalt around the repository (Plate 12). 1In these
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calculations, a fractional increase in hydraulic conductivity (fractions of an
inferred maximum of 10%) was assumed to result from each seismic event (the
actual effect being unknown). In contrast to the effect of minor earthquake
activity, the calculations 3indicated that major deep f£faults, beneath the
basalt, did not result in significant increases in hydraulic conductivity,
except in the case of a very large earthquake (greater than Magnitude 7.5)
directly beneath the site. That is to say, hydraulic conductivity around the
repository was found to be more strongly influenced by frequent minor

earthquake activity than by the generation of large faults.

These calculations are conjectural, and the subject of earthquake/
hydraulic conductivity relationships is undoubtably one requiring substantial
further work. Nevertheless the conclusion .is interesting and worthy of more

critical analysis.

3.3.3 Canada

The concept for radioactive waste disposal in Canada involves disposal
in a vault within the stable rocks of the Precambrian shield, at a depth of 500
to 1000 metres. The wvault will be sealed and isolated. A large body
experimental and theoretical work on the modelling of the transport of
radionuclides through the engineered and natural barriers has been carried out
{by the Atomic Energy of Canada Limited, AECL). These transport models are
linked into the risk assessment code SYVAC, which estimates the dose
consegquence to man. Initially these estimates were time-independent, but the
importance of time-dependent aspects was realised. At first a simplified
method of ‘path-switching’ was investigated (ie discrete future scenarios were
engaged as a function of modelling time). However, the need for more
sophisticated incorporation of time-dependence into risk assessment became
evident, as outlined by Davis (1986).

Plate 13 illustrates how a parameter affecting radionuclide release
leads to under-estimation of the maximum dose if it is assumed constant rather
than wvariable with time. Accordingly,.thé characteristies of a large number of
time~-dependent processes and their effect on the Canadian shield have been
assessed (Plate 14). Following this preliminary assessment of time~dependent
effects it was decided that the dominant -effect of'glaciation in the future
Canadian environment made it the only factor for which detaiied time~dependent

modelling was necessary. This is partly because other effects are small in
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! is irregular -~ {s westward drift at
1-2 emfa)
began €2.100 M2 ago
" Global gladation 50-200 300400 - - Prescntly occumn; The nlut glacia] maximum
Present glacial age is expected within
began 3 maago 20 000 years.
g Seismic sctivity Discrete events that Prcsaﬂy occurring ‘ Activity of significant
+  and carthquakes occur continually magnitude occurs on the
: o Shicld only in association
with glaciation and major
tectonic events.
Faulting Discrete events that Minor faults induced No new major faults
occur occasionally by the last glaciation created on the Shield for
I 100 Ma
. Magnetic reversals Periods of subility 0.02 3 brief reversals in the
. altemate with periods 125104 Ma
i of frequent change every
H 150 Ms. Reversals occur
s every 0.5 Ma during
I unstable epochs
t Meteorite impact Continuous Presently occurring . Probability of an impact
i o creating a crater > 20km in
! dizmeteris 5210 km™%",
! Probability that an impact will
i damage the vault is 2x10°12"!
3 Genetic evolution Continuous, but rate is Presently occurring
! irregular © Mammals emerged 160 Ma
5 ‘ago,man3 Masgo
{ :
{ Changesineanh's . Three parameters vary with Presently occurring Force glacistions in a susceptible
orbital parameters periods of 21 000, 41 000 climate regime
and 92 000 years o
Climatic variations Hours o tens of years Presendy occurring ‘Force variations of simalar scale
in other bio-sphere parameters
¢ Anthropological Unknown Major effects began Effects can be expected to increase
cffects . to be seen 200 2 250 rapidly
*Ma = million years (IN CANADA ; FROM DAVIS 1986)
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comparison to glaciation but also because the complications of incorporating a
large number of factors tends to count against the ability to make meaningf&l
risk assessment calculations. This approach reflects the philosophy that as
little time~-dependent modelling as possible should be done, especially in the

face of poorly known and unpredictable time-dependent parameters.

The present work in Canada involves tackling a fully time-dependent

" model for glaciation only. This is then coupled to biosphere models comprising

a sequence of discrete climatic states. This approach is viewed as a

'manageable first approach’ to time-dependent modelling.

Background studies on aspects of glacial evolution are presently being
conducted at various universities and government institutions. These include a
study of the migration pathways and parameter values characteristic of a number
of discrete stages in a glacial cycle (Elson & Webber 1987) and an evaluation
of the amount of glacial erosion in a specific location in North América

{shilts & Kaszycki 1987).

3.3.4 Sweden

Sweden has recently decided to phase out nuclear power generation by

the year 2010. This decision followed a period of intense debate during which

‘a requirement to demonstrate safe disposal of radioactive waste was imposed by
“the Government. A3 a result, the disposal programme in Sweden is one of the

‘most advanced, with an wunderground facility for low and intermediate level

waste already under construction and detailed plans for a repository for high
level waste (HLW) submitted. The facility under construction lies 50 metres
below the seabed, in rock, about 1lkm offshore at Forsmark on the east coast of

Sweden. The proposed repository (for HLW) involves disposal 500m below

-surface, onland, in crystalline bedrock.

The Swedish Nuclear Fuel and Waste Management Company (SKB), set up to
manage this disposal programme, has produced three main reports on their

extensive feasibility study (for HLW):

© Handling of Spent Nuclear Fuel and Final Storage of Vitrified High
Level Reprocessing Waste (KBS~-1), 1977;
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o Handling and Final Storage of Unreprocessed Spent Nuclear Fuel (KBS-2),
1978;

o Final Storage of Spent Nuclear Fuel (KBS-3), 1983,

These three KBS reports included -a comprehensive study of possible future

effects on the proposed repositories. The processes and events considered
included:

o Bedrock movements;,

o . . Orogenesis and tectonic changes;

o Uplift;
. o = Faulting and fracture development;
‘ o  Earthquakes;

o Glaciation;

o Climatic change;

o Ecosystem change;

o Meteorite impact; ¢

o Human-induced effects.

In many cases the depth of the proposed repository (500m) and the nature of the
host rock (crystalline) were taken as the b?éia for neglecting potentially
significant factors (such as glacial erosion). No attempt was made to model
long-term changes in safety analysis but rather long-term safety was argued in

terms of the available information.

Several criticisms of these arguments, used in justification of the

safety analysis, were. voiced in response to the KBS study. These principally

focused on the ‘geological stability’.of rock formations in Sweden. One of the

issues to receive.most attention was. the nature and degree of fault movement in

.the Swedish . bedrock. Although considerable attention had been focused on this

*

in the KBS  Reports, it was concluded that the main source 'of fault movement
(glacially-induced fracturing)--was -relatively minor, generally near-surface,
:and occurred only on existing fracture zones. It was therefore not considered
to be a problem for repository -safety, - particularly -since any proposed
repository would be situated in a stable, unfaulted block. This view was, and
is, considered to be over-complacent and further work at SKB has included more

detailed evaluation of the nature of post-glacial faulting.
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This recent work has included detailed field analysis of the most
prominent postglacial faults in Sweden (Talbot 1986). Plate 15 shows a
reconstruction of the tectonics of two of these faults. There is now.general
agreement that these spectacular faults and associated 1landslides, which
followed ice retreat, resulted f£from a comparatively sudden release of stored
plate tectonic forces as a result of the process of glacial downwarping and
rebound of the crust, The burst of tectonic activity is demonstrably
short-lived and similar movement is not considered 1likely under present
conditions. Faulting of this nature is, however, to be expected in future
glacial cycles, and the former view of an essentially stable crust in Sweden
has given way to a more dynamic picture of the recent tectonics of Sweden. The
dynamics of recent tectonics in Sweden have been most notably championed by
Morner (1978, 1985) who strongly contests the view that the Swedish bedrock can

be judged safe for long-term radioactive waste disposal.

The considerxation of faulting appears to be the only work done on
aspects of long-term change since the KBS feasibility studies. The issue of

future fault movement has yet to be resolved.

Some interesting data has, however, come to light as a result of the
site investigation studies at Forsmark (Swedish State Power Board; Carlsson &
Christiansson, 1987). The high levels of horizontal compressive stress at the
site have already been referred to (section 2.4.6; Plate 8), and we discuss
here some possible implications for the long-term behaviour of the geosphere.
Excavation and drilling at the site revealed the presence of large, extensive,
near-horizontal <£ractures in the crystalline rock. These fractures display a
relationship to the stress distribution which suggests that their presence is,
at least in part, due to the the high horizontal stress developed during
Gglacial times (Carlsson & Christiansson, 1987). The horizontal fractures are
mostly open and infilled with sand and clay deposits, which indicates that they
must have opened .fairly recently. This is in contrast to the (more abundant)
near-vertical fractures which .are typically tight or closed. These
observations point to the potential for the development of horizontal fractures
in bedrock (down to depths of 500m at Forsmark) during future ice cap growth

and decay over a potential repository site.
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The post - glacial displacements along local thrust and back thrust flakes
or nappes (stippled) integrate on a regional-scale into a positive flower
structure rooted in en - echelon steep .oblique - slip reverse faults. The
regional picture is of transpression along a subhorizontal WNW shortening
axis with surficial relief by thrusting.
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3.3.5 Switzerland

A major study on nuclear waste management, feasibility and safety,
entitled ‘Project Gewahr’ (in English: "Guarantee™), was completed in 1985.
The study was conducted in response to the Swiss Government’s demand that the
safety and feasibility Sf ra&iééctive waste disposal should.be demonstrated
before operational licences for nuclear power plants could be renewed. The

results of this project which relate to long-term safety are summarised here.

Two types of xeppsito;y were considered in Project Gewahr: a 1200m deep
cavern, with vertical assess, in a stable granite formation (type C) and a 750m
deep cavern in clay (Marl) in a mountainside, with horizontal access (type B).
Long-term safety in terms of Geosphere and Biosphere performance was assessed
for periods of up to 106 to 10i;years. These assessments considered both

types of repository but concentrated on the deep type C cavern.

The basic approach used was to consider various possible future

scenarios, make qualitative and semi-quantitative assessments where possible,

-and then either assess associated risk or discount scenarios.as insignificant.

A large number of factors were considered, including: - -

Tectonic and Neotectonic iétes;
Glaciation; '
Permafrost and Tundra environment;
Co, warming of the atmosphere;
Erosion; .

Magma intrusion}

Volcanism; h

" Meteorite impact;

Earthquakes;

© 0 0 0 0 0 0 06 0 0

Drilling activities.

In terms of ‘geosphere béhavibur,ﬁmagma activity, volcanism and meteor impact
were considered  of hégligible -importance within a pexiod of 106‘years. The
effects of permafrost on hydrology, and glacial and fluvial erosion were not
considered significant for a repository at a depth of 1200m. The effects of

earthquakes were considered manageable with existing seismic hazard assessment
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methods, since acceleration effects for even large earthquakes are much fedﬁced

at depth.

The factors which were considered important by the project team

included the following:

o Changing tectonic rates (effects of a continuing Alpine orogeny were

considered);
o Glacial erosion and hydrology (where effects were largely unknown);

o Groundwater extraction drilling (especially during a drier, warmer

climatic phase).
A hydrological model was developed in order to assess some of these effects,
but did not fully address the consequences of long-term  changes in

hydrogeological parameters.

In terms of Biosphere modelling, climatic changes were considered the

‘most significant. ‘Two scenarios were considered, a tundra climate and a

climatic warming (greenhouse effect). The tundra scenarios did not result in
doses greater than the biosphere base case (present conditions), but the effect
of climatic warming was found to cause increases in expected dose (especially

under the affects of increased groundwater extraction drilling for irrigation).

It should be remembered that the purpose of Project Gewahr was to
demonstrate feasibility and safety of disposal, rather than critically assess
long-term safety and risk. The tendency in the study to discount or minimize a
large number of factors should be noted with this in mind. as studies in
Switzerland develop on a more site-specific level, more rigorous analysis of

the effects of long~term environmental change is to be expected.

Present studies are focusing on erosion, transport processes in the
biosphere, and human-induced effects. The work is generally conducted in terms
of different climatic states rather than long-term time-dependent modelling of

parameters.
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3.3.6 Finland _ IS

Research on the geological and environmental aspects of radioactive

waste disposal in Finland is conducted by the Geologzcal Survey of Finland.

‘Jrollowing geological investigations carried out in the early 1980’s, they

concluded that the Finnish crystalline bedrock was generally suitable for

radioactive waste disposal, since- it has both low borosity and low hydraulic

‘ ooriductivify. '.rhe main problem. area 'identified was the role of fractures in

reooeiéory> behavlour and radionuclide dispersal. Background studies by the
Geological Survey have therefore been focussed on this aspect. The main

factors in determ;nlng long-term:: environmental change are considered to be

'vertzcal crustal movement and climatic .evolution.

The Finnish approach has been to identify homogeneous, stable bedrock
blocks, bordered by fracture zones, as potential reposxtory locations and focus

background studzes on such areas. Research has developed in two main areas:

(a) ngg-terﬁ behaviour of .groundwater systems: Heat-flow and groundwater
‘ measurements in  about. 20 exploratory boreholes in crystalline bedrock

(to depths'og up to 1000 metres) indicate the folloﬁing:

o Past climatic changes . -have had a considerable effect on bedrock
temperature gradients. Undisturbed temperatures can only be

measured at depths below 1400-1600m.

o Sharp, vertical changes in heat flow density suggest disturbance

by rapidly circulating groundwater at depths of less than 500m.

"o Negafive temperature gradients with temperature minima at depths
of 45-80m ,occur, and :are partly due to cllmatlc rises in

. temperature durxng this century.

° Dense saline groundwaters were encountered at depths below 200m
and indicate that layered groundwater structures are common in the
Precambrian bedrock in Finland.

o Layers of saline .groundwater are thought “to derelop beneath
‘perﬁafrost layers and may promote the penetration of permafrost

into bedrock by up to 100 per cent.
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(b) Postglacial fault movement: Field investigations of several postglacial

faults in northern Finland indicate that:

o The faults are up to 48 km long and are mostly reverse faults,

with vertical displacements of up to 12 metres.

o The faults mostly follow pre-existing fault lines, but in places

their occurrence is not simply determined by pre-existing

structures.

o Landslides, associated with some of the faults, indicate that

significant seismic activity accompanied the postglacial fault

movements.

These studies have identified important aspects for long-term risk assessment.
In particular, rapid groundwater circulation, anomalous salinity, disturbed
temperature gradients and fault movement have been identified in the evolution
of the environment since the 1last glaciation. As well as providing relevant
data for Finnish siting studies, much of this information could be usefully
applied to long-term assessments elsewhere. The high latitude of Finland makes
it a wuseful laboratory for the study of future glacial and periglacial

conditions at the lower latitudes of Northwest Europe.

3.3.7 Japan

The radioactive waste disposal programme for HLW in Japan has reached
the stage of site selection. Favourable geological formations have been
identified, but no site has yet been specified. The formations identified are
diverse and include intrusive and extrusive volcanics and bedded metamorphic
rocks (eg schists). Site selection studies focus on hydrological and physical
properties of the site geology (often varied) rather than on identification of

a single suitable formation.

