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Modelling of migration of leached radionuclides by groundwater

By J. Rae! anp J. H. BLack?

! Theoretical Physics Division, AERE Harwell, Oxfordshire 0X11 ORA, U.K.
2 British Geological Survey, Nicker Hill, Keyworth, Nottinghamshire NG12 5GG, U.K.

Radionuclides may be carried by groundwater from an underground waste repository
to places accessible to man. The central role of mathematical modelling is to predict
how their concentration varies in time at positions around the repository. This
requires consideration of the physical and chemical processes at work and represen-
tation of the most important by mathematical expressions. As this can be done on
several levels of detail both for water flow and radionuclide behaviour the resulting
overall models can differ greatly in completeness and complexity. We discuss briefly
some examples of such models, the data they require, the way these are gathered and
how they have been used in practice. It is necessary to examine the validity of
proposed models and we describe some approaches to this. We indicate the strengths
and weaknesses of some commonly adopted models and outline current and future
work aimed at improving our understanding.
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1. INTRODUCTION

The prime reason for burying radioactive waste is to isolate it in such a way that leakage paths
will be slow enough for processes of decay and dilution to render safe any contact with plants
or animals. We discuss the topic from the point of view of modelling and should ask first: why
do we need such models?

Materials that are buried as a safeguard will undergo various physical and chemical changes
while underground. Some of them may become accessible through excavation or mining or
may return to the surface in gaseous form. These and many other possibilities have to be
addressed in safety assessments. One circumstance, however, is almost certain to occur except
in deserts or icecaps, namely that the buried material will encounter groundwater and some
of it will dissolve. This paper concerns what happens to radionuclides dissolved in groundwater,
be it stagnant or moving under the influence of pressure or heat. In practice this means very
long times, from hundreds of years to hundreds of thousands of years, much longer than any
feasible experiment could take. There are two main reasons for using models. First we are using
data from a wide variety of sources within the framework of a model to make predictions and
assess the implications over long times. A second reason is that in the wider appraisal of
radioactive waste disposal, migration in groundwater is only one contributing factor. Degrad-
ation and leaching of the waste packages, uptake by biological routes, geological disturbances
and many other factors must be considered. If these are to be compared or coupled together
in any quantitative way, some sort of model is required.
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The end product of the groundwater migration modelling is commonly in the form of a
spectrum of radionuclides delivered at various rates to man’s environment, to the place that
is most sensitive to contaminated groundwater. This has been invariably identified as a water
supply borehole near to the repository. This end product forms the input for further modelling
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98 J.RAE AND J. H. BLACK

in terms of biological uptake of radionuclides and the resulting doses to populations and
individuals. Thus groundwater migration modelling forms the central portion of a three-part
chain of models: that is near-field (source term), far-field (groundwater migration) and
biosphere (dose assessment).

It can be seen that this whole approach predicts outcomes on the basis of extrapolating
currently observed processes and flow systems. To take account of effects like glaciation and
climatic change, these have to be assessed in terms of how they would change the groundwater
flow rates via the hydrogeological boundary conditions. Other circumstances such as meteorite
impact are not considered as part of a continuous process and are assessed outside this chain
of modelling.

The following sections will discuss the processes which will affect migration of radionuclides
in groundwater, the various ways in which these have been modelled in mathematical terms,
the choice of model for a particular application, some examples of the use that has been made
of models and, finally, the considerations that determine our confidence in applying the model.
The subject has such a vast range and the publications and reports are so numerous that our
treatment is eclectic, not comprehensive.

2. PROCESSES THAT MATTER

Once dissolved in groundwater, radionuclides will undergo a number of well recognized
physical processes. By ‘dissolved’ in this context we usually have in mind ionic species or simple
inorganic complexes, but similar considerations apply to anything that moves with the
groundwater. Also, we are almost always considering concentrations in trace amounts. The
processes considered are:

(i) Motion with any water flow along pathlines. The flow may be driven by natural
hydraulic gradients or near some heat-emitting wastes by buoyancy.

