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ABSTRACT 

The safety arguments in support of many radioactive waste repository concepts 
are heavily dependent on the existence of a sorption reaction. Such a reaction 
will, in the near field, reduce the magnitude of the release of a number of 
hazardous radionuclides so that their release to the geosphere is dispersed in 
time. In the geosphere, the sorption reactions provide a mechanism whereby 
the migration of the elements releasee! from the repository is retarded and the 
radioisotopes then subsequently decay. The processes involved in sorption 
cannot in many cases be satisfactorily represented in thermodynamic terms 
such as are employed in the description of dissolution and precipitation. 

Experiments that investigate these reactions are not easy to perform. The 
sorption parameters that are obtained experimentally for the near field relate, 
in the UK case, to sorption on to a cementitious surface. These surfaces, since 
they consist substantially of calcium hydroxide or calcium silicate hydrates, 
control the aqueous chemistry, do not permit pH changes to be made and limit 
the range of concentrations of sorbate that may be used. In the far field, on 
the other hand, the surfaces are not in general so active with respect to the 
solution chemistry and data can be obtained across a wide spectrum of aqueous 
chemistries. These data, although they may be useful in testing and para
meterizing models, may not have validity under field conditions since the 
minerals will, inevitably, react to the changes in water chemistry over 
geological timescales. The uncertainties in the experimental data are, for many 
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elements and solids, balanced by a reasonable agreement between workers in 
the values of the parameters used to describe sorption. 

This paper outlines the approaches used in the UK Nirex Safety Assessment 
Research Programme (NSARP) to the acquisition, verification and validation of 
the sorption parameter, and how these data are then selected and used in the 
safety assessment. It is concluded that the simple linear-equilibrium sorption 
approach applied within current assessment models in the UK is appropriate. 
Although it is not a detailed representation of processes, there is confidence 
that it is a robust and reasonable approximation, not leading to significant 
under or overestimations of risk. 

1. Introduction 

The safety arguments in support of many radioactive waste repository concepts 
are heavily dependent on the existence of a sorption reaction. Such a reaction 
will, in the near field, reduce the magnitude of the release of a number of 
hazardous radionuclides so that their release to the geosphere is dispersed in 
time. In the geosphere, the sorption reactions provide a mechanism whereby 
the migration of the elements released from the repository is retarded and the 
radionuclides then subsequently decay. 

There is universal acceptance of the role of sorption as a mechanism for 
retention. This acceptance is based on the wide evidence that exists in the 
laboratory and in nature for elements migrating from ore deposits in slow-
moving groundwater. 

The processes involved in sorption cannot in many cases be satisfactorily 
represented in thermodynamic terms such as are employed in the description 
of dissolution and precipitation. This is particularly true for the sorption 
processes that are important to the safety arguments for a radioactive waste 
repository. In such cases sorption will take place onto surfaces that are highly 
complex, such as mixed minerals and concretes, that are evolving comparative
ly rapidly, such as cements and concretes, or that are thermodynamically not 
in equilibrium with their surroundings, such as many igneous rocks. Linear 
models of sorption have been used in repository assessments. These represent 
an approximation to the dilute limit of an adsorption isotherm where a linear 
relationship between the amount sorbed and radionuclide concentration is 
expecl°d. The problem remains for the author of the safety argument to find 
a sound argument for selecting a particular value for the parameter used to 
describe sorption. 
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One of the consequences of this complexity is that the reactions are not readily 
amenable to simulation by mathematical modelling. A number of models [1, 
2, 3] have been postulated in the context of the radioactive waste repository, 
and some of these have been incorporated into the geochemical codes used for 
simulating the aqueous behaviour of the radioelements [4, 5]. However, the 
parameterization of such models remains difficult. 

Experimental investigation of these reactions is not easy. The parameters that 
are important to the models are, amongst others, the solid to liquid ratio, the 
aqueous speciation, the pH and the aqueous concentration of the sorbing 
element. The sorption parameters that are obtained experimentally for the 
near-field relate, in the UK case, to sorption on to a cementitious surface. 
These surfaces, since they consist substantially of calcium hydroxide or calcium 
silicate hydrates, control the aqueous chemistry and do not permit pH changes 
to be made. Furthermore, the solubility limit of many of the important 
radioelements are very low under these highly alkaline conditions. The 
combination of these two effects means that near-field sorption data can only 
be obtained under a narrow range of experimental conditions. Such a narrow 
range of data does not allow theoretical models of sorption to be adequately 
tested. 