We are not aware of any studies of long-term effects on safety. Seismic
and tectonic considerations are of major importance in the tectonically active

setting of Japan, such that the hurdle of present safety is large compared with
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., the - issues of long-term change.A Probabilistic risk assessments have been
carried out by ‘the Japan'Atomic~ﬁdérgy‘nesearéh Institute. This has included
the use of the SYVAC A/C code but does not yet include any consideration of

time~-dependent effects.

3.4 EEC COUNTRIES

. - 3:4.1 Introduction

The work on radioactive ‘waste disposal in the EEC countries is
co-ordinated at the generic 1level and the various independent research

programmes are linked. We describe first the two joint European studies,

. PAGIS and PACOMA, and then consider the work in four member countires where

national programmes are large and have resulted in studies of particular note.
Discussion of studies in Britain is 1expanded further in section 4.0, which

describes the work on environmental change modelling at Dames & Moore.

3.4.2 Joint European Studies

The PAGIS Project

PAGIS is a joint European study on the disposal of. HLW (Performance
Assessment of Geological ‘Isolation Systems) and is esgentially a
pre-site-selection evaluation of ~ the c&pability of suitable geological
formations for containment.- 'Althodgﬁ PAGIS is specifically directed to high
level - waste disposal, it outlines many of thé pfinciples and approaches adopted

in the EEC on.all forms of radioactive waste disposal.

Phase one of PAGIS propéSed ﬂtﬁe réduptien of the many aspects of
long-term ' geological performance of ‘waste repositories to ‘2 number of
convenient scenarios. For each type of repository environment (clay, granite,
salt and . sub-seabed) a set of"ﬁormai’;"éiiefed' and ‘disruptive evolution’
scenarios are considered in order. to make the preliminary performance
assessments, These scenarios are considered with reference to several

hypothetical :disposal sites chosen to fepreseht the fange and variability in

. environmental and-design paraméters within the EEC. The scenarios selected are
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shown in Plate 16. Two basic concepts have been used in the construction of
L 1

these scenarios. Firstly, modelling has been divided into three fields: .

o Near-field (corrosion, degradation and radionuclide migration in the
repository);
o Far-field (radicnuclide migration in the geosphere):

o Biosphere (pathways to man and dose calculation).

Secondly, the altered evolution scenarios have been classified according to

timescale:

o Short-term (during the thermal period when decay heat may be the
source of perturbations);

o Medium-term (when no major geological changes occur but human
intrusion becomes a possibility):

o Long-term (events occurring on a ‘geological’ timescale).

Within this framework, the main factors of long-term and medium-term

change which have been considered are (see also Plate 16):

o Tectonic effects - fault displacement, magmatic activity;
o Climatic effects - glacial erosion, fluvial erosion, sea level change;

o Human effects - drilling, mining.

These factors are generally only assessed for their regional significance, and
many other potential factors are assumed to remain unchanged. For example, for
clay sites small-scale faulting is considered as the main altered evolution
scenario and "other properties of the rock and groundwater are assumed to
remain unchanged". Thus the simplification which this approach necessarily
introduces tends to reduce the effects of long-term change, since the interplay
of multiple factors on the long-term evolution of a site is specifically
avoided. Although valuable for Europe-wide, generic studies, this methodology
largely bypasses the issue of long-term environmental change because the
effects of gradual 1long-term change are neglected in the adoption of discrete

scenarios.

The prescription of this methodology in the PAGIS programme was made
in the face of highly varied approaches in the countries of the Community, and

worldwide. As a synthesis of this variety it does provide a useful common
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OPTION

NORMAL EVOLUTION

SHORT TERM

ALTERED EVOLUTION

MEDIUM TERM

LONG TERM

CLAY

- WASTE DEGRADATION
AND DIFFUSION
- THERMAL EFFECTS

- UNEXPECTED EFFECTS
IN THE NEAR-FIELD

= HUMAN INTRUSION
(WATER WELLS)

- TECTONIC DISPLACEMENT
- CLIMATIC CHANGES

GRANITE

=~ WASTE DEGRADATION,
DIFFUSION IN NEAR-
FIELD AND TRANSPORT
IN FISSURED ROCK
- THERMAL EFFECTS

- CONVECTION IN
NEAR - FIELD

= CONVECTION IN
THE SHAFT

- CHANGE OF FRACTURE
PATTERN (FAR-FIELD)
- HUMAN INTRUSION

- TECTONIC DISPLACEMENT -
~CLIMATIC CHANGES

SALT

= THERMAL AND CONVER-
GENCE EFFECTS

-RESIDUAL UPLIFT

- SUBROSION

- WATER INTRUSION
- THERMAL AND
CONVERGENCE EFFECTS

-HUMAN INTRUSION
(SOLUTION MINING,
DRILLING)

=CLIMATIC CHANGES

SUB - SEABED

- WASTE DEGRADATION
AND DIFFUSION
- THERMAL EFFECTS

- INCOMPLETE HOLE
CLOSURE
- THERMAL TRANSIENTS

= HUMAN INTRUSION

~TECTONIC DISPLAGCEMENT
= HUMAN INTRUSION
~CLIMATIC CHANGES

PLATE 16

SCENARIOS SELECTED FOR THE FOUR
OPTIONS IN THE JOINT EUROPEAN STUDY, PAGIS




denominator. 'rhe scenarios approach can, therefore, be regarded as a

background from which the many aspects of long term envaronmental change can be
conszdered. As studies in the Commun;ty develop, more speoafac and rigorous

methodologies are likely to emerge and should be sought after.

The PACOMA Project

As an extension of the PAGIS programme on HLW, a second programme.of
work has been set up to consider the 'Performance Assessment of Confinements

for MLW and Alpha waste’ (PACOMA) Thas programme adopts essentlally the same

methodology as PAGIS and consaders normal, altered and dxsruptave evolutaon

scenaraos on three types of (onland) geologacal formatlon (clay, granzte and
salt).  The sates to be cons;dered wall be chosen from among those selected for

1

PAGIS.

'Results from this ’study” are not yet available; it having commenced

only in l§86riréubiication of the final results is scheduled for 1989.

'3.4.3 Belg{um

Work in Belglum is focussed on the research site at Mol and has been

" conducted by SCK/CEN, set up in 1975. The geologacal formatzon of anterest is

“'the Boom clay, which is part of a sequence of alternatang clays and sands of

Tertiary age (deposated in the last 60 malllon years) The Boom clay and
surround;ng formatzons have been extensavely studxed, especaally wath regard to
their hydrogeologlcal propertaes.‘ An underground laboratory in the Boom clay
has been constructed at a depth of 225m.‘

Long-term safety studxes have been based on the probabalxstzc,
fault—-tree analys;s method (d'Alessandro and Bonne 1981) Thas concept was
outlined in’ Sectlon 3 2 4 (see also Plate 10) We summarlse, here, the main
conclus;ons of thas‘ study. The fault tree method applaed to the Mol site
demonstrated the overadzng amportance ‘of 'human actavataes’ In the flrst 2000

years after repository closure, human actav;ty is the only event able to

- provoke a release of radlonuclades to the land surface. After thas time,

natural groundwater release begans to be amportant, but human aspects continue

to dom;nate."' Soil retentaon capabalzty was found to play a major role in
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governing the release probability to the land surface. Phenomena relatgd.to
future glaciation were found to be of some importance, but more detailed
analysis of the glacial environment was considered necessary before firm
#conclusions could be drawn.

]

Since this study, research at SCK/CEN has focussed on two aspects:

o A hydrogeological study of the present deep groundwater system.

o Analysis of human-induced effects.

The report on human-induced effects has not yet been released,.so we can
:consider only the hydroéeological study. This mainly addressed the present
situation and only partially considered 1long-term effects. Patijn (1987)

identifies two main conclusions from this study:

o Cross-layer flow Dbetween aquifers through semi-permeable layers
(aquitaxds) does occur. Such flow typically takes of the order of
10,000 years.

o Siting of a repository should avoid areas where groundwater migrates

down through the Boom clay.

The first conclusion arose initially from field data which demonstrated that
simple, aquifer-parallél flow does not occur. Flow from confined ?quifer
layers was observed to occur across clay layers hundreds of metres'thick. This
observed phenomenon was then modelled with a numerical code, NEWSAM, which
ﬂrescribes a 2-dimensional Darcian flow within aquifer layers and l-dimensionél
orthogonal flow across aquitards. The modelling indicated that circulation of
groundwater through the Boom clay takes a period of 6.3x105 years. However,
actual flow across the Boom clay was considered to occur much faster (104
years) since only 1 to 3% of clay-water is thought to participate in ‘mobile’
flow within the clay. ' This conclusion waé supported by the result of
radiocarbon dating of the ground waters beneath the Boom clay, in the Rupeliens

sand, where ages of the order of 104 years were measured.

Preliminary assessment of the influence of long-term changes on this
hydrogeological model has been made by employing different scenarios and

jﬁdging their effect on the flow regime, This involved an essentially
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deterministic allocation of parameters and boundary conditions in the model,
for each scenario, and then assessment of their 1nfluence case by case.
General probabilities of ‘occurrence’ for each scenario over the next 250 000

years were determined. The factors considered were:

Climatic change;
Sea level;
" penudation and (localizedf‘fluviai erésion;
Sub-marine erosion; S
Glacial erosion;

Diapirism;

o 0 0. 0.0 O O

Epeirogenesis (regional vertical crustal movement).

Of ‘these factors, denudation/fluvial erosion was considered to have the
greatest influence." The envisaged sea level and marine erosion scenarios did
not greatly effect the form of the'ﬁodel; althésgh minoxr changes in flow could
occur, The effect of salt diapirs‘ was found to be a maﬁof influence in
increasing clay permeability, locally (ie where salt diapirs are likely to

occur), but did not appear to 31gn1f1cantly change the reg;onal model. The

- model ceases to be valid for cllmatlc scenarzos 1nvolv1ng low precipitation

"since infiltration rate begxns tc play a more 1mportant role than drainage
(infiltration not being specifically modelled). Sedimentation, glacial erosion

and glacial hydrology were not modelled, being beyond the scope of the study.

Thus long-term L'change has ﬁestly been deterﬁinistically’eonsidered by
calculating the effects of altered scenarios on the hydrological model. The
study has not specifically addressed the issue of environmental change

modelling. The hydrogeological model dses, hewever, constitute a highly

~ valuable study in the flow characteristics of a clsy/sand multi;lsyered system,

and provides a sound basis for on-going evaluation of risk assessment in a

' changeable environment.

3.4.4 France

A shallow land burial facility for Jlow level waste is already in
operation in France (at Centre de la Manche,’ near Cherbourg) and a second site
has been selected (at Soulaines, 200km east of Parls). S;te-selectxon studies

-~
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for a suitable location for deep disposal of high and intermediate level wastes
are in progress. -An  underground laboratory is planned. Several foims'og

géological media are being investigated, namely, salt, clay, granite and

'schist.

The chief method adopted in France for long-term safety studies is the
"prospective™ approach: the examination of possible future scenarios and their
bearing on safety assessments (Masure et alia, 1983). The principle employed
is the projection of known geological history, and recent trends within it,
into the future in order to construct ‘plausible scenarios’. In presenting

this approach, Masure et alia (1983) outline four basic types of scenario:

o "Stable-environment™ (strict determinism): this supposes that the
present natural conditions are constant and that the environment
evolves only under the effect of the repository (heat, physical
disturbance etc.). This hypothesis is plausible if limited to a

timescale of a few centuries.

o Retrospective scenario (historical determinism): this pre-supposes
the construction of an underground repository for long-lived wastes at
times of 10;000 years, 100,000 years or 1,000,000 years before present
at a site selected with the characteristics of that time. The context
and natural evblution of the "paleosite” are known by the study of
recent geological history. Only the effect of disposal on the
geosphere must be integrated within the context of these exercises

which are, as in the previous case, purely deterministic.

o] Tendency scenario (non-quantitative, subjective extrapolation of known
processes): this takes account of the typical trends of natural
evolution, a3 determined by a historical analysis of the environment.
It is possible to identify two levels of complexity in these
scenarios. Either one can adopt natural linear tendencies (simple
tendency scenarios) or, pessimistically, one can bring into effect
trend convergencies (complex tendency scenarios). These hypotheses

are plausible within timescales of up to tens of millennia.

o "Disaster” scenarios (strict probability): these involve complication

of the preceding scenarios by taking into account rapidly occurring
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disasters (major earthquakes, meteorite impacts, man-made accidents,
etc.). They can be used to:substitute the other 'scenarios entirely

for the purpose,6 of safety analyses. in relation to the operational
phase of construction and disposal of wastes (accidental flooding of

repository, collapsing of a tunnel, etc.).

':This set of scenarios comprises mostly deterministic study but incorporates

l some probgpi;istic . evaluation, namely. . for disruptive events (disaster

Scenaribs) _which are unpredictable and sporadic. A purely probabilistic

' appré&ch‘_ﬁas. been rejected -on the grounds that most geological processes are

not random.  Confidence is placed in known geological history which is
extrapolated to several plausible scenarios which are then compared case by

case. . s Lo -

A series of reports, published in 1985, outline the background studies

' maae' for this ’geoprospective study’: "Etude geoprospective des sites de
‘Stoékage" (See_ Appendix) . ~ These reports comprise mostly review studies which

’are then dSédI as the basis for a computer -model, CASTOR, which simulates the

e%olutioh ‘of a site in terms of a large number of deterministically derived

variables.

N .
A,

Thése’ review documents are mostly é5hprehehsive and cannot
realistically be summarised here. They include particularly useful tabulated
data-sets on worldwide measurements .of erosion rates, vertical crustal
hovéhéﬁts .And ‘seismic parameters. - Some more significant conclusions for

long-term safety analysis are, however, selected and listed below.

o Erosion: During non-periglacial climates 1local erosion rates are
usually in \the” range. of . 50-500 mm/lO3 years; during periglacial

conditions rates of ten times this amount can occur.

o Seismicity: Micro-crack = formation . is considered an important
phenomenon. Microfcrack dilatancy can cause expansion of rock up to 2
times that which would be expected by unfractured elastic expansion,
and can occur a . considerable .distance from the ' fault zone.
G£8ﬁnd;$haking_ is less significant for disposal.at depth than is fault

movement.
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o Tectonic change: Rapid changes in stress are unlikely within a period
of 100,000 years. The most likely future change in France is

considered to be an increase in the principal horizontal stress.

o Permeability: Glacial 1loading and rock temperature increases are

found to be the most significant influences on changes in
permeability. Effective permeability of fractured granite is
calculated as decreasing by 50% with glacial loads of 1lkm of ice, and
by 30% for rock temperature increases of 9°C (data considered

appropriate for conditions 100,000 years after present).