(ii) Spreading by molecular diffusion through the water, the free-water diffusion coefficient
being modified by the tortuosity of pores and channels in rock.

(iii) Spreading by hydrodynamic dispersion. This comes not only from flow variation across
individual rock channels, akin to Taylor dispersion in pipe flow, but from different arrival routes
to the same point in the rock via several flow channels. There is no obvious reason why the
latter contribution should obey Fick’s Law, although this is usually assumed.

(iv) Sorption on solid phases. As part of the geochemical equilibrium, species in solution may
attach themselves to rock minerals or other immobile solids by ion exchange, precipitation,
chemisorption or other means.

(v) Radioactive decay. This nuclear process of course continues inexorably for the radio-
nuclides irrespective of their local environment.

Most models for migration in groundwater attempt to take some account of these processes,
although at many different levels of complexity. Of course, in projecting these processes forward
in a model over long periods we must assume that chemical interaction, diffusion and
radioactive decay continue to behave as we understand them now. A great body of
astrophysical, geological and archaeological evidence implies that this is a reasonable
assumption.


http://rsta.royalsocietypublishing.org/

THE ROYAL A

PHILOSOPHICAL
TRANSACTIONS

p
[\ \

PHILOSOPHICAL
TRANSACTIONS

A \
! B

SOCIETY

—
>~
O H
~ =
k= O
= O
= uw

OF

OF

Downloaded from rsta.royalsocietypublishing.org

MODELLING OF RADIONUCLIDE MIGRATION 99

3. RANGE OF MODELS

The range of models available for calculating groundwater flow and solute migration is very
large and it is impossible to review them and their relationships in the space available. A recent
review for the European Community (Broyd et al. 1985) listed about 40 such models and one
for the U.S. Nuclear Regulatory Commission (Curtis et al. 1983) about 160 more, with very
little overlap. Instead, we shall introduce the most commonly used simple model and, having
discussed its characteristics, relate the wider discussion to it.

The concentrations of radionuclides as they change in space and time can often be treated
by a deterministic model in one space dimension, which consists of a set of partial differential
equations of the form:

oc;  ,0C; 0 . 0C;

R4V D

¢ ot Ox Ox "’a = A’i—l Ri—l Ci—-l _/\Z R2 Ci' (1)

This set of equations, in time and one space dimension as independent variables, governs the
concentration C; of radionuclide species . There is one such equation for each species in a decay
chain of species 1,2, ...,1—1,1,..., N.

The process represented by the terms in (1) are exactly those described in the previous section.
In turn from left to right they are:

(i) The change in concentration at a particular place. This term is scaled by a retardation
factor R;, which is greater than 1, sometimes much greater, if species ¢ is sorbed onto surrounding
immobile solid. R; has mostly been taken as a species-dependent constant, corresponding to
a linear equilibrium sorption model (Jensen 1982) in which sorbed concentration is always
proportional to dissolved concentration.

(ii) Advection with the water flow velocity V, which is often taken as a constant.

(iii) Dispersion and diffusion of species i. Although hydrodynamic dispersion does depend
on water velocity (Bear 1979), when V is assumed constant this in effect gives D; a constant
value.

(iv) Creation of species ¢ by decay of its parent nucleus i—1 at a rate A;_,. Radioactive decay
operates whether the species is sorbed or not, so this term picks up a factor R,

(v) Destruction of species ¢ by decay into its daughter i+ 1 at rate A;.

On this simplest level the equations (1) are weakly coupled linear parabolic differential
equations (Friedman 1964) and have to be supplemented by appropriate initial and boundary
conditions to complete the model. In the linear case it is often possible to write down solutions
more or less explicitly (Burkholder & Rosinger 1980; Harada ¢t al. 1980; Pigford et al. 1980;
Herbert 1984) but these are often too cumbersome to use effectively. Numerical methods are
often employed, and always in the case of more complex models. Many approaches are available
and have been used, for example finite differences, finite elements or numerical integral
transforms, but things are not always straightforward and difficulties are encountered. We
mention here only the principal two. First, because the retardation factors R; and decay rates
A; can differ by many orders of magnitude within a single chain there can be many timescales
implicit in (1). If the solutions are to be computed stably and efficiently timestepping methods
appropriate to stiff equations have to be used (Byrne & Hindmarsh 1975). Second, in (1) the
interplay between the second term, convection, and third term, dispersion, is measured by the
dimensionless Péclet number VL/D, where L is an appropriate length. When the partial