In the far field, on the other hand, the surfaces are not in general so active 
with respect to the solution chemistry and data can be obtained across a wide 
spectrum of aqueous chemistries. Although these data may be useful in testing 
and parameterizing models, they may not have validity under field conditions 
since the minerals will, inevitably, react to the changes in water chemistry over 
geological timescales. 

A substantial source of concern over the relevance of laboratory measurements 
of sorption arises from the wide discrepancy between the solid to liquid ratio 
employed in the laboratory to that found in the field. Some of these concerns 
may be reduced by the use of the through diffusion (or diffusion-sorption) type 
of experiment, where solid samples are used and, for the bulk of the sample, 
the solid to liquid ratio is realistic. However, these experiments are costly in 
terms of time and resources and so many data are acquired from simple batch 
sorption experiments. 

There are alternative experimental approaches to the validation of the various 
models of the sorption reactions. A number of natural analogues of the 
radioactive waste repository and of radioelement migration in the geosphere 
have been used to build confidence in some of the models. In the laboratory, 
waste packages have been simulated and exposed to extended leaching. Both 
approaches have value and show that sorption plays a part in the release and 
retardation of radioelements, but the interpretation of the results is not 
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unequivocal as there are many unknown or undetermined experimental 
variables, which can make the interpretation difficult and uncertain. 

The uncertainties in the experimental data are, for many elements and solids, 
balanced by a reasonable agreement between workers in the values of the 
parameters used to describe sorption. This agreement may be outside that 
which is normally accepted as experimental error, but the residual differences 
are probably unimportant in the context of different national safety assess
ments. The need is for a sorption parameter that can be used with confidence 
in the safety assessment. It is for these reasons that the sorption parameter 
should be adequately understood and that the parameters used in the safety 
assessment to describe the magnitude of the sorption effect are not only the 
best that are available but can also be defended as realistic and representative 
of the natural state. 

This paper contains an outline of the approaches used by UK Nirex Ltd. to the 
acquisition, verification and validation of the sorption parameter, and a 
description of how these data are then selected and used in the safety 
assessment. The work described is undertaken as part of the Nirex Safety 
Assessment Research Programme (NSARP). 

2. Sorption Models 

The models described in this section have been used as research models to aid 
the interpretation of experiments from which sorption parameters are obtained. 
After validation against experiments, they may also be useful in investigating 
the limitations of the linear sorption approach used in assessment models, and 
in selecting values for the sorption parameters. 

Typical reactions at a mineral surface can be described by the following 
equations 

SOH * Cats - SOCat + Hs <2.D 

SOH + Hs + Ans - SOHjAn (2.2) 

where Cat5 and Ang are a cation and anion (the subscript S denotes a surface 
species), respectively, and SOH represents a surface hydroxyl group. The 
equilibrium constants for the two reactions are given by 
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It should be noted that charges have been omitted from all equations for 
clarity. In surface complexation models, surface charge is assumed to result 
from the sorption reactions, and the effect of this is incorporated into the 
model by including a factor derived from electric double layer theory [6]. In 
the mass action law equations (2.3) and (2.4), the activity of a surface species 
can be related to the bulk activity of that species by considering the electrostatic 
work in transporting ions through the interfacial potential gradient. This gives 

[surf) = [bulk) exp(-FfJR1) <2-5> 

where Y is the potential at the surface, F is the Faraday constant, R the 
universal gas constant and T the absolute temperature. The charge on the 
surface can be calculated from the concentrations of the surface species. 
Considering only protonated and de-protonated sites, the surface charge 
density is given by 

F([SOH;] - [SO]) (2#6) 

s a 

where s is the specific surface area and a the concentration of solid. The 
surface charge can be related to the potential by treating the planes as parallel 
plate capacitors. These equation have been incorporated into several 
geochemical modelling codes. Four sorption models have been used: constant 
capacitance, diffuse layer, basic Stern and triple layer model. 
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2.7 Constant Capacitance Model 

In the constant capacitance model it is assumed that all the adsorbed ions are 
attached to a single plane and are at the same potential. The surface potential 
is linearly related to the surface charge. 

where C = capacitance. This model is represented in Figure 1(a). 