In the construction of the CASTOR computer model, the geological and
environmental processes reviewed were synthesized and rationalised into a
logical framework. The ’system-state’ of the site is described in terms of 48
variables (Plate 17), and the simulation is performed by determining the
interaction of these variables, as they change, by repeatedly calculating the
known empirical relationships between them. Calculations are repeated ét each
time step, the duration of which can be varied between 500 and 20,000 years.
The total 1length of time simulated is between 100,000 and 1,000,000 years,

involving up to 2000 time steps. Thirteen processes are modelled and these are
classified into two groups:

o User-independent processes whose behaviour is known and determined by
established relationships. These are:

Sedimentation;

Fluvial erosion;

Isostatic vertical crustal movement;
Morphological effects on hydrogeology;
Stress;

Permeability variations;

Surface watexr flow at the site.

User-dependent processes which being sporadic or unpredictable are

modelled at the user’s discretion. These are:
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VARABLE | VARIABLE DESCRIPTION UNITS

NUMBER NAME
1 VITGLA - RATE OF FORMATION OF ICE CAP m/yr
2 VITDES RATE OF GLACIAL DESCENT TO THE SEA m/yr
3 VITISO RATE OF ISOSTATIC MOVEMENTS m/yr
4 VITERO EROSION RATE m/yr
5 EPACLA THICKNESS OF ICE m
6 VITEPI RATE OF EPEIROGENIC MOVEMENTS m/yr
7 PRODIA DEPTH OF DIAPIR m
B HALT ALTITUDE m
) PROF DEPTH m
10 HMER SEA LEVEL m
1 FMORFO MORPHOLOGY (O=SEA; 1=PLAINS AND HILLS; 2=MOUNTAINS)
12 EPAALT THICKNESS OF ALTERATION 1T m
13 VITSED SEDIMENTATION RATE m/yr
14 DENROC MEAN DENSITY OF ROCK g/’
15 YOUNG YOUNG'S MODULUS bar
16 POISS POISSON'S COEFFICIENT
17 CHAISO 1SOSTATIC LOAD ber
18 VITERG RATE OF SUBGLACIAL EROSION m/yr
19 PERM1 PERMEABILITY TENSOR (1st COMPONENT) m/s
20 PERM2 PERMEABILITY TENSOR (2nd COMPONENT) w/s
21 POROS POROSITY
22 HAMON BASE LEVEL, UPSTREAM m
23 HAVAL BASE LEVEL, DOWNSTREAM _ m
24 XLIGAM LENGTH OF FLOW PATH, UPSTREAM m
25 XLICAV LENGTH OF FLOW PATH, DOWNSTREAM m .
28 VITFON RATE OF ICE FRONT ADVANCE m/yr
27 SIGVER VERTICAL STRESS
28 SICMIN MAXIMUM HORIZONTAL STRESS
2 SICMAX MINIUM HORIZONTAL STRESS
30 THETA ANGLE OF SURVEY PLANE WITH SIGMAX
31 RECSIC STRESS CONDITION
32 COSTHE COSINE THETA
33 SINTHE SINE THETA
34 VITEAU TRANSPORT VELOCTTY m/yr
35 TEMEAU TRANSIT TIME y
36 XMAX SIZE OF HYDROGEOLOGICAL DOMAIN m
37 DALT CHANGE IN ALTITUDE m
38 DNIV CHANGE IN LEVEL m
39 CAVAL HYDRAULIC HEAD, DONNSTREAM m
40 PAMON DEPTH OF HYDRAULIC HEAD, UPSTREAM m
41 VITMON " RATE OF POSTGLACIAL SEA-1EVEL RISE m/yr
42 ALTGLA ALTITUDE OF ICE CAP m
43 VITBAS RATE OF RIVER FLOW AT BASE m/yr
4 HFLUMI ELEVATION OF RIVER IN EQUILIBRIUX m
45 FACERF FLUVIAL EROSION FACTOR !
48 HSEINE "RELATIVE LEVEL OF THE RIVER SEINE m
47 HMERRE RELATIVE SEA LEVEL m
48 HALTRE RELATIVE HEICHT OF SOIL LEVEL m

THE FRENCH COMPUTER MODEL

TRANSLATED .FROM FILIPP{ ET AL 1987

PLATEI7

LIST OF VARIABLES IN

OF ENVIRONMENTAL CHANGE:CASTOR

Dames & Moore
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Glaciation;
— Ice front movement;

Rising of salt diapirs;
Regional vertical crustal movements (epeirogenesis):;

Modifications to fracturing.

in ’oxdér to test the CASTOR —model a trial run on'simulating'known
history was performed (ie a retrospective scenario). This study -was made for a
site in Normandie, to the north-east of the river Seine, where existing
oil-company -borehole data gave detailed documentation of the geology (Jurassic,
calcareous marls in a fault bounded block). The simulated history was then
compared to the known, Quaternary (last 2 million years), history of the area.
A fairly close match was claimed between most modelled and real data. For
example}_'sea level and the level of the river Seine were reasonably similar
back tb'-é0,000 years BP, It was found that erosion rate was an important
influen;ing factor and was poorly . known. A rate set at 80mm/103 years was
found to give the closest match between modelled and real evolution. Factors
affecting base-level[érosion were considered important - {(eg. fault movement and
epeirogenesis). The ‘time lag’ of the hydrogeological system was also

considered to be a crucial, largely unknown, effect on site evolution.

Thus the CASTOR deterministic model has been shown to have some
success in modelling site evolution. 1Its use enables critical factors in site
evolution to be identified. 1Its credibility depends largely on the ability to
set realistic variables into the model, and this is based on professional
judgement of observed data. This may be possible for past history but is an .
ambitiéus lfask for predictive modelling. In justification of this approach the
authors (voluﬁe 9) state the following:

o Simple linear calculations can be an advantage;

° The aim is to understand maximum effects (ie worst-cases) and consider

their superimposed effect;

o The approach is flexible, calculations can be rapidly adjusted with
new data;

o Simulations are reproducible;

o Neutrality: it avoids the adoption of a particular scientific

philosophy or view of site evolution.
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Iﬁ conclusion, the CASTOR simulation is essentially an elaborate

‘what-if’ analysis, which compares multiple evolutionary scenarios and assesses
their effect on safety. The consequences - of worst-cases and plausible
scenarios can be compared. Its potential value is in the deterministic
impressions it can give of different future scenarios. However, its use in the
prediction of future (as opposed to paleosite) evolution has yet to be
demonstrated and its purely deterministic nature makes it inherently

.subjective.

.3.4.5 West Germany

The waste management policy for HLW in the Federal Republic of Germany
(FRG) follows a ’'reprocess and dispose’ philosophy. A large amount of FRG
activity has therefore focussed on reprocessing/encapsulation/disposal
technology rather than safety assessment. Two disposal sites are currently
under investigation: one in salt at Gorleben (presently an underground

laboratory) and a second in an abandoned iron mine at Konrad.

Only qualitative assessments of long-term and time-dependent effects
on disposal sites have been made to date. The German Geological Survey has
investigated various geological phenomena including glaciation, earthquakes,
tectonic movement and subsurface erosion and their bearing on a potential

underground repository in salt.

. Human-induced effects have also been investigated in relation to
-disposal in salt. Solution mining activities are considered to present the
scenario of greatest potential hazard for a salt repository and have been

quantitatively evaluated.
Safety studies do involve probabilistic risk analysis, however, we are

not aware of any present or planned incorporation of environmental change into

these analyses in Germany.
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'3,4.6. Britain'

Work on radioactive westerdicﬁosel in Britain is divided between two

imain organisations:

° NIREX is the ‘company" cnargea with the task of disposal of low and
intermediate level radicactive waste and is responsible for site
selection, assessment, design and related research.

o THE DEPARTMENT 'OF THE 'ENVIRONMENT (DOE) acts as the principal
regulatory body and is primarily involved in the development of risk

- assessment methoddiogies for performance essessment, as well as

associated long-term research

_.Other organisations involved ' include the Central Electricity Generating Board

(CEGB), British ©Nuclear Fuels’plc'(SNF)’and the Ministry of Defence (MOD), who
are the principal producers of radioactive materials, and the National
Radiological Protection Board (NRPB) who are an 1ndependent, government-£funded,

advisory body concerned with radzologlcal safety.

-The present status of"radioectivefﬁeste disposal in Brrtaln 13 that
low level waste is mostly disposed to shallow trencnes at the BNF site at
Drigg, Cumbria. Some other sites also take small quantities of low or very low
level waste. All other wastes are stored pending‘the'debelopment of one or
more deep repositories for low and intermediate level wastes (underground
cavern 200m to 1000m in depth). No decision has yet Seen reached on the future

handling of high level waste. - Current research is concentrated on developxng

‘performance assessment 'methodologxes for such fac111t1es and the optimisation

of ~.site _selection. The study of long—term effects is conducted both by NIREX

. and the DOE.

. NIREX -

Research related to biosphere modelling was introduced into the NIREX
programme in 1987, and is managed by Electrowatt Engineering Services (UK)

Ltd. - This programme draws-on a large body of prev;ous research on rad;onuclzde

.distribution' and transport but also 1nvolves a programme of current research at
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umiversities and professional organiéations. At present these studies are

focusing on the following areas (M. Thorne, personal communication): -

o Climate and sea 1level changes (at the Climatic Research unit and
school of Environmental Sciences, University  of East Anglia UEA);
this includes assessment of the greenhouse effect and the mechanisms

and causes of long-term climatic changes.

o Geomorphology and denudation (also at UEA), with the principal aim of
producing a map of the geomorphology of Britain and developing the

capability for modelling the surface around a future disposal site.

o Land management and radionuclide migration in natural systems

(Associated Nuclear Services).

o Near-surface hydrology, soil uptake of radionuclides, and lysimeter

studies (Institute of Hydrology, University of Newcastle and

University of Lancaster).

These studies are at an early stage, but due to a large body of existing data
some preliminary results may be available in 1988. The work which relates most

directly to long-terxrm change is the research programme on climate, sea level

and geomorphology.

Department of the Environment

The development of a methodology for post-closure probabilistic
analysis of radiological risk is a major activity within the DOE radioactive
waste disposal programme {Thompson 1987). Probabilistic risk analysis (pra) is
to be used as the performance assessment approach at all stages of the disposal
programme. Individual risk must be demonstrated to be less than 10'6 per
annum during the post-closure period (HMSO, 1984). Fully probabilistic risk
analysis has been selected as being preferable to deterministic or ’worst case’

estimates since it provides the most realistic 1long term performance
assessment.

During 1985 a trial assessment of a hypothetical ILW repository at a
depth of 150m in clay at Harwell, England, was conducted as the first in a
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— .series of tests for the development of pra assessment. The first test (DRY
RUN 1) involved a sxngle groundwater . transport pathway wrth parameters

; invariant with time. An adaptation of the Canadian’ SYVAC code was employed.
O
This Dry Run was preliminary and many refinements and adaptatxons were -
i identified as necessary for the development of an effective assessment
- "methodology. These fall into two maln categorres- '
- ‘ o verification of the methodology, including consideration of factors
- such as correlat;on between parameters, statistical justification,
__1 systemat;c bias and sensztzvxty analyszs,
ﬁ .:.‘ . .,
i o The incorporation of time-dependency of parameters into the pra code.
] The first of these, relating to the onrgoing refinement of the model, is part
I

of the overall research programme at the DOE. The second, however, comprises

an added dlmen31on to the analys;s and had led to a new programme of work on

1——1I

env;ronmental change at Dames & Moore, commassaoned by the DOE. This work

hinges on the development of computer models (eg. ?IMEZ) which simulate future

o

long-term environmental change (Frizelle 1986,_Frizelle et alia 1986). It is
discussed more fully in section 74;0; The 'reaults of such modelling of
time-dependent aspects willv be fedllinto a new pra code, called VANDAL,
specifically designed to handle parameter variability in an environment

changing with time. VANDAL will replace the use of the (time-independent)

1.

l SYVAC code in performance assessments sSo as to result in a capability for

time-dependent pra assessment for periods of up'to'one’million years. The

o

first version was completed in 1987 (Scicon, 1987) and is currently being
tested. | '

] " British Geological Survey

Part of the DOE radzoactzve waste programme 1nvolves the commlsszonlng

of background research, some of whrch is performed by the Brltlsh Geological
- Survey (BGS). The BGS research programme is managed by the Fluid Processes
— Research Group and has resulted in three reports speciflcally on long-term
. aspects (see Appendix) including a general ““review of climatic and
- geomorphological changes and thezr effects»on potentlal reposztory locations.

- ° N ’ {
The BGS also complles prlmary data on dxrectly relevant aspects, such as

Quaternary geology and the categorzsatlon of faults. BGS have also carried out
studies on behalf of NIREX.
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4.0 ENVIRONMENTAL CHANGE MODELLING AT DAMES & MOORE

4.1 INTRODUCTION

Having identified the need to incorporate time-dependent effects into
performance assessment, the Department of the Environment commissioned Dames &
Moore to construct a model of ‘environmental change which could link into the
on-going radioactive waste pra programme. After performing background and
feasibility studies a Monte Carlo simulation approach was selected. The first
model developed in this programme of work is called TIME2 and simulates
environmental change at shallow engineered repositories. Version 1.0 of TIME2
was completed in 1986. This version was then demonstrated for a hypothetical

site in Bedfordshire, England (Dames & Moore,. 1S988a).

Since the development of this first version of TIME2, shallow disposal
has been zrxejected in favour of deep disposal. As a result of this proposals
are now in progress to develop a similar model for deep repositories, to be
called TIME4. In this section we describe TIME2, as an example of
probabilistic modelling of environmental change, ocutline the background studies
which accompanied this work and then consider the proposed development of

TIMEA4.

4.2 BACKGROUND STUDIES

4.2.1 1Introduction

This section outlines the background studies carried out in support of
the programme of environmental change modelling for radioactive waste disposal,
at Dames & Moore. Most of this work was done with TIME2 (shallow disposal)
specifically in mind, but nevertheless comprises important background material

to the on-going work, now focussing on deep disposal.

4.2.2 Time-Dependent Effects

A review of time-dependent effects on radiocactive waste disposal was
carried out by Dames & Moore in the early stages of the research programme.

This review (Dames & Moére, 1984) outlined potential time-dependent effects,

- 46 -

B # mmeme o mee e AT e




1

- following phenomena: -

reviewed previous studies and proposed methods for modelling the effects in

Br;ta;n. “The events and processes cons;dered vere:

o Intraplate crustal processes (seismicity and ve;tical crustal
- movements); : -
i piapirism (the'movement’'of salt domes);

Climate Change;’ K

Geomorphological and surface processes;

‘Meteorite impact;

0 000 0 ©

Human-induced effects.

‘Of ' ‘these," dlaplrxsm and meteorite’ 1mpact were conszdered 1n31gn1f1cant for the

.timescales 'to be modelled (c. 25,000 years, up ‘to the next glac;atlon) and the

setting (Britain). " - Furtheér detailed background studies were then focussed on
.

three main areas: climate and geomorphology, seismicity and human-induced

..effects.