7-2
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100 J.RAE AND J. H. BLACK

differential equations are made discrete in space by finite difference or element methods, the
local mesh or element size is the appropriate L and one obtains a mesh Péclet number P. For
many numerical schemes, including centred differences and the simplest element methods, the
solutions can be spatially unstable and exhibit oscillation if P is greater than a critical value.
There are remedies to this, for example by refining the mesh to reduce P, by adopting some
form of upstreaming (Hughes (ed.) 1979; Roache 1972), or by some Lagrangian approach
(Ames 1969). These all have drawbacks in terms of cost, accuracy or complexity so care is needed
in the choice of methods.

The model given in (1) is relatively simple and many alternatives and extra complexities
have been considered. Within the class of deterministic models some examples of natural
extensions to it are:

(i) Flow and dispersion in 2- or 3-dimensional regions. This has important implications for
the hydrogeological data needed and for the costs of computation.

(ii) Non-constant velocities obtained from groundwater flow calculations. Most commonly
these are 2- or 3-dimensional permeable flow calculations based on much of the available
geological and hydrogeological evidence on strata, faults and hydraulic head distribution. Less
commonly, the water flow may be calculated for fractured rock where the scale of the fractures
is not small enough for them to act as a permeable medium. One approach to this (Robinson
19844, b; Long & Witherspoon 1985 ; Schwartz et al. 1982) is to construct computer realizations
of fracture networks with parameters such as length, orientation and aperture sampled from
probability distributions that have been fitted to experimental data on fracture statistics.

(iii) A better representation of the chemistry of sorption. The linear equilibrium model
adopted above is known to be inadequate in many cases. Not only is sorption often nonlinear
but kinetic effects can also occur, especially in the shorter laboratory or field experiments. With
many dissolved species present simultaneously with many rock minerals and degradation
products this geochemistry becomes a formidable problem in its own right.

(iv) More elaborate dispersion models. In layered rock strata, account may have to be taken
of the tensorial character of dispersion and its dependence on flow velocity. In general the
relation between longitudinal and transverse dispersion is poorly understood and this is
especially so for fractured rock (Robinson 19844; Matheron & de Marsily 1980).

(v) Modelling effects of heat. Some radioactive wastes emit appreciable amounts of heat,
which may affect the geochemistry, particularly very near to the repository, the rock mechanics
and, through buoyancy effects, the groundwater flow (Hodgkinson et al. 1983).

(iv) Diffusion of solute from flowing groundwater into pores or fissures filled with stagnant
water. This has a retardation effect similar to that of sorption but does not depend on the local
chemistry (Lever et al. 1983; Grisak & Pickens 1980; Neretnieks 1980).

As well as these reasonably obvious extensions to deterministic models there are other effects
being studied, such as the role of colloids or organic complexing agents or, indeed, of microbes
in the groundwater, which have not yet been included in models (Chapman & Sargent (eds)
1984).

Sometimes deterministic models are simplified back to (1) or even simpler forms. In cases
where transfer processes are poorly understood but overall rates are available, models of the
compartment type have been used (see, for example, Helton & Kaestner 1981; Smith ef al.
1982). In other cases the migration models are only a small part of an overall coherent system
of assessment, the syvac program is an example (Wuschke et al. 1981; Thompson 1984), in
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MODELLING OF RADIONUCLIDE MIGRATION 101

which the individual parts must be simple to be manageable. In some models that are run for
many choices of parameters, the methods of statistical sampling and processing become an
integral and even dominant part of the method (Harper 1983; Kocher ¢ al. 1982).