4.2.3 Climate and Geomorphology - - *

; The principal element in’time-depéndent modelling (over timescales of
tens of thousands of years) 'is' . adequate representation of climatic change.
Consequently, a major assessment of climatic and geomorphological aspects of
environmental - change was made "(Dames & "Moore, -1987e)-in'con5ultation with
.specialists from the University 'of East’ Anglia (School of Environmental

Sciences and Climatic Research Unit)." This study outlined and described the

-

a) -Climate Sequence: A statistical approach to the modelling of future

~_climatic change was selected, and a fixed”eequence of climates up to
the glacial maximum was determined. A set of probabzl;ty density
.functions :based on the past record of cl;matzc change (over the last
- two. million years) was deflned, from wh;ch duratxons of each climatic

--phase could be selected.-

b) Greenhouse effects, sea-level rise: A probability distribution of

possible sea level «rise resulting f£from atmospheric warming due to
increase CO, and trace gases was determined from various assessments

given in the published 1literature. A temperature rise of 10°c
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d)
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(savannah climate) and a corresponding sea level rise of 0.2m/oC was
proposéd as the maximum likely effect of this phenomena, for the

purposes of modelling (in terms of the pdf).

Ice sheet model: An approach to modelling future.ice sheet growth and
decay and consequent crustal depression and sea level effects was
presented. This was based on a deterministic model developed at the ™
University of East Anglia (Boulton et alia, 1985). The model
describes the advance and retreat of an ice sheet in Britain and its
effects on sea and land elevation. The ice sheet is modelled in terms
of non-linear viscous £low and the crustal response in terms of
visco-elastic behaviour, The model is illustrated in Plate 18, which
shows the growth of an ice sheet with time in eastern Britain and the

consequent effects on sea level (isostatic and eustatic).

Ice-dammed lakes: The consequences of the formation of ice-dammed”

lakes over potential repository sites were discussed in terms of depth
of water, duration of lake and effects on groundwater recharge. A
methodology for modelling these effects was outlined in which pdf’s of
lake duration in front of an advancing ice sheet site were
constructed. The presence of a lake tends to temporarily halt

groundwater flow around the repository.

Water balance: Data and methods were presented for modelling a

surface water balance (for the model domain), varying with time under
different climatic conditions. A methodology involving stochastic
estimates of average annual recharge and infiltration per unit area
for each climatic type was proposed. 1In thig method, modelling is
done by calculating successive monthly balances of water movements
into and out of the drainage basin in which the repository is located.

Periglacial effects: A brief review of the potential effects of

periglacial processes on shallow repositories and groundwater systems

was given. Information was considered insufficient for modelling
these effects at that time. Research on periglacial effects is
continuing.
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EASTERN BRITAIN, FOR A GLACIAL EPISODE LASTING

18,000 YEARS FROM INCEPTION TO DECAY

Dames & Moore
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. g) Denudation: 2Focesses of river erosion, migration of meanders, slope
retreat and basin evolution were described and an approach for.
modelling these effects under different climatic conditions was
outlinea. This involved different denudation factors for slopes,
flood-plains and river . channels under changing climatic and water
éudget condifions. The potential erosion of shallow repositories by
the migration of river meanders was also modelled.

In these studzes emphaszs was placed on modelling "and understanding the
" processes 1nvolved 1n env;ronmental evolution in an attempt to model the
env;ronmenﬁ as realzstxcally as possible. Where ignorance in the understanding
of any process has been encountered, simplifying assumptions have been made
(for example, a pessimistic sea-level and -temperature ‘rise due to the

greenhouse effect was assumed in the face of widely differing expert opinion on

h the 11ke1y severzty of this effect).

This approach is in contrast to most other studies (eg GSM, FFSM,

CASTOR) which tend either to oversimplify. processes by considering them

" independently, or which, although : describing many processes together, do so

only in terms of a climatic scenario’ {invariant with time).

4.2.4 Seismicity

The incorporation of seismic .effects into models of environmental

change in Britain presents a difficult task on at least two accounts:
o The effects of earthquakes on underground media are poorly understood;

o] There .is relat;vely little znformatlon on -seismicity 4in Britain

because of the low level of present-day 'seismic activity.

These difficulties should not preclude attempts to address the task,
particularly din view of the changeable nature of tectonic and seismic behaviour

(section 2.4) cand the 1ong t;me scales to be. considered (105 to 106 years).

' Consequently, work at Dames & Moore has .concentrated on developing a strategy

and capabxl;ty for modell;ng earthquake effects in Britain as components of

envxronmental change. The need for background research is recognised.
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Two reports have been completed to date: ‘

o Background studies: earthquake effects on underground waste
repositories (Dames & Moore, 1986a);
o Earthquake effects on groundwater systems: an introductory review

(Dames & Moore, 1987b).

We outline here the important conclusions of these reports, emphasizing the
further work which is considered necessary before earthquake effects can be

realistically included in probabilistic, time-dependent environmental models.

The first report (Dames & Moore, 1986a) outlined the tectonic and
seismic history of Britain and presented a methodology f£for probabilistic
estimation of fault rupture and ground shaking (seismic hazard assessment).

The principal conclusions were as follows:

o Seismicity in Britain: The historical record reveals that Britsh

earthquakes are of relatively low magnitude and shallow depth;

earthquakes approaching Magnitude 6.0 have occurred offshore;

o Seismotectonics: A clear seismotectonic model for Brtain is not

tenable at present; however, large events are most common in some

discrete zones;

o Glacial effects: Glacial loading has been shown to be a substantial

factor in changing seismicity rates; higher rates of seismicity in
Britain following deglaciation are evident in the past and would be

expected after future glacial episodes;

o Seismic hazard evaluation: Workable methods for probabilistic

evaluation of fauwlt-rupture, ground-shaking and associated effects are
‘available (and were outline in the report); both time-dependent and

time-independent methods were considered;

o Seismic effects on rock and soil properties: These were reviewed

{(fracturing, micro-fracturing, 1licquefaction, etc.), but available

information was found to be lacking; further study was prescribed.

- 50 -




ot

'_“ -]

-
[}

These pr;nczpal conclusxons can be conveniently reduced to two main issues:

A:sezsmzc hazard potentlal (for the repos;tory) ‘and seismic effects on the

: propertaes of the geosphere. Sexsm;c ‘hazard 1n Bratazn is undoubtably low, at

present, and thus 1ong-term evaluatxons are likely to focus on enhanced

seismicity in future glacial periods. This issuelwill, in part, be addressed

?hy'hackground research studies on glacial modelling (Section 4.4.2, below).

The second issue, sexsmac effeots on the propertzes of the geosphere,

His: addressed in the second report (Dames & Moore, 1987b). It is shown that

teven low levels of seasmlcxty can affect the propertles of .the geosphere. That

'is, even where dlrect hazard to a reposltory (as a result of small earthquakes)

“can be neglected, the effects on the groundwater flow and stress distribution

can still be of concern. The report on earthquake effects on groundwater

"systems thus addresses‘ an 1ssue of partlcular importance to performance

» assessment of radzoactxve waste reposztorxes. Th;s report outlines an approach

for modelllng the effects of earthquakes on medra  parameters (the properties of
the geosphere) and then reviews the available data relating seismicity to media
parameters, Cons;derable gaps 1n the state of knowledge were uncovered. Most
critically, the relataonshlp between sezsm;czty and fracture behaviour is
poorly understood. The areas ,requlrlng further work were identified and a

strategy for developing a seismicity>sub-model was outlined.

4.2,5 Human-Induced Effects

Human influences on repositories and their surroundings, in the
context of clxmate and env;ronmental changes, have been assessed by Dames &

Moore in consultatlon wlth spec;allsts from University College, London, and the

University of East Angl;a (Dames & Moore, 1988b). Three aspects of human

influence were addressed:

o Planning and legislative controls over site usage;

o Changes in land use,
o Human 1ntrus;on 1nto a reposxtory..<

e ..

This " study’ 1dent1f1ed the very slgnzflcant role that ~human influence plays in

¢

determining’ reposltory performance. In partxcular, it was concluded that:
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o The nature and effectiveness of the planning and legislative framework
in the post-closure period fundamentally controls many aspects of

human influence on a repository, especially intrusion;

o It 4is virtually impossible to make sensible predictions of change in

the human environment, even over timescales of tens of years,

Consequently, a modelling strategy was developed which involved
estimation of human-induced effects based on the assumption of present-day
technology, policy and priority. Thus, even where different future land-use is

modelled for different climatic conditions, present-day technology and human

behaviour is assumed. This approach allows an achievable assessment of
human-induced effects. It cannot be regarded as prediction, merely a
simulation based on present human activity patterns. The types of human

activity which have been identified as causing possible intrusion of potential

repository sites are as follows:

o Drilling: -Site investigation;
-Groundwater extraction;
-Mineral/groundwater exploration;

~-Hydrocarbon exploration/production.

o Surface Excavation: -Housing construction;
-Light industry construction;
-High rise/heavy industry construction;
-Road or rail construction;
-Trenching for services;
-Archaeological excavation;

-Shaft construction.

o Underground Excavation: -Tunnelling for services.

For each of these activities the amount of repository material removed in each
occurrence of the activity and the probability of occurence of each activity in
Britain were assessed. An example of this data, as calculated for an

hypothetical site at Elstow in Bedfordshire, is shown in Plate 19.
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PLATE 19 HUMAN INTRUSION DATA

(FOR ELSTOW, BEDFORDSHIRE)

UL R W B T S DI S S S A B R W SRR B S B R T T TR T COR R PO R R SC VI O Y
.
.
ATTRIRITE NUMBER 1 2 ] 4 s 6 7 a :
INTRUSION TYPE .
SITEZ INVESTIGATION DRILLING 0 S0 138 45 1 2 2 0.0190
GROUNDWATER EXTRACTION DRILLING 0 1000 4 100 1 2 2 0.0045
MINERAL/G ROUNDWATER EXPLORATION DRILLING 0o 1000 72 90 1 t 2 0.0062
HYDROCARBON EXPLORATION/PRODUCTION
DRILLING 0o S000 a 2000 1 1 2 0.0001?
HOUSING CONSTRUCTION® FOUNDATION
EXCAVATION 31500 ? 63000 90 2 2 1 0.0100
LIGHT INDUSTRY CONSTRICTION:
H POUNDATION EXCAVATION 36000 7 72000 90 2 2 A} 0.,0077
HIGH RISE/HEAVY INDUSTRY CONSTRUCTION:
FOUNDATION EXCAVATION 90000 20 900000 360 2 2 1 0.0009
ROAD/RAIL CONSTRUCTION 18000 7 36000 90 2 2 2 0.0029
TRENCHING POR SERVICES 22500 ? 45000 90 2 2 1 0.005S
ARCHAEOLOG ICAL EXCAVATION 180 [ 180 430 2 1 2 0.0033
SHAPT CONSTRUCTION 650 S0 6500 100 2 1 2 0.0001
TUNNELLING POR SERVICES 0 20 40000 1500 2 2 2 0.0006
ATTRIBUTE DESCRIPTION ' ATTRIBUTE DESCRIPTION
1 Surface area of vaste expnsed during activity, nZ, 6 Tlag determining whether the activity is allnved Lf the
. A repnsitory is located in a bullt land area; 2 specifies "yes®,
2 Depth of termination of activity, m, 1 specifies "no”
3 Volune of repository matertal (waste plus structure). 7 Plag determining whether the activity is allnved {f the
permanently removed, n’ repository 1s not located In a bullt land areay 2 specifies "yes®
1 specifies "no".
4 Duration of activity, hours,
' 8 Occurrence rate {per year for a site area of 0.45 knz)
S Plag determining whether control over site use is
nc, re~instituted after the activity has occurred;
2 2 specifies re-institution, 1 prevents it.
L")
fo Mote that attributes 1 and 2 are for & site area of 0.45 km?
=
(o]
9
o
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Thése activities weie then categorised in terms of their occurrence
under different land use conditions. At a specified site and point in time,
land use is determined to be either ’built-up land’ or ’‘not built-up land’
depending on climatic conditions and geographical location. The human

activities listed above were then judged to occur:

° Only under ‘built-up’ conditions (eg. housing construction);
o Only under ’‘not built-up’ conditions (eg. hydrocarbon exploration):
o) Under both land use condition (eg. road/rail construction).

This framework then allows probabilistic, time-dependent modelling of
human-induced effects on a repository, and as such has been incorporated as a
submodel in TIME 2.

4.3 TIME2

4.3.1 Introduction

This section describes the environmental simulation model TIME2
developed at Dames & Moore. The model is first described and then its use at a
hypothetical . site is discussed. More detailed accounts of the model are given

in Dames & Moore (1986b, 1988a).

4.3.2 Description of TIME2

TIME2 3is a Monte Carlo simulation code for modelling environmental
change at shallow radioactive waste disposal sites. The core of the model is a
series of 8ix sub-models which simulate natural and human events and processes
in a defined secquence (Plate 20). These submodels are operafed within a
climatic sequence which is deterministically set (on the basis of our
understanding of the past climatic record and the cyclic nature of climatic
change), but which consists of probabilistically selected durations (in order

to account for wvariability in the past record). The climatic sequence is as
follows:
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Temperate;
Savannah'(optional);
Temperate;

Boreal;

Tundra;

Glacial {(ie. ice sheet over the site).

The ’Savannah’ climatic type is not based on the past record and is inserted to
account (pessimistically) for the likely rise in temperature in the near-future
due to the increaszse in atmospheric co, and trace gases (the ’‘greenhouse’

effect).

Modelling 4is carried out over a series of time steps. One complete
sequence of time steps (covering the complete climatic sequence) comprises one
simulation. One simulation provides a complete set of deterministic data; the
operation of a large number of simulations (each randomly sampling the input
data) provides a probabilistic output of data. Typically, between 1000 and
3000 simulations are run 4in order to produce an adequate evaluation of

parameter variability through time.

The six submodels (Plate 20) which simulate time-dependent processes

function as follows:

o CLIMATE: Determines precipitation and temperature data for each time

step, by sampling £from input pdf’s according to the climate state in

existence,

o GLACIAL: Calculates the effects of an advancing ice sheet on the
study area: tilting of the land surface, tilting of riverbeds, changes
in elevation of each specified geographical point, and estimation of
the time at which the ice sheet’s advance will cause the formation of

a glacial lake.

(] SEA LEVEL: Calculates the net change in sea level for each time step
due to global warming (the greenhouse effect) or global cooling
(eustatic sea level fall resulting f£from the retention of water in

growing world ice sheets).
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. o GROUNDWATER : Performs two functions: it provides data on estimated

land use for each climate type and performs a water balance for the
site area for each time step. The water balance element calculates
runoff, 4infiltration and recharge at each geographic point, based on
the sampled temperature and precipitation and data on land use, etc.
A separate calculation estimates dnfiltration and recharge under a

glacial (ice-dammed) lake, due to the head of water in the lake.

o DENUDATION: Based on a calculation of the sediment flux in the river
system in the study area, this sub-model calculates denudation
(surface lowering) at each geographic point, thus updating the
elevation of each point.- Also, the migration of meanders on river
channels close to the repository 4is simulated, including the
intersection of meanders with the repository and the consequent
removal of repository materials. Lastly,  if a glacial lake is
simulated to exist at the time step, the elevation of the lake surface

is calculated.

o HUMAN INTRUSION: This £inal sub-model simulates the occurrence and

effects -of human intrusion into the repository. The timing and type
of intrusive activities depends on the status of dinstitutional
controls and the surrounding land use. A total of twelve types of

intrusion are simulated, comprising drilling, surface and underground

excavation.

The output of the model is a séries of data arrays which comprise the
‘system state parameters’. The parameters describe the system state at each
time step and thus comprise a space-time description of the repository
environment. Up to 600 items of data are generated at each time step and these
may be written .into an external file or erased and updated at each tiﬁe step.
A, graphics plotting routine is used -to present this data as a series of
pictures of time-dependent parameter space in' the reposiﬁory environment.

Examples of this output will be given in the following section (4.3.3).

Several assumptions underlie -the construction of this model. The
overall premise in these studies is the importance of modelling time-dependent

processes and the conviction that this is best done probabilistically with a

Monte Carlo type simulation. The basic assumptions employed in the TIME2 model

are:
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o Climatic <change is the primary driving force in environméntal.

evolution; other processes tend to follow climatic change;

o) Models of future climate (and glaciation) are based on our
understanding of the past record of climate; past climatic trends are

assumed to continue into the future;

° Surface and near-surface processes are of primary concern for the

environment of a shallow repository:;

o Modelling beyond:the first future glaciation is unnecessary; ice.cover

is assumed to remove a near-surface repository.
The above description demonstrates how TIME2 simulates the environment

in an attempt to produce a realistic description of a changeable environment.

This is in contrast to the ’scenario’ pictures produced by other models.

4.3.3 Demonstration of TIME2 - Elstow, Bedfordshire

Version 1.0 of TIME2 has been demonstrated for a hypothetical disposal
facility at Elstow, Bedfordshire (Dames & Moore 1988a). - The TIME2 code was
used to investigate the evolution of the Elstow site and its environment over
éhe period up to the next glacial maximum (30,000 to 50,000 years after
present). This was done using available geological, geomorphological and
élimatic data. The demonstration was successful and it was shown that
loné-term changes in the environment could substantially affect a disposal
facility. Preliminary risk evaluations were performed, for different
ehvironmental states, using a Dames & Moore groundwater flow model (TARGET) ‘and
the time-independent DOE/SYVAC risk analysis code. Biosphere modelling (using
ﬁée ECOS code) was also .done by Associated Nuclear Services (under subcontract
to .Dames & Moore). We illustrate, here, some principal features of the TIME2
demonstration at Elstow. TIME2 has also been used to-evaluate environmental
change at the shallow disposal site for low level waste, operated by British
Nuclear Fuels plc, at Drigg in Cumbria.-

In order to assess the contribution of different environmental

phenomena, five different ‘cases’ of TIME2 environmental simulation weie
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performed at Elstow as follows:

o BASE CASE: with the savannah climate included and an ice-dammed lake

allowed, but no meandering or human intrusion (Case 01):

o INFLUENCE OF MEANDERING: As for the base case, but excluding the

savannah climate from the climate state sequence (Case 02);

o INFLUENCE OF GREENHOUSE EFFECT: As for the base case, but excluding

the savannah climate from the climate state sequence (Case 03);

o HUMAN INTRUSION: Two cases were run with the human intrusion
sub-mobel of TIME2 switched on, one as for the base case (Case 01) and
one as for the meandering case (Case 02); these were Case 04 and Case

05 respectively.

The primary ‘driver’ of TIME2Z environmental change is the climatic
sequence (Plate 21). This was the same for each case, except case 03 where the
fsavannah’ phase was omitted. With the exception of the Savannah phase, the
onset of each climatic phase is sampled probabilistically in order to account
for wvariability in possible future evolution. Thus, the earliest that
glaciation is simulated to occur at the site is 15,000 years after present.
However, at this time only 0.1% of the runs simulate an ice sheet at the site;
by 20,000 years, 5.3% of the runs simulate glaciation. Thus the curves in
Plate 21 depict the probable range of times of onset of a climatic type, the
centre of the range being the most probable. The only exception to this is the
Savannah phase which is modelled without variability. This is because there is

no historical analogue from which its variability can be determined.

Examples of fsystem state’ parameter output diagrams for Elstow are
shown in Plates 22 and 23. These show the wvariation in the cumulative
distributions (cdf’s), with time, of mean annual temperature (Plate 22A), sea
level (Plate 22B) and denudation (Plate 23A), each under base case conditions.
Plate 23B shows the pdf and cdf of material removed by human intrusion at 5000
years after present. It will be seen that the ’‘stepped’ nature of most of the
curves relates to the input climatic.changes. This is most pronounced for the
Savannah climate where no temporal variability was modelled. Variability in
each parameter is shown by the 'quartiles’ and deciles’ of the cdf’s. 3000
simulations were performed, for each case, 3in order to generate these

distributions.
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Denudation at the site (Plate 23A) is represented in terms of efosion_
of the repository cover, initially at 5 metres thickness. The simulation
indicates that the repository is likely to be preserved from general denudation
up to the glaciation (which is assumed to completely remove the repository).
Two specific forms of disruption to the repository were modelled in addition to
general denudation processes. River meander erosion (case 02) by migration of
a major nearby river was modelled and found to present some hazard in removing
small fractions of the repository at various times in the future. Much greater

damage was found to occur with processes associated with human intrusion (cases

?04 and 05), as :illustrated in Plate 23B. Large fractions. of the.repository

were removed, in the simulation, well before the:onset of.glaciation. - Human
intrusion was consequently highlighted as an issde-needing special attention.
The large influence of human intrusion arises from the close proximity of the
proposed site to the town of Bedford (6km) and the consequent high potential
for development at the site. Periglacial effects were not specifically
modelled in this simulation at Elstow, but were considered to have a
significant effect on disruption of the repository during the tundra phase (on

the basis of information available in the literature).

Evaluations of the influence of these environmental changes on
radiological risk were also made. This was done using the time—independént DOE
SYVAC A/C code applied to different climatic states. At the time of this
demonstration at Elstow, linkage of TIME2 with a time-dependent pra code had
not been achieved, such that this evaluation was very much a ’‘first-look’. It
was, nevertheless, demonstrated that environmental change significantly

influences radiological risk, by:

o Bringing transport pathways into and out of operation;

o Raising and lowering overall risk levels;

o Altering the timing of risks arising from changing .groundwater
pathways.

The main conclusion of the study was that human intrusion at the site would be
the major contributor to the loss of physical containment up to the time of
arrival of an advancing ice sheet. After intrusion, periglacial activity was

considered as the most likely to influence the repository.
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4.3.4 MAssessment of TIME2

Al
-y

The development of TIME2 and the demonstration of its use at Elstow
have confirmed and supported the view that a time-dependent approach to
probebilistic risk asessment of radioactive waste disposal sites is the optimum
vepproach. The TIME2 project has also shown that this approach is both

practical and achievable.

The next stage in the work involves the assembly of a time-dependent
risk analysis code to 1link in to the TIMEZ-type environmental model (only
tlme-lndependent risk assessment codes had been developed at the time of the
Elstow demonstration). The f;rst version of such a code (VANDAL, V1.1l) has
since Seen developed under the DOE p;ogramme. Future versions of environmental
models, like TIME2, will therefore be designed to operate in conjunction with
VANDAL in order to provide the ‘capability for fully time-dependent risk

assessments.

4.4 CURRENT STUDIES

4.4.1 Introduction

This section outlines work currently in progress at Dames & Moore.

Background studies are in progess and are being jointly funded by the CEC and

DOE. Much of this is preparatory work for the planned development of TIME4, an
environmental change model for deep dzsposal s;tes. This proposed work is also

brlefly discussed.

4.4.2 Backgrouna research

As part of the ongoing work on environmental change modelling at Dames
& Moore, background research is being conducted. These research efforts are

summarised below.

Glacial Modelling

T

Reeedfch in assoczatlon ' wzth the Grant Instltute of Geology,

Un;versxty ‘of Bdlnburgh, under the leadersth of Professor G. S Boulton, is

' currently in progress. :h;sA work 13 funded jolntly by the DOE and CEC.
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Initial results are expected towards the end of 1988. Professor Boulton's’
previous work on glacial modelling was extensively used in the development of
7IME2 and further developments in.fundamental research are now being sponsored

with a view to modelling environmental. change over longer periods (c. one

“million years) and under conditions of repeated glaciation. This work focusses

‘on two main aspects:

o Ice sheet erosion and deposition;

o Groundwater flow,
~'I‘he first of these concerns the development of models of ice sheet erosion and
deposition, and the consequent modifications of topography around-a disposal
site together with the dispersion patterns of grodéd materials. This work is
"intended to support modelling studies of radionuclide migration during

successive glaciations over a radioactive waste disposal site.

The second aspect concerns research into the effects of the combined
processes of permafrost development/degradation and ice sheet advance/retreat
on groundwater flow systems. This involves fundamental theoretical research
into groundwater flow under conditions of ground ice development. Groundwater
behaves very differently under ‘glacial’ conditions and as such needs to be
understood before time-dependent modelling can progress to include multiple
glacial cycles. A schematic illustration of the system being modelled in this
‘research is shown in Plate 24. The research involves the application of the
continuum theory of mixtures (Morland 1978, Kelly ei alia, 1986) to
‘rock-water-ice media beneath a progressing ice front. Mathematical models of
water and ice flow are first being constructed for one dimensional (vertical)
profiles in the geosphere. These will then be extended to construct
two-dimensional profiles to model flow under glacial and periglacial
conditions. The implications of freeze-thaw processes for the expansion and

contraction of rock will also be considered.

Geosphere Behavioux

Although the glacial aspects of future change are of pri&ary
importance in long-term modelling, the whole spectrum of time-dependent
behaviour of the'geosphere needs to be addiessed. Much of this links in to the
work on glacial modelling  in that ice loading of the crust and glacial

hydrogeology cause changes in geosphere parameters such as permeability,
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fracturing and seismicity. Dames & Moore is doing some preparatory work on

«these aspects including consideration of 1long-term seismicity and fracture
behaviour. Areas of ignorance have been identified and workabie methodologies
are being developed with S view to the inclusion of tectonic modelling in the

long-term environmental change models. Specialist advise will be sought.

4.4.5 TIME4

A new computer model of environmental change-at deep disposal sites is

proposed. This new code,. TIME4, will be a development of TIME2 on at least
four fronts:

o Deep disposal, as opposed to shallow disposal, will be addressed;

o A longer timescale will be considered (c. 1 million;years) which will

involve the modelling of several successive glacial cycles;

o Existing TIME2 sub-models will be refined and developed, and new
- sub-models will be devised;

o TIME4 will be specifically designed to interféce‘with a new pra code,

VANDAL, which will account.for time-dependent changes.

The first three of these essentially represent developménts in environmental
modelling.~ . These  developments will ~result from ongoing research and
cdevelopment at Dames & Moore on environmental modelling for radioactive waste
disposal. The last of these points, however, represents a new step in pra
assessment - the creation of a unified, fully time-dependent pra model; TIME4
will be' lihkea .to VANDAL in -terms of compatible output and input~of ﬁhe two
computer codes. TIME4 will .act as. a‘ "futures 'generator™ for successive

time-dependent parameter inputs into VANDAL. Both models, and the linking

. process, are currently being developed.  VANDAL'is being developed for the

Deparfmentqoi the Envirphment by a team of independent contractors.
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INTO PERFORMANCE ASSESSMENT -
5.0 INCORPORATION OF ENVIRONMENTAL CHANGE EVALUATION
§.1 INTRODUCTION

Previous sections of this report have discussed the nature of
environmental change and the status of research into its effects on radioactive
waste disposal. This section attempts to place this within the conéext of
performance éasessment of disposal facilities. Performance assessment criteria
are defined and the Scenarios and Time Dependent Performance Assessment
(deterministic or probabilistic) approaches:reviewed. Plate 25 summarises the
approaches adopted by various research teams in Europe and North America,

against the factors and processes considered.

5.2 PERFORMANCE ASSESSMENT CRITERIA

A wvariety of criteria exist against which performance assessments of
radiocactive waste disposal are carried out. These criteria are determined by

the relevant regulatory bodies in each country and include:

o Health effects: ' - Radiation dose,

- Radiological risk;

o Containment: - Travel time of radionuclides in groundwater,

- Time of "guaranteed" engineered containment.

In Europe and Canada health effects have normally been used, wheréas the USA
has favoured containment criteria. In recent years, there has been a tendenéy
towards adoption of a radiological risk criterion. 1In Britain, a risk targét
of 10~6 per annum has been adopted (HMSO, 1984).

The use of risk, as opposed to dose, as.a performance assessment
criterion allows the formal incorporation of uncertainties. These can include

spatial, data and modelling uncertainties, as well as temporal uncertainties.
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5.3 THE SCENARIOS APPROACH

§.3.1 Introduction

We have, in this report, followed a conviction that the environment
behaves as a unified system. Despite the numerous processes involved and the

intricacies of the ways processes relate to one another, natural phenomena are

'inherently interrelated.

We therefore consider that the frequent adoption of ’scenarios’ in
evaluating the influence of environmental processes on radioactive waste
disposal conflicts yitn the very nature of the environment. The concept of
scenario analysis arose initia}ly _in .the study of operation systems and
engineered structures where the performance assessment problem was considered
in terms of ‘system failure’ of various individual components (Burkholder,
1980). When this form of anelye{s is applied to the environment one is
confronted' with the fact that the environment does not consist of separate
(repiaceable) components. ’Component failure’ is inappropriate in this

context; ’'system behaviour’ being a more relevant term.
In this section we outline recent developments in scenario methodology

and go on to extend the case against the use of scenarios in environmental

modelling.

5.3.2 Current Scenario Methodologies

Scenario strategies are currently being developed in the United States
(SANDIA) and the EEC (PAGIS/PACOMA) . Thevﬁuclear Energy Agency (NER) of the
OECD is also in tne process of formd;ating a cohesive, common methodology for
scenario development (NEA Working Group on The Identification and Selection of
Scenarios' for Performance hssessment of Nuclear Waste Dlsposal) The CEC
PAGIS/PACOMA methodology has already been' outlzned (section .3.4.2) and we
concentrate our attent;on in thzs section on the methodology currently being
developed and proposed at SANDIA and . by .the NEA. The NEA working group
(INTERA, 1988) has chosen to adopt the approach developed at SANDIA as a basis
for development. Thus we outline the SANDIA study and then go on to consider

the NEA”proposels for scenario developmentf_
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The SANDIA  approach involves a scenario selection methodology‘

1
| |

developed by Cranwell et alia (1982), which has been applied to the Yucca
Mountain, welded tuff, potential repository site in Nevada (Guzowski, 1987).

This scenario selection methodology forms one half of a two-pronged strategy

also involving the development of computer simulation codes of radionuclide

=

flow and transport. The scenarios will be used to test the flow and transport

codes under a variety of possible future conditions.

~

The scenaric selection methodology involves six steps, as follows:

1

0 o L L
.

Identification of Events’and Processes: a comprehensive set of events

and processes is compiled by a panel of experts.

2. Classification of Events and Processes: the comprehensive set of

events and processes is organised into various categories (such as
natural/human-induced/repository~-induced or release/transport

phenomena.