Finally, in some studies where unforeseen natural events or human actions are important,
probabilistic models are the most appropriate (D’Alessandro & Bonne 1981).

4. CHOICE OF MODEL

The range of possible models of migration within groundwater is wide. The choice of a
particular combination of processes and geometry is based on:

(i) the proposed use of the model (level of accuracy required, number of times the model
is to be used, etc.);

(ii) the physical understanding of the expected processes;

(iii) available data and means of acquiring it;

(iv) the ability to verify and validate the model.

We amplify the first three points here; point (iv) is discussed in §6.

Whatever the choice of model it will of necessity be an approximation to reality. The selection
of the geometrical representation of the likely flow system is a crucial part and illustrates the
approximation procedure. If the model is two-dimensional rather than three-dimensional then
the cross section has to be representative of the region perpendicular to the plane of the model.
This is easily conceivable in models of regular sedimentary sequences such as at Harwell
(Brightman & Noy 1984) or at Mol in Belgium (Bonne ¢t al. 1985). Figure 1 shows cross sections
of both sites with the planes of the model vertical and parallel to the dip at the formations.
In contrast to water resource models where the plane of a 2-D model is invariably horizontal,
in migration modelling the plane is always vertical. This results from the overriding importance
of vertical flow in the safety assessment of a potential repository site. Both models in figure 1
illustrate the translation of actual rocks into modelled formations. In the Harwell example the
central clay formation is in reality two clay formations separated by a thin sand formation (the
Lower Greensand). For the purpose of the model this complexity was simplified. Similarly, in
Belgium the overlying Neogene aquifer consists of at least four geological units (all sands)
considered inseparable for the purposes of modelling. The ‘massaging’ of the real geometry
to be accommodated into a model is perhaps at its most extreme in 2-D analytical models such
as the ‘wedge and step’ approach (figure 2; see later) which has been applied as a
reconnaissance tool to the Worcester Basin (Black & Barker 1981). This arises from the need
to simplify to the point of having only straight boundaries. As computers become even larger
the models are able to grow in geometrical complexity and almost all the geological details
(where known) can be included. Most of these considerations apply only to repositories in
sedimentary formations. In crystalline rocks flow is controlled by the orientation of major shear
zones, faults, crush zones and the like, and 2-D models are inadequate. This is due to the
impossibility of choosing one representative cross section because there is no basic symmetry
in the system. An example of this, in figure 3, is discussed later. Translating geological systems
into a form suitable for modelling can be seen to be very much a matter of judgement.

Like the basic geometry, a relevant set of boundaries is a question of interpretation.
Since the models aim to account for the circulation of groundwater within the modelling
region it is apparent that all boundaries must be defined either in terms of flow or of
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Ficure 1. (a) Model configuration of the Harwell site; (h) model configuration of the Mol site.

head. In most models (including those in figure 1) the bottom boundary is an impermeable
base where a zero-flow boundary is assumed. This may not always be the last time the
sedimentary pile can be shown to have accommodated measurable fluxes from consolidating
rocks over geological time. Lateral boundaries have different problems and usually consist of
vertical zero-flow boundaries beneath either groundwater divides or rivers (towards which
groundwater flow converges). A problem with this approach is that the identified divide may
actually be a surface-water divide and it may not coincide with the groundwater divide.
Additionally in multilayer sequences the position of the groundwater divides in individual layers
may be different. Also where very large systems are being modelled it is sometimes difficult
to identify a major flow system boundary because the system may extend to some considerable
depth. Even the existence of the coast within a modelled region may not be a satisfactory choice
since experience indicates offshore undersea flow in an unsettling number of cases. The top
surface of the model is usually assumed to be a fixed head boundary although most models
take this to be the water table. Recharge or infiltration rates are then adjusted along this surface
to keep it in position. No account is taken of the presence of the unsaturated zone or of the
manner in which water tables oscillate on a seasonal basis. It also results in an unrealistic
apportioning at the top surface into areas of recharge and discharge. In crystalline rock models
the same reservations apply concerning boundary conditions but if anything the top surface
is more complex and less predictable. This is because the smoothness of a water table is related
to the homogeneity of the rocks in which it is situated. A common assumption in all models
where rocks with low hydraulic conductivity intersect the surface is that the water table is
coincident with the land surface. This assumption is commonly invalid.