3. Initial Screening of Events and Processes: events and processes are

selectively eliminated from consideration on the basis of the

- “
) N B

following criteria:

114

Physical reasonableness;

e
o ©0

Probability of significant radionuclide release;

rJ

o Potential consequence to man,
:] 4, Scenario Development: the remaining events and processes are arranged
} to give all possible combinations of transport and release phenomena
'_j] and these constitute the scenarios (Plate 26).
L-— » K . L4 M 2 L]
5. Initial Screening of Scenarios: these scenarios are then evaluated,
- firstly - with regard to physicalﬂreasohablenesswand~secondly.in terms
- of calculations (for each scenario) to determine the discharge of
o radionuclides. This results in a substantial reduction of the number
. of scenarios to be considered.
F - P
6. Final Screening of Scenarios: the probability of occurrence and the
L
consequence are used as the criteria in a final screening process,
-t
before risks resulting-from the remaining:scenarios are calculated.
- '
. ~ 64 -
TE o
y v




Lol

* S .

4-r~

“r

h ST

! S SN B ‘:——J

1

Rl R2 TI T2 T3
11 ] L 3 T .
NO RELEASE
T3
T2
T2, T3
T
_—_: TI,T3
, TI, T2
— T, T2,T3
R2
—
e
R2, T2, T3
NO f————— R2,TI
e Rr2,TI,T3
_: R2,T1,T2
R2,T1,T2,T3
— *
1 RI, T3
—]
YES RI, T2,T3
—{____ oo
RI,TI,T3
_: RI,TI, T2
RI,TI, T2,T3
RI, R2
— RI, R2, T3
_[—_—: R1, R2,T2
R1,R2, T2, T3
e R
RI, R2,TI, T3
RI, R2, TI, T2

—

R=RELEASE PHENOMENA
T=TRANSPORT PHENOMENA

RI, R2, TI, T2, T3

{(CRANWELL ET ALIA, 1982)

PLATE 26

EXAMPLE OF A LOGIC DIAGRAM
FOR THE CONSTRUCTION OF
SCENARIOS DEVELOPED AT SANDIA

Dames & Moore
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In their application of this methodology to the &ucca Mountain Site, SANDIA
jdentified 30 events and processes for consideration. However, their initial
screening of these (step 3) 1led to the retention of only 5 for further
consideration (Plate 27). These 5 events/processes resulted in 11 release and
transport phenomena which could be combined to form over 2,000 possible
scenarios. These scenarios were then screened and reduced to 128 (by initial
screening, step 5) and then to 39 (by final_screeniqg, step 6). A final stage
of ‘consolidation’ (involving the removal of scenarios which duplicate others
in terms of consequences) results in a final set of only 7 scenarios. Of this
final set of scenarios the dominant process was found to be the possibility of
additional recharge under pluvial (high rainfall) conditions; that is, climatic

change effects were found to dominate.

Thus the SANDIA methodology involves a highly efficient reduction and
elimination of possible scenarios, in a defined, logical framework, in order to
identify important ones. It cannot be denied that this process is a drastic
one, the emphasis being on elimination (Plate 27). In justification of this
approach, the 1lack of £field data for the site was emphasised. For example,
neither the mean nor range of precipitation at Yucca mountain are known. In
view of this sparéity of data, environmental change modelling would have been
difficult and consequently the scenario methodology was developed as the most

suitable means of testing the radionuclide flow and transport models.

The NEA working group on scenarios have chosen to adopt the SANDIA
procedure as a basis for development. In their preliminary report (INTERA,
1988) they extend the arguments for scenario development and compare these with

other methods of radioactive waste disposal performance assessment. They argue

" that ’simulation’ techniques should not be seen as an alternative to scenario

development, but rather in terms of complementing scenario methodologies. A

three-stage logical sequence in performance assessment is advocated:

o Scenario development;
o Model development;
o Consequence analysis.

Modelling in this context 3is seen as the means of addressing the phenomena

identified in scenario analysis and tackling the task of consequence analysis.
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NATUKAL PUENUNMENA AND PROCESSES

Meteorites

IRITIAL SCREENINC OF EVENTS AND PROCESSES

Physically
unreasonable

tov , . tack of
probability Consequence

RETAINED
AS SCENARIO

Surficial Phenomena and Processes

Erosion/Sedinentation

Clactation

Pluvial Periods

Sea level Variations

Hurricanes

Seiches

Tsunasis

Regional Subsidence or Uplift

® [ [x[x

(also applies to subsurface)
Landslides

Subsurface Phenomena and Processes

Earthguakes

Volcanic Activity

Magmatic Activity

Dissolution Cavities

Interconnected Fracture Svstems

Faults -

HUMAN INDUCED PHENOMENA AND FEATURES

Inadvertent Intrusions

Explosions

. Drillineg

Mining

—-— g ey

VWaste Disposal (lnjection Wells)

Vithdgaval Wells

Undetected Features °

~>Boreholes

Mines

Hivdrologic Stresses

Irrigation

egeca cabet .00 g oo

Dams

WASTE AND REPOSITORY INDUCED PHENOMENA AND PROCESSES

Subs{dence and caving

LAga Q¢ ‘wroewarom

Shatt and Borehole Seal Degradation

Theraally=-induced Stress/Fracturing
in Host Rock

Excavation-Induced Stress/Fracturing

in Host Rock L

PLATE 27

SCREENI_NG .OF EVENTS AND PROCESSES
IN THE - SANDIA (YUCCA MOUNTAIN)
SCENARIO SELECTION METHODOLOGY

Dames & Moore
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This prelininary NEA document is intended to be a basis for discussion
and no firm conclusions have been reached. The emphasis has been placed on the
development of a broad syétematic framework capablé of encompassing alternative

methodologies and models.

5.3.3 The Case Against Scenarios

The case for the use of scenarios in environmental performance

assessment has been made on at least two fronts:

o Future (disruptive) evolution scenarios, - despite being unrealistic,
are useful in identifying potential natural hazards and evaluating the

severity of their consequences;

o Our knowledge of the environment is poor such that the use of

simplified scenarios is the only justifiable approach.

These points were made in both the SANDIA and NEA documents discussed .above.

With regard to the first case, one cannot deny that in the éarly:stages of work

‘on performance assessment the consideration of scenarios did greatly help in

the identification of Aimportant processes and factors and the elimination of
unimportant ones.. For example, the probability of meteorite impact has been
judged as negligible in many studies, whereas the effects of human intruﬁion
have: been shown to be of high importance. Thus the first case for the use of
scenarios has been justified, but only in the preliminary stage of ’homing-in’

on important issues.

The second case (that our knowledge ofAthe.system is insufficient for

anything more refined than scenarios) is misleading and unjustified on several

accounts:

o Scenario methodology is not the only ..means of rsimplifying the

complicated natural system;

o Though limited, our knowledge of the environment is substantial and

comprises a rapidly expanding field of science;
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. o Scenario methodology does not merely simplify our appreciation of the
environment, but actually constrains it to behave in terms of

independent processes (in complete contrast to the true behaviour of

the environment):;

o Although extreme-case scenarios can produce conservative performance
assessments, 3in many cases failure to account for time-dependent
evolution of the system actually leads to significant under-estimation

of the consequences of containment failure (see Plate 13);

o A false sense of confidence in performance assessment can be arrived
at when various scenarios are eliminated as being insignificant (on a

one-by-one basis) and yet their combined, cumulative effect (which may
be significant) is ignored.

Thus the argument that scenarios compriSe a suitable means of describing and
simplifying the environmental 'sysﬁem, acknowledged to the complicated, is
inappropriate. Whatever simﬁiification; need to be made, performance
assessment must still recognise the nature of the environmental system as a
whole. We propose that this 4is best done by attempting to simulate the

environment (to the best of our ability) accounting for variability, future
change and possible disruptive events.

Our rejection of the scenario methodology is qualified by the
following reservations:

o This argument only applies to the environment; scenario methodology

may still  Dbe appropriate for engineered - structures ' (including
repository barriers):

0. Scenarios may be usefuily employed in preliminary studies which seek
to home-in on critical factors in the environment (although caution
must be maintained in attempts to discount scenarios on a one-by-one
basis);

o

_Some sporadic, disruétive' events may still 1lend themselves to
consideration in terms of scenarios which influence the evolving

environmental system (ie some f‘scenarios’ may usefully supplement

environmental simulation).
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5.4 TIME~-DEPENDENT PERFORMANCE ASSESSMENT

5.4.1 Introduction

There are, essentially, two key aspects which must be considered when

environmental simulation is attempted:’

o The environment is a system in which processes cannot be considered in
isolation;
o The environment changes, as do the processes involved (ie they are

time~depandent).

In our consideration of the ’scenarios approach’ we focussed mostly on the
first of these issues.  Scenarios tend to (artifically) compartmentalise the
environment and for that reason environmental simulation is preferred. This
issue is thus straightforward: environmental simulation aims to ﬁodel the

environmental system as a whole.

The second issue, which we consider in thi? section, is less
cleaxr~cut. Environmental change (or time~dependence) should be an integral
part of ‘environmental simulation’; however, its incorporation into ’scenario
assessment’ may or may not occur and can lead to further misunderstandings of
the environment. Even when scenario methodologies do attempt to incorporate

time~-dependency, short-comings are inevitable, since:

o Time-dependent aspects of different scenarios do not necessarily
relate to one another; for example, climatic change effects on
infiltration rate (one possible scenario) would be considered
separately from climatic change effects on erosion rate (another

possible scenario);

o Different scenarios often relate to different points in time, for
example, a ‘glacial erosion scenario’ and a ‘fluvial erosion scenario!’

refer to different post-closure times.
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Thus, scenario assessment methodologies not only compartmentalise environmental
processes, but also compartmentalise time-dependent aspects. Environmental

simulation is thus the preferred means of tackling time-dependent performance

assessment on both accounts.

5.4.2 The Use of Environmental Simulation in Performance Assessment

The description of TIME2 in Section 4.3 serves as an example of the
construction of a Monte Carlo, time-dependent, environmental simulation model.

We discuss here the merits of this form of environmental simulation for

time-dependent performance assessment.

An environmental simulation model should be seen as producing a series
of '"environmental system states™ which change with time. The environmental
system state can be defined as the total characterization of the environment
(natural, bhuman and engineered systems) at any single moment in time. This
characterisation will be in terms of .a family of parameters chosen to represent
the environment. This family of parameters will be limited by the assumptions
and limitations of the model: the size and density of the parameter space will
be a measure of how 'realistic’ the simulation is. Environmental simulation
can be deterministic (as in the CASTOR model) or probabilistic (as in TIME2,
where many deterministic runs are used to produce a probabilistic outbut).
When used in time¥dependent performance assessment, the series of environmenpal
system states produced for a site over a specified length of time are used as
input parameters for grouhdwater flow, radionuclide transport and dose

calculation models (designed to handle time-dependency).

The environmental system states produced in an environmental
simulation should not be cénfused with the term /scenario’. The definiﬁion of
a scenario is varied bu# usually refers to a "possible future set of
conditions™. Thus a ?cen§rio is different from the system states produced in
an’environmental siﬁulatibn 65 two fronts: ‘ A

A scenario comprises a limited portion of the environmental parameter

space (often inyq;ving only one or two parameters, eg-preéipitation
changes) ;
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o A scenario may encompass a significant span of time or even the
complete timescale of a performance assessment (eg if an alternative

tectonic state comprises a scenario).

Furthermore, it has been suggested that environmental simulation itself should
be viewed as one type of scenario; albeit a very comprehensive one (INTERA,
1988) . Such a suggestion is confusing because it further obscures the

definition of a scenario (already variably defined) and misrepresents the

""nature of environmental simulation.

The difference in nature between environmental simulation and scenario
analysis is most evident when risk or dose calculations are attempted. With
the scenarios approach the results can be used for performance assessment in

cne of two ways:

o Assume that the scenario with the highest risk (or dose) represents

the worst case and use this for assessment;

o Combine the results of various scenarios to give an estimation of

overall risk (or dose).

The first of these has some merit, as long as the scenario selected is
‘§enuinely the worst case and that the results are acceptable in relation to the
relevant regulatory criteria. The second approﬁch may be achieved either by
arithmetically combining the results of each scenario (difficult to justify
statistically) or by incorporating estimates of the probability of occurance of
each scenario into the risk calculations. .The second of these options
(estimation of probabilities) presents considerable difficulties and is
necessarily subjective. For example, the NEA working group, INTERA 1988,
nggested the use of ’degrees of belief’ where firm conclusions cannot-be

drawn. Even if estimates of:probability are made the approach is difficult to

"Justify, since:

o Environmental conditions at any one time depend on the nature of

environmental change which has occurred prior to that time;

-0 -
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o The probability of a scenario may change with time (eg. under

different climatic conditions):

o Fundamentally, the environment simply does not comprise individual

components (scenarios) to which one can assign probabilities.

In contrast, these difficulties and shortcomings do not arise with

‘time-dependent modelling of environmental change (environmental simulation)

since the time-dependent performance assessments are derived from environmental
parameters which vary with time and which allow for parameter variability and

uncertainty.

In practice, the implementation of environmental simulation involves a
iraderoff of economy (time and budgets) against the achievement of
comprehensive, ‘realistic’ simulations. 1Ideally, the parameter space which is
included in the model should be determined after testing various environmental
processes and events for their overall influence. That is, the limitations
imposed should be arrived at as part of the model development. This is in
contrast to the scenarios approach where scenarios are eliminated at an early

stage without first determining their influence on the system (Plate 28).

5.4.3 The Complementary Use of Scenarios and Environmental Simulation

It must be emphasised that our rejection of scenario methodology
applies only to environmental change modelling. In itself, scenario
methodology has been and will continue to be of great use in safety analysis.
However, we consider that the derivation of «risk (or dose) calculations
directly from an environment described in terms of ’scenarios’ 1leads to
inaccurate results and is unjustifiable (except perhaps in rare cases where
environmental data is severely 1lacking). Instead, scenario methodologies
should be seen as complementary to environmental chanée modelling. The three
stages of performance assessment advocated by the NEA workshop (INTERA, 1988)

provide a good framework for appreciating the appropriate role of scenarios:

1. Scenario development;

2. Environmental modelling;

3. Consequence analysié.
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our conviction 4is that scenario analysis provides a useful foundation for
determining relevant and important processes and events during the preliminary
stages of performance assessment. This .stage ;should be .followed by
environmental change modelling, being the best basis for consequence analysis.
The environment must be modelled in a manner which accounts for both the
unified nature and the time-dependent nature of the environment. Consequence
analysis should only be based on such ‘realistic’ models and not simply on

scenarios.
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6.0 CONCLUSIONS

This final section of the report presents some conclusions from our

fevieﬁ;" These are grouped under headings for.each of the major sections of the

report.

THE NATURE OF ENVIRONMENTAL CHANGE . . . :

o The processes and events involved in environmental change act together

as a unified system and it is important to model the linkages between

X=02muoup

processes and events wherever possible. -However, our understanding of
the environmental system as a whole is limited. The deep disposal
énbirdnmental system can therefore  be considered to be a simplified
sub-set of the total environmental system for the practical purposes

of performance assessment.

o  Two primary drivers afect the deep disposal environmental system:
climatic change and tectonic change. For the next one million years
climatic change in Northern Europe is -expected to be dominated by
glacial-interglacial cycles. Ice - sheet . effects are also likely to
dominate tectonic cﬁanges _(due to changes induced by isostatic

depressibn and rebound of the earth’s crust).

o Significant processes in the deep disposal environment include the
interplay of climate, land elevation, sea .level and glaciation with

groﬁndwatét flow (and consequent transport of radionuclides from a

repository) .

o Changes - in tectonic and glacial stresses are likely to cause an
increase in the overall level of seismicity: the size and frequency of
earthquakes. The p%edominant effect of seismicity is expected to be
changésm>in'gfoundwater flow_paramgters,of geological media as a result

of'ihduced'frécturing.j_Faulting may also occur.
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CURRENT: RESEARCH STATUS ..
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A variety of approaches have been taken to the prediction of
environmental changes with respect to - radioactive waste disposal. The
funadamental distinction is between deterministic aﬁd probabilistic
approaches. The latter approach recognises and attempts to

incorporate our uncertain knowledge of the environmental system.

Non-EEC countries actively involved in performance assessment of
disposal include the USA, Canada, Sweden, Finland, Switzerland.and

Japan. We have not considered Eastern Block countries.in this review.

Formal simulation 'of environmental change for performance assessment
was pioneered in the USA, with the development of the GSM and FFSM
computer models, These models were the first to attempt
probabilistic, Monte Carlo, simulation of the environment for the
purposes of performance assessment. However, they did not address the
issue of time-dependent evolution of the environment, but instead

considered the evaluation of "breach scenarios”.

In Canada, the performance assessment approach centres around the
SYVAC computer code. The incorporation of environmental change
through time-dependent path switching was investigated but not
pursued. More recently, some modelling bf glacial effects -~

especially on the biosphere - has been initiated.

Sweden bhas completed performance assessments for deep disposal of HLW
which included a thorough review of environmental change aspects.
Modelling was not attempted. More recent work has focussed on

post-glacial tectonics and faulting.

A major performance assessment study has been recently completed in

.Switzerland: Project Gewahr. Qualitative and semi-quantitative

evaluations of various possible:future scenarios were made, covering-a
wide variety of environmental change events and processes. Presently

ongoing studies are aimed at more detailed evaluation of some of these

aspects.
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In Finland, research relevant to environmentai change has centred on
the long term behaviour of érbundwatei‘systeﬁs and postglacial fault
movement. Both areas have been 'approached‘ by studying recent

geological history in some detail, as a pointer to future events.

Japan has not, to -our knowledge undertaken any studies of

environmental change with respect to disposal.

EEC countries have collaborated under the leadership of the CEC in
carrying out the PAGIS and PACOMA projects, aimed at defining a
unified European approach to performance assessment, as well as

pursuing their own independent research.:

PAGIS and PACOMA utilise the "scenarios™ approach to incorporation of
environmental changes "into performance assessment. Sets of "normal",
"altered" and "disrupted" - evolution scenarios have been constructed,

covering a range of environmental events and processes.

Long term safety studies have been made for the research site at Mol
in Belgium, using the fault/event tree analysis apbrbach more commonly
associatgd with reactor safety studies. Subsequent research has
investigated human dinfluences and environmental change effects on
groundwater flow, by means of applying various "scenarios"™ to a
detailed flow model.

In France, BRGM has adopted the “"prospective"™ approach to
environmental change aspects of performance assessment: the
examination of possible future scenarios, drawn from extrapolations of
recent geological  history,  and their dimplications. A simple
deterministic computer - model of environmental chénge has been
constructed to assist in this work: CASTOR. The model has been tested

on a gite in Northern France.

In West Germany, only qualitative assessments of environmental changes
have been made, addressing aspects such as'gléciation and seismicity.

Human intrusion has also been investigated.
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Work on radiocactive waste management in Britain is divided between two
main organisations: NIREX (the disposer) and the Department of the
Environment (DOE, the licensing body). Nirex has been sponsoring
research into environmental change for‘several years,.but has not-as
yet carried out any modelling studies. The DOE, in contrast, has
supported the development of the TIME2 computer code for probabilistic
simulation of environmengal change (by Dames & Moore) and is committed
to a time~dependent probabilistic risk assessment approach to

performance assessment of deep disposal.

_ENVIRONMENTAL CHANGE MODELLING AT DAMES & MOORE

The main feature of work at Dames & Moore on environmental change has
been the development of the TIME2 computer code. This has been

supported by a programme of background studies. The code has also

been applied to two sites in Britain. .

Background studies were initiated in 1984 with a review of significant
processes and events, previous research worldwide and possible
app:baches to the modelling of environmental change. Following this,
specific research was undertaken in climatic change, geomorphological

processes (especially glaciation), seismicity and human intrusion.

The TIME2 code uses a Monte Carlo simulation method, incorporating the
uncertainty in the processes, events and associated data concerned.
The model is applicable to shallow disposal sites and simulates
environmental change over the period up to the next glacial maximum
(30,000 to 50,009 years after present). Submodels in the code include

climate, glaciation, sea level change, surface water balance,

denudation and human intrusion.

TIME2 has been used to evaluate environmental- -change at.a hypothetical
disposal site at Elstow, Bedfordshire (for DOE) and an operational
site at Drigg, Cumbria (for British Nuclear Fuels plc).
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o Current studies are continuing basic research in glacial and
Al . T periglacial effects, under the Jjoint sponsorship of CEC and DOE, in
collaboration with the University of Edinburgh. A new simulation '
model, TIME4, is to be developed for DOE. This code will simulate
¥ environmental change at deep disposal sites for a period of up to one
—_ million years after present. It will incorporaté recent advances in

- basic. research enabling the effective treatment of multiple glacial

advance-retreat cycles,

o) As well as the specific research and development work described above, '
Dames & Moore has provided ongoing 'consultahcy to DOE in their
o

development of a fully time-dependent approach to post closure

probabilistic .risk assessment. This has included assistance during

15 development of the VANDAL time-dependent pra code, which is ultimately
i to be linked with the TIME4 environmental change simulator. A simpler
:] prototype pra code is also being used to help in definihg the logic of

time-dependent pra and demonstrate its feasibility.

INCORPORATION OF ENVIRONMENTAL CHANGE EVALUATION INTO PERFORMANCE ASSESSMENT

- o Two alternative approaches have been proposed for the incorporation of
s environmental change evaluation into performance assessment of

_ radioactive waste disposal: the scenarios approach and time-dependent

performance assessment.

-] o We conclude that the £frequent adoption of "scenarios™ in evaluating
the influence of environmental processes on disposal conflicts with
the very nature of the environment. Ve see-the environment as a

dynamic system, continually changing in response to a wide range of

interlinked processes and events. 7

- o The scenario ;election methodology, developed at SANDIA Laboratories,
. is discussed. This kind of approach is considered to lead to
mis-representation of the environment, particularly when processes are
eliminated from consideration on a one-to-one basis without first

assessing their combined effect on performance assessmnet.
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The issue of time-dependency is frequently confused or by-passed in
scenario methodologies. Time-dependent simulation is a key issue in

developing realistic simulations of environmental change.

For these reasons, we believe that environmental change should be
modelled at the level of individual major processes, ideally
probabilistically. Such modelling should be used to drive performance
assessment models able to accept continuously changing information
about the environment within which they are simulating the release,

transport and uptake of radioactivity.

The scenarios methodology does have value in.performance assessment:
in the identification and rejection of the least important processes
and events contributing to environmental change, as well as in the
evaluation of mechanical systems (ie failure of components). A
complementary use of scenarios and environmental change simulation is

therefore seen as the best way forward.

-o0o-

- 78 -

'



— L L

T

—d

ACKNOWLEDGEMENTS

This work has been funded bj'jointiy b} the Commission of the European
Communities (CEC) and the UK Department of the Environment (DOE) . In
particular, Dames & Moore wish td'expressxtheir thanks to Mr. H. Feafﬁ'of the
DOE and Mr. G. Cottone of the CEC who administer the contract, and to Dr. B.

Thompson of the DOE for many helpful discussions. The many persons who have

generously given advice and information are too numerous to mention (principal

‘personal communications are listed in the last section of the Appendix) .

- 79 -




~ vl

=

]

—

AQUIFER

ASEISMIC

BOREAL

' DEGLACIATION

DENUDATION

DETERMINISTIC

DIAPIRISM

DISCHARGE

ECOSYSTEM

EPEIROGENISIS

EROSION

EVAPOTRANSPIRATION

EUSTATIC

FAULT RUPTURE

GLOSSARY -

Layer of zrock sufficiently porous or permeable to be

water bearing.
Without seismic activity.
Cold climatic conditions (literally ‘northern’).

The process of melting of ice sheet due.to climatic
warming.

Lowering of the land surface by sum total of processes

of weathering and erosion.
That which is derived from logical, reasoned argument.

The rising of bodies of salt (diapirs) within the

earth’s crust due to density differences.
Zone of outflow from a groundwater system.
The System of living organisms and plants,

Regional uplift or depression of the laid surface as a

result of widespread adjustments of level.

Active lowering of land surface due to mechanical

surface processes.

The 1loss of water into the atmosphere by the process of |

evaporation and the action of plant life.

Changes in sea level due to regional effects (usually

temperature and ice/water balance).

Displacement of a geological fault which accompanies an
earthquake.
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« GEOTHERMAL GRADIENT

GLACIATION

GREEN HOUSE EFFECT

HIERARCHY

HYDRAULIC CONDUCTIVITY

HYDRAULIC GRADIENT

HYDROSTATIC STRESS

INFILTRATION

INTRAPLATE

ISOSTATIC

LITBQSTATIC STRESS

LYSIMETER

The profile of temperature with depth in the earth’s
crust. '

The process of ice sheet growth due to a global fall in
temperature.

The rise. in "atmoséhéric temperature due to the
production of carbon dioxide and various trace gases
which result ‘in heat retention (in a similar manner to
a greenhouse). R

System in which grades of status rank above one

another,

A measure of the permeability of rock strata (being a

function of 'the rock media and the f£luid flowing
through it.

The change in level of the hydraulic head with distance

within 'a permeable Etrata;

Pressure due to the weight of overlying water .(in the
rock) .

Flow of water from the surface down into rock strata.

Within the interior of a tectonic plate (away from the

more active zonéé'aﬁ £he edges of plates).

Changes in (sea or 1land) elevation due to vertical

crustal ‘movements caused by the bouancy of the earth’s
crust. .

Stress due to the weight of overlying rock.

.

A true water balance device which hydrologically

isolates'a volume of soil and its plant cover.
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MAGMATISM

MARL

METEORIC

MICROCRACKS

MICROCRACK DILATANCY

MONTE CARLO METHODS

OROGENESIS

PERIGLACIAL

PERMAFROST

PERMEABILITY

PLATE TECTONICS

PLEISTOCENE

Processes in the crust due to the rising of melted rock

(magma) .
Calcareous mudstone/clay.

That (water) which ultimately originates f£rom above (ie

rain, snow, rivers, streams).

Miniature pervasive cracks within rock resulting from
deviatoric stressing (usually -micrometers to

millimeters in dimension).
Expansion of rock due to the opening of microcracks.

The simulation of processes by probabilistic means (in
this context, the random sampling of probability

density functions).

The process of mountain building 1leading to the
formation of intensely.deformed belts which constitute

mountain ranges.

Conditions in the vicinity of an ice sheet where
freeze-thaw actions of ground ice dominate the

near-surface environment.

The presence of frozen ground (throughout the annual

climatic cycle).

(=Intrinsic permeability). A measure of the ability of
a {xock) media to allow the passage of £luid

(regardless of the properties of the fluid).

Theory of the earth in which the-crusts consist of

separate plates moving over a mobile substratum.

Subdivision of the Quaternary period of geological time

(between 2 million and 10,000 years before present).
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. PLUVIAL

POLYNOMIAL

POROSITY

POSTGLACIAL

pra

PRECIPITATION

PRECAMBRIAN

" PROBABILISTIC

pdf
QUARTERNARY

RECHARGE

SAVANNAH
SEISMIC (SEISMICITY)

SEISMOTECTONIC

. Fractional

et climatic conditions .in lower latitudes which

accompany the glaciation in higher latitudes.
Algebraic expression constituting three or more terms.

(per cent) of a (rock) material which

comprises voids.

Period of geological time following the last glacial

(usually the last 10,000 years).
Probabilistic Risk Analysis.

All forms of water derived from the atmosphere (rain,

snow, hail, etc).

Period of geological time which preceded the Cambrian

(ie before 600 million years before present).
That which is derived in terms theories of probability.

Probability Density Function: the distribution of

observed or theoretical values of a variable parameter.

Most recent period of geological time (2 million years

before present to the present time).

Zone of inflow into a groundwater system.

Warm climatic conditions characteristic of tropical

areas.

Relating :to earthquakes ‘(the degree of occurrence of

earthquakes).

Tectonic processes which relate to/result in

seismicity.
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SEISMIC HAZARD

- SOLUTION: MINING

STOCHASTIC

TECTONICS

TEMPERATE

TERTIARY

TIME-DEPENDENCY

TUFF

TUNDRA

VISCO-ELASTIC

VOLCANISM

The evaluation of the danger to man and structures

caused by the occurrence of earthquakes.

‘Method -of .extracting salt from deep layers by pumping
water down into layer and extracting brines, The
method results in a subsurface cavity caused by the

solution of salt.

A process comprising an ordered (logical) sequence but

using probability functions or methods.

The structure and physical state of the earths crust
(tectonic activity refers to the degree of

deformation).

Moderate climatic conditions like those prevailing in

Europe at present.

Period of geological time since 65 million years before
present and including the most recent Quaternary period
(last 2 million years).

Being variable with time.

Volcanic deposit derived from ejected volcanic debris

(ash, pumice etc).

Very cold climatic conditions characterised by the

presence of ground ice (Permafrost).

A material whose behaviour can be described in terms of
an elastic solid or -a viscous fluid depending on the

rate of strain applied.

Processes at or near the surface which result from

magmatic activity and associated with volcanoes.
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< APPENDIX

* CURRENT RESEARCH STATUS’ - SOURCE MATERIAL

This appendix lists the source material used in the assessment of

research on the effects of long-term eﬂvironmental change on radioactive waste
disposal in the various countries coﬁsideréd in Section 3.0. Sources are
listed country by country (in the order treated in the report) and are given in
chronological order. Personal communications, by letter, telephone, or in
person, are listed in the final section, and all occurred between November 1987
"and February 1988. References cited within the'ﬁody of the text are not given

here but are listed under ’references’ at the end of the report.
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Al.0 GENERAL SOURCES

OLIVIER, J.P., 1986. Radioactive Waste Management in OECD Countries: National

. ‘ Programmes and Joint Activities. 2nd. Int. Conf. Rad. Waste Management,

Winnipeg, Canada, Sept. 7-11, 1986, Canadian Nuclear Society, pl12-17.

CHAPMAN, N.A. and McKINLEY, 1I.G., 1987. The geological disposal of nuclear
waste. John Wiley & Sons Ltd.