Data gathering and ch01ce of model go closely together, for all variables in the model need
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MODELLING OF RADIONUCLIDE MIGRATION 103

to be supplied somehow and experimental evidence will suggest whether some processes, for
example kinetic sorption or rock matrix diffusion, need to be included in the model. Laboratory
experiments are usually done on small samples, 1 cm to 1 m, of rock core taken from
representative rocks. Permeability and diffusion measurements are made in a variety of
experimental cells (see, for example, Bradbury 1983 ; Hemingway et al. 1983) and sorption of
specific chemical species can be assessed in a number of ways: batch sorption on crushed or
monolithic specimens, sorption in diffusion cells or sorption in flow-through experiments
(Nuclear Energy Agency 1983). There are some difficulties of principle in such laboratory
experiments. The samples may be too small to be representative, they will have been
considerably disturbed during the coring operation, and the short timescales of the experiments,
perhaps months, may emphasize transient effects that would not matter in disposal conditions.
There are also practical difficulties of holding the samples in an appropriate environment,
avoiding contamination particularly of surfaces and using low enough concentrations of tracers
to approach the extremely low levels expected in migration from a repository. Field experiments
suffer from a similar range of problems. They generally involve drilling a pattern of boreholes
and conducting a range of pumping and tracer tests that can provide information on flow,
dispersion and sorption (Nuclear Energy Agency 19794, 4). Measurements are required of the
hydraulic conductivity of the rock (if it is porous) or the transmissivities of the fissures if it is
fissured. In practice the same equipment would be used for both measurements. Porosity is the
other basic hydrogeological property but again it needs to be relevant to the type of flow. Lastly
hydraulic head requires measurement so that the model can be calibrated. In this aspect many
models are ambiguous because all heads are in terms of fresh water, yet the regions modelled
often contain saline water of varying density. Many models can accommodate the effects of
heating inducing density differences, though few cope well with salinity-related differences. This
is a particular problem in models associated with salt domes.

In tracer tests the scales of distance and time are greater than those in the laboratory
experiments but still well short of realistic, and, of course, the circumstances of the experiment
are now not fully under control.

5. USE OF MODELS

The models described above have been used in several ways: in the design and analysis of
experiments (Hodgkinson & Lever 1983; Hodgkinson 1984), in ‘generic’ safety studies with
made-up scenarios (Hill & Grimwood 1978; Burkholder 1980; Wusche et al. 1981; Hill ez al.
1981), in sensitivity studies (Hill 1979; Hodgkinson et al. 1984), and in studies of real sites that
are not proposed as repository sites, as in the European Community MIRAGE programme (CEC
1984, 1985). Published applications to proposed real repository sites are rare though there are
examples such as the Environmental Impact Statement for the Waste Isolation Pilot Plant in
New Mexico (U.S. Department of Energy 1980), the Swedish KBS-3 study on disposal of spent
fuel (Swedish Nuclear Fuel Supply Company 1983) and the recently published reports on
‘Project Gewihr’, which examined nuclear waste disposal in Switzerland (NAGRA 1985).
Rather than attempting to review these we give just two examples.

The first example is a two-dimensional mathematical analysis known as the ‘wedge and step’
model. It has been used in reconnaissance studies in the U.K. and has simple geometry that
can vary between two extreme configurations (figure 2). Essentially it concerns a layer of low
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Ficure 2. Wedge and step model configuration.