Al.l USA

SCOTT, B.L., BENSON, G.L., CRAIG, R.A., HARWELL, M.A., 1975. A summary of
FY-1978 Consultant input for scenario methodology development. Pacific
Northwest Laboratory report: PNL-2851'(prepared for ONWI under contract to
U.S. Dept. of Energy). R

STOTTLEMYRE, J.A., WALLACE, R.W.} BENSON, G.L., ZELIMER, J.T., 1980.
Perspectives on the geological and hydrological aspects of long-term
N release scenario analyses. Pacific Northwest Laboratory report: PNL-2928

(prepared for ONWI under contract to U.S. Depf. of Energy).

TERA, 1980. Earthquake Engineering and the Battelle Basalt Repository Release
Scenario Model. Report by Tera Carparation as Appendix C in: Foley et.
alia 1982.




FOLEY, M.G., PETRIE, G.M., BALDWIN, A.J., CRAIG, R.G., 1982, Geolagiq
simulation model for a hypothetical site in the Columbia Plateau. Volume 2:
Results. Pacific Northwest Laboratory xeport: PNL-3542-2 (prepared for
ONWI .under contract to U.S. Dept. of Energy).

PETRIE, G.M., ZELLMER, J.T., LINDBERG, J.W., FOLEY, M.G., 1982. Geologic
Simulation Model for a hypothetical site in the Columbia Plateau, Volume 1.
Pacific Northwest Laboratory geport: PNL-3542 (prepared for ONWI under
contract to U.S. Dept. of Energy).

INTERA, 1983. GSM: Geologic Simulation Model for a hypothetical site in.the
Columbia Plateau ~ Large Computer Version. INTERA Environmental
Consultants, Inc., Technical Report ONWI-447.

INTERA, 1983. FFSM: Far-feild state model. INTERA Environmental Consultants,
Inc., Technical Report, ONWI-436.

MANN. S.A., 1986. STATUS OF THE U.S. Geologic Repository Programme. 2nd Int.
Conf. on Rad. Waste Management, Sept., 7-11, 1986, Winnipeg, Canada.

Canadian Nuclear Society.

Al.2 CANADA

CHALMERS, D.B., 1986. Some considerations of time-dependence. 3rd Meeting PSAC
. User Group, OECD Nuclear Energy Agency, ISPRA, Italy, April 1986.

DAVIS, P.A., 1986. an approach to incorporating time-dependent processes into
the Biosphere model for assessing an underground nuclear fuel waste vault.

Atomic Energy of Canada Limited, Technical Record TR-394.

ELSON, J.A. & WEBBER. G.R., 1987. Pathway and parameter variation throughout

the glacial cycle. In preparation.

SHILTS, W.W. & KASZYCKI, C.A., 1987. Depth of glacial erosion. In

preparation.
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*al.3 SWEDEN

SWEDISH NUCLEAR FUEL SUPPLY COMPANY (SKBF), Division KBS, 1977. Handling of

Spent Nuclear Fuel and Final Storage of Vitrified High-level Reprocessed

Waste. KBS-1l.

SWEDISH NUCLEAR FUEL SUPPLY COMPANY (SKBF), Division KBS, 1978. Plan for
Handling and Final Storage of Unreprocessed Spent Nuclear Fuel. KBS-2.

SWEDISH MINISTRY OF -INDUSTRY, 1980. ' Review of the KBS II Plan for Handling and
Final Storage of Unreprocessed Spent Nuclear Fuel. DSI 1980 : 27,

SWEDISH NUCLEAR FUEL SUPPLY COMPANY (SKBF), Division KBS, 1983, Final Stérage
of Spent Nuclear Fuel. KBS-3. '

LRAGERBACK, R. & WITCHARD, F., 1983. Neotectonics in northern Sweden -
geological investigations. SKBF ./ KBS Technical Report, 83-58.

TALBOT, C., 1986. A Preliminary Structural BAnalysis of the Pattern of
Postglacial Faults in Northern Sweden. SKB Technical Report 86-20.

Al.4 SWITZERLAND

NAGRA, 1985. Project Gewahr 1985. Nuclear waste management in Switzerland:
" feasibility studies and safety analyses. Project Report NGB 85-09.

Al.5 FINLAND

VUORELR, P., 1982. Crustal fractures indicated by lineament density, Finland.
Photogram. J. Finl.,-'9 (1), 21-37. - ‘ o

KUIVAMAKI, A., VUORELA, P., 1985. The significance of geological processes to
"the final disposal of spent nuclear fuel in Finland. Geol. Surv. Finl.,

Nuclear Waste Disposal Research, Rep. 47.
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KUKKONEN, I., KUIVAMAKI, A., 1985. Geological and geophysical observationé‘qﬁ
the Pasmajarvi and Suasselka postglacial f£faults. Geol, Surv, Finl.,
Nuclear Waste Disposal Research, Rep. YST-46.

NURMI, P.A., 1985. Future long-term environmental changes in Finland: their
influence on deep-seated groundwater. Nucl. Waste Comm. Finnish Power

Companies, Rep. YJT-85-21 (in Finnish, summary in English).

KUIVAMAKI, A., 1986, Observations of the Venejarvi and Ruostejarvi

postglacial faults. .Geol. Surv., Finl., Nuclear Waste Disposal:Research,
Rep. YST-52.

KUKKONEN, I, 1986. The effect of past climatic changes on bedrock temperatures

and temperature gradients in Finland. Geol. Surv, Finl., Nuclear Waste

Disposal Research, Rep. ¥ST-51.

BLOMQVIST, R., PERTTI, L., RAIMO, L., SIRKKU, H., 1988. Geochemical profiles
of deep groundwater in precambrian bedrock in Finland. 18. Nordiske
Geologiske Vintermode, Kobenhavn 1988.

KUIVAMAKI, A. PAANANEN, M., KUKKONEN, 1I., 1988. The Pasmajarvi postglacial

fault -~ a reactivated pre-existing fracture zone. 18. Nordiske Geologiske
Vintermode, Kobenhavn 1988.

A2.6 JAPAN
DOI, K. & YAMAKAWA, M., 1986. Geological Investigation for High Level Waste
Isclation in Japan. 2nd. Int. Conf. on Rad. Waste Management, Winnipeg,

Canada, Sept. 7-11, 1986, Canadian Nuclear Society, p76-78.

IIJIMA, T., 1986. Development of JAERI PSA Code..3xd Meeting PSAC User Group,
OECD Nuclear Energy 2gency, ISPRA, Italy, April 1986.
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* x1.7 JOINT EUROPEAN STUDIES *

CADELLI,N., COTTONE, G., BERTOZZI, G. & GIRARDI, F., 1984. PAGIS: Summary
Report of Phase 1, A Common Methodological Approach Based on European Data
and Models. Commission of the European Communities, Nuclear Sciéﬁce and

Technology Series, EUR 9220 EN.

Al.8 BELGIUM

¢

D’ALESSANDRO, M. and BONNE, A., 1981.  Radioactive waste disposal into a
plastic clay formation (a site specific exercise of p;obab;;igtip
assessment of- geological containment), Harwood Academic Publ.,uRad{oacﬁive

Waste Management, Volume 2,

BONNE, A., HEREMANS, R., MONSECOUR, M., 1982. Methodolbgy of long-term éafety
assessment of disposal in a clay formation : the Belgian approach. "Waste

it

Management ’82", Tuscon (Arizona), March 8-11, 1982.

BERTO0ZZ2I, G., BONNE, aA., D’Aleésandrb;" ﬁ; and SALTELLI, A., 1983,
site-specific probabilistic risk evaluation exercise for radioactive waste
... disposal in a continental clay formation. ' Int. conf. on Radioactive Waste

Management, Seattle, WA., USA, 16:20'M5§ 1983.

PATIJN. J., 1987. Contribution a 1la recherche hydrogeologique liee a
l’evacuation de dechets  radioactifs 'dans uné formation argileuse. CCE,

sciences et technique nucledires, Rapport EUR 11077.

Al.9 FRANCE

MASURE, Ph." et. -alia, 1983. 'Les Analyses de surete du Cbnfﬁnéméht Geologique
des  Dechets .Radioactifs “a‘ vie Longue. Sciences et Techniques Nucleaire,

Commission des Communautes Europeennes.

Etudes geoprospective, 1985:

9%




COURBOULEIX, S., 1985. Climatogie: evolution due climat et glaciations. "Efude
geoprospective d’un site de stockage, Volume 1, Sciences et technique

nucleaires, Commission de Communautes Europeennes, Eur 9866.

LAVILﬁB, P. et LAJOINIE, J.P., 1985. Mechanismes d’alteration et d’erosion.
"Etude geoprospective d’un site de stockage, Volume 2, Sciences et

technique nucleaires, Commission de Communautes Europeennes, Eur 9866.

GADAGLIA, A. et VARET, J., 1985. L’activite volcanique. "Etude geoprospective
d’un site de stockage, Volume 3, :Sciences et technique nucleaires,
Commission de Communautes Europeennes, Eur.9866.

BILLAUX, D. et ROBELIN, C., 1985. Domes de. sel: etude bibliographie sur les
conéitions de ieuf fbrmation. "Etude geoprospective d’un site de-stockage,
Volume 4, Sciences et technique nucleaires, Commission de Communautes

Europeennes, Eur 9866.

FOURNIGUET, J., 1985. Les Mouvements verticaux: causes et quantification.
"Etude geoprospective dfun site de stockage, Volume 5, Sciences et

technique nucleaires, Commission de Communautes Europeennes, Eur 9866.

GODEFROY, P., 1985. La prise en compte de llactivite sismique. "Etude
' geoprospective dfun site de stockage, Volume 6, Sciences et technique

nucleaires, Commission de Communautes Europeennes, Eur 9866.

GROS. Y., 1985, Tectonique prospective: duree des phases compressives et
distensives recentes evolution du champ de contraintes dans les 100,000 ans
a venir. »"Etude geoprospective d’un site de stockage, Volume 7, Sciences

et technique nucleaires, Commission de Communautes Europeennes, Eur 9866.

BILLAUX, D., 1985. Etude des variations de la permeabilite avec le temps.
"Etude geoprospective d’un site de stockage, Volume 8, Sciences et

technique nucleaires, Commission de Communautes Europeennes, Eur-9866.

CANCEILL., M. et alia, 1985. Simulation de l’evolution d’un site a 1l’aide du
programme "CASTOR". "Etude geoprospective d’un site de stockage, Volume 9,

Sciences et technique nucleaires, Commission de Communautes Europeennes,
Eur 9866.

A-6

33

‘ T T AR = - . o . e - SR — . o & — - e . wemw mm———
Lo o —— - -




« FILIPPI, .Ch. et alia, 1987.- Etudes geoprospective des sites de 'stockage:

validation sur 1l’evolution passee d’une region (paleosite). Sciences et
techniques nuclaires, commission des Communautes europeennnes, Eur 10933,

21.10 WEST GERMANY

CLOSS, K.D. & EINFELD, K., 1986. Overview of the FRG activities on spent fuel

disposal. 2nd 1Int. Conf. on Rad. Waste Management, Winnipeg, Canada,
p26-32. '

NIES, A., 1986. Presentation of the results of PSA codes. 3rd Meeting PSAC User

Group, OECD Nuclear Energy Agency, ISPRA, Italy, April 1986.

Al.11 BRITAIN

FRIZELLE, C.J.G., 1986. Environmental change and post-closure risk assessment
of radioactive waste disposal.

3rd Meeting PSAC User Group, OECD Nuclear
Energy Agency, ISPRA, Italy, April 1986.

FRIZELLE, C.J.G., MUTTON, J.E., UPTON, P.S & THOMPSON, B.G.J., 1986. Modelling
the long-term evolution of radioactive waste disposal environments. ' Proc.
2nd Int.

Conf. Rad. Waste Management., Winnipeg, Canada, Sept. 7-11,"1986,
Canadian Nuclear Society.

THOMPSON, B.G.J., 1986.

A probabilistic risk assessment of an underground
Waste Disposal Facility.

Proc. 2nd Int. Conf. Rad. Waste Management.,
Winnipeg, Canada, Sept. 7-11, 1986, Canadian Nuclear Society. ‘

THOMPSON, B.G.J., 1987. The development of procedures for the risk assessment
of underground Disposal of Radioactive Wastes: - research ' funded by.the
Department éf Environment 1982-1987.- Rad. Waste. Man. Nucl. Fuel. Cycle,
V. 9 (1-3), 215-256.

A-7




-

British Geological Survey FLPU Report Series:- ' . <

SEDDON, M.B. & WORSLEY, P., 1985, Long term effects on potential repository

sites : climatic -and geomorphological changes. FLPU 84-11,

BATH, A.M., GEORGE, I. & MILODOWSKI, A.E., 1985. Long term effects on
potential repository sites: occurrence and diagenesis of anhydride. FLPU
85-12.

MILODOWSKI, A.E., BLOODWORTH, A.J. & WILMOT, R.D., 1985. Long term effects on
‘potential repository sites: The alteration of the Lower Oxford Clay:during

weathering. FLPU 85-13.

BLACK, J.H., ALEXANDER, J., .JACKSON, P.D., KIMBELL, G.S. & LAKE, R.D., 1986.
The role of faults in the hydrogeological environment. FLPU 86-9.

Al.12 PERSONAL COMMUNICATIONS

BONNE, A.A., Project Manager, geological disposal, SCK / CEN, Centre d’Etude - -de

1’Energie nuclaire, B-2400, Mol., Belgium.

CHAPMAN, N., Manager, Fluid Processes Research Group, British Geological
Survey, Keyworth, NG12 5GG, U.K.

COTTONE, G., CEC, Directorate-General for Science, Research and Development

Joint Research Centre, Rue de la Loi, 200, B-1049 Brussels, Belgium.

DAVIS, P.A., Environmental Research Branch, AECL, Pinawa, Manitoba, ROE ILO,
Canada.

KJELLBERT, N.A., Swedish Nuclear Fuel.and Waste Management Co. (SKB-AB), Box
5864, S-102 48, Stockholme, -Sweden.

KUKKONEN, I., Geophysicist, Geological Survey of Finland, SF-02150 ESPOO,
Finland.

A-8




EATaR

.- - .NIES, #h., Gesellschaft Fur Strahlen und Unweltforschung mbH Mudchen, Institut

-

fd} Tieflagerung, Abteiling fur Endagersichereit, Theodor - Heuss - Strasse

4, D-3300 Braunshweig, West Germany.

THOMPSON, B.G.J., Radioactive Waste (Professional) Division, Her Majesty’s :

Inspectorate of Pollution, Room A5.33, Romney House, 43 Marsham St. London
'] SW10 3PG.
! THORNE, M., Electrowatt Engineering Services (UK) Ltd., Grandford House, 16
Carfax, Horsham, West Sussex, UK. ) '

3 VAN DORP, F., Project Manager, Safety Analysis, NAGRA, Parkstrasses 23,
CH-5401, Baden, Switzerland.

VUORELA, P., Project Leader, Nuclear Waste Disposal Research, Geol. Surv.

] Finl., SF-02150 ESPOO 15, Finland.

e

A-9