hydraulic conductivity (K) between two higher K layers. The underlying low K layer is
regarded as having negligible flows and takes no part in the flow system. Layers A and B have
parallel boundaries and dip uniformly. Although the boundary conditions are fixed the
geometry and the properties are variable. The thickness of layers A and B and the length of
the systems are totally variable whereas the angle 6 varies between commonsense limits. As
regards the boundary conditions, it is first assumed that layer B has a low enough hydraulic
conductivity for the average U.K. rainfall to more than saturate it (i.e. K <2x 10 ¥ ms™1).
This results in the water table’s coinciding with the top surface of layer B. Next it is assumed that
rainfall recharging the outcrop part of layer A forms a water table within A and that excess
head discharges in the form of springs at the feather edge of the clay. This has the effect of
reducing the head at that point in the aquifer to the altitude of the feather edge. The head
in the overlying aquifer is completely variable but it is assumed that it applies directly on the
top surface of the clay (i.e. there is negligible head loss during vertical flow through the overlying
aquifer). Although it is recognized that, in reality, the water table would steepen gradually
in association with the scarp-slope and fall away in equilibrium with the dip slope, the simplified
model requires that it should rise suddenly and remain at a constant height. This was adopted
as the closest approximation to reality with the minimum of assumption. The model does not
attempt to predict accurately the groundwater conditions in the immediate vicinity of the base
of the scarp.

This model obviously contains a great number of approximations and simplifications but
it serves as a powerful tool in reconnaissance. As an analytical model it is easy to see the relations
between geometry and the bulk properties of the identified layers. It can be used to predict
the likely direction of flow in any of the layers. In the Worcester Basin case the model predicted
a flow balance point within layer A. Its position depended on the ratio of the bulk hydraulic
conductivities of layers A and B. This flow balance is an important point of this particular system
because it strongly influences the interpretation of groundwater ages derived from groundwater
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sampling. From a reconnaissance viewpoint perhaps the most important aspect of the use of
this model is in determining the likely magnitude of head variations and therefore the
measurement sensitivity required in a subsequent site investigation.

For the second example we use the KBS-3 study. Three principal sites in northern Sweden,
at Fjilveden, Gidea and Kamlunge, were examined in great detail with many borehole
experiments in the granitic rock. The results were processed to produce effective flow
parameters such as permeabilities and porosities, but because an assumption of Darcy flow was
made here, and the rocks were fractured on a scale of metres, there remains some doubt as

Y |

to the adequacy of this. The groundwater flows were modelled by using a three-dimensional
finite-element model of Darcy flow in a permeable medium, with permeability depending on
depth, and some large faults explicitly added. Both regional and local models were used, the
former supplying boundary conditions for the latter. An example of such a model is given in
figure 3. The results provided typical flows through the repository regions and the most
pessimistic of these, that is the highest flows, were used to find essentially one-dimensional paths
for radionuclide transport. The KBS-3 design made considerable use of barriers in or near the

THE ROYAL A
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repository, in particular by having the spent fuel in very thick copper canisters and surrounding
them with a layer of absorbent bentonite clay. It was assumptions relating to these barriers
and repository chemistry that chiefly influenced the choice of five scenarios to be studied, the
flow and migration paths being the same in all cases. The radionuclide transport through the
geosphere was calculated along the one-dimensional paths with the species convected, dispersed,
sorbed, decaying and diffusing into the rock. Thus the model was a slightly more elaborate
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version of that given by (1). The arrival rates into the biosphere, in becquerels per time for
each radionuclide, became input to further programs calculating doses to man.
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2 : Ficure 3. Finite-element grid and perspective plot of pathlines for three-dimensional groundwater flow.
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E 93 6. JUSTIFICATION OF MODELS

It is clearly very important to know to what extent mathematical models are justified, and
that we can rely on their predictions. There is no easy or complete way to do this. It is rather
a question of applying a whole range of checks and comparisons until enough evidence is
accumulated. Some simplification can be found for radioactive waste disposal by erring on the
‘pessimistic’ side, which is acceptable for a safety case, but care has to be taken that an
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assumption that is pessimistic for one process alone remains so in a larger context. It is
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convenient to distinguish two aspects of justification of models: verification, where we accept
the assumptions of the model and check that its calculations and consequences follow correctly;
and validation, where we examine whether the model adequately represents the real situation.
We touch briefly on both aspects.

In verification of models there are three complementary approaches. First, we can make
direct comparisons between independent models that have equivalent capabilities as they
perform on a range of problems. This is sometimes done on a one-to-one basis; the Harwell
program NAMMU was used to repeat the groundwater flow calculations of KBS-3 (Atkinson
et al. 1984), and sometimes in a larger, more organized, way as in the international comparison
exercises INTRACOIN for migration and HYDRoOCOIN for groundwater flow (Swedish Nuclear
Power Inspectorate 1984; Ross ef al. 1982). Second, we can compare model performance in
certain cases with exact analytic solutions, of which a growing number are being published
(Haradaetal. 1980; Pigford et al. 1980; Herbert 1984). And third, we can use a range of software
tools to check computational aspects, that data flow through programs is correct, that all paths
have been tested, and so on. In these ways we can build confidence that the model is doing
what it ought to, although aware that probably no large computer program is ever totally free
of bugs.

In validation of models we must compare them with real physical systems and it is useful
to distinguish between laboratory experiments, field experiments and use of analogues.
Laboratory experiments usually focus on one or two combined processes such as sorption and
diffusion (Bradbury ef al. 1982) but there have been attempts at ‘integral’ experiments, which
attempt to include many of the processes simultaneously (Saltelli et al. 1984 ; Bidoglio et al. 1984).

As examples of field experiments on migration we may take the three investigations which
are part of the European MIRAGE project (CEC 1984): the Commissariat 2 I’Energie Atomique
is carrying out a programme of permeability and dispersion measurements in a uranium mine
at Fanay-Augeres near Limoges: single-fracture tracer experiments are being done at Troon
in Cornwall by the U.K. Atomic Energy Authority, and the British Geological Survey operates
a tracer test in glacial deposits at Drigg in Cumbria. Other examples are migration in single
fracture experiments at Chalk River and at Finnsjon, both of which have recently been
used in validation exercises (Lever 1984; Hodgkinson & Lever 1983).

In recent years there has been an increase in interest in the use of natural analogues, that
is natural geological migration systems, as a way of extending validation over very long
timescales. The method is difficult to use because of the lack of experimental control but well
worth investigation. We mention only two examples here. First is the uranium series
disequilibrium method (Ivanovich & Harmon 1982) whereby the ratio of the uranium isotopes
234U /238U, and sometimes thorium or radium isotope ratios, is related to groundwater
movement. The method is currently being employed at the Mol site in Belgium and at various
uranium mines in Australia. The second analogue is alternating freshwater and marine
sediments laid down in Loch Lomond during the last 8000 years. Detailed geochemical profiles
of cores taken from these sediments show the effects of diffusion and sorption on various elements
over thousands of years (MacKenzie ¢f al. 1984).

The basic problems with checking the applicability of current models still lies in collecting
enough data of different types so that the model can be constructed and predictions checked
against an independent measurement. The natural evolution of the composition of ordinary
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groundwater within a complete flow system would be a reasonable start. So far no such model
has been constructed and all groundwater chemistry data seem to be used in a generally
qualitative manner (Nordstrom et al. 1983).

7. CONCLUSIONS

Although models of the migration of radionuclides in groundwater follow a set of implicit
rules they show a great variety. They vary from the straightforward one-dimensional
calculation to the complicated three-dimensional finite-element models. It is clear that the
choice of model for any given site needs to take into account the purpose of the modelling and
the amount and type of data available. Often for reconnaissance purposes a comparatively
simple analytical model best suits the density of data available. For detailed assessment the
three-dimensional fully coupled model is the most appropriate. Currently the value of such
models is reduced by the lack of site specific data to use in the model. Linked with this is the
lack of sufficient independent data against which to cross-check the model predictions. At the
moment models outstrip the data and it is probably true that there are more models than sites
modelled.

Modelling of radionuclide migration is at present a very active area of research. Topics
receiving particular attention are flow in fractured rock, the comprehensive coupling of flow
and geochemistry, and the associated work on natural analogues. This last illustrates current
concern in establishing the validity of models over geological timescales and confirming that
all important processes have been identified.
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