2.2 Diffuse Layer Model 

The diffuse layer model is also based on the assumption of a single surface. 
However, in this case, the surface potential is related to the charge through the 
Gouy-Chapman electrical double layer theory [7]. This equation is: 

ad = fieejm sinh (FT/2/W) <2-8> 

where c is the relative dielectric permittivity, €0 is the permittivity in a vacuum, 
I is the ionic strength and all other parameters are as previously defined. The 
relationship of potential to charge of this model is illustrated in Figure 1(b). 

2.3 Basic Stern Model 

In the basic Stern model, the potential determining ions (H+, OH") are assigned 
to the surface, and the specifically adsorbed ions to a plane termed the inner 
Helmholtz plane (IHP). The potential is assumed to be the same on both the 
inner and outer Helmholtz planes. This is illustrated in Figure 1(c). The 
surface charge is given by: 

a0 = C(T0 - T^) (2.9) 

and at the outer Helmholtz plane, ad, by equation (2.8). 

2.4 Triple Layer Model 

As implied, the triple layer model defines three surfaces and can be regarded 
as an extended Stern model. This is illustrated in Figure 1(d). In this model, 
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Figure 1 Surface Charge - Potential Relationships for four Sorption Models 
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the capacitance between the inner and outer Helmholtz planes is also included. 
The relationship between the potential and charge away from the surface is 
given by: 

o0 - C ^ - Tx) (2-10) 

-od = C2(T, - T̂ ) (2-11) 

°o + °i + °d = ° *2*12* 

2.5 Application of the Models 

The constant capacitance model does not describe the full range of effects, in 
particular it contains no reference to the ionic strength of the solution. The 
other models have been applied to experimental data [4, 8] using different 
geochemical codes. The results were found to be in reasonable agreement. 
The selection of the most appropriate model depends to some extent on the 
quality of the experimental data available both to parameterize and to validate 
it. Of the more complex models, there are probably more data available to 
parameterize the triple layer model than the other two. However, in the 
context of radioactive waste management, the experimental measurements of 
sorption phenomena have not yet provided sufficient data that a definitive 
selection of the model can be made. 

In the experiments that have been satisfactorily simulated by modelling, the 
values obtained for the equilibrium constants K in equations (2.3) and (2.4) 
were plausible for weak sorption reactions, being equivalent to free energies of 
formation of a few kilojoules per mole. 

The need that remains is to show, for the particular conditions of the 
repository safety assessment, that the simple models of linear sorption are a 
fair approximation to the more complex models. This need exists since the 
incorporation of the complex models into an assessment code sets very intense 
but probably unnecessary computing demands. 
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3. Analogue Approach 

There is a growing body of evidence that sorption to natural rock systems 
operates universally and can be relied upon to explain the distribution and 
concentration of elements, including radionuclides, spreading from a source. 
For example, potable drinking water in aquifers is produced by filtration and 
sorption of contaminants by and to the rock through which it passes. Sorption 
has been invoked to explain the distribution of elements in and around ore 
deposits, weathered zones of igneous rocks and sites that have become known 
as 'natural analogues' for radioactive waste disposal. 

A well-known example is the plume of radionuclides from the natural reactor 
at Oklo in Gabon. The available evidence points to very limited migration for 
many of the radionuclides that were produced during the period of reactor 
'operation' [9]. In another example, the distribution and mobility of elements 
during the weathering of granitic rocks can be explained by a combination of 
chemical control, for example the importance of redox control for many 
transition metals and actinides, and the relative strengths of sorption by 
secondary minerals [10]. 

The use of such analogue systems provides an opportunity to build confidence 
in models and computer programs in which sorption is applied, against a 
system that may have been in existence for many millions of years. Such an 
approach gives access to a timescale that is inaccessible to a laboratory-based 
experimental programme and therefore gives more confidence that the system 
is in equilibrium. It should be noted that, of necessity, only those analogues 
that have survived and have been discovered can be studied; the reasons for 
the loss of those that have not survived clearly cannot be examined. 

A number of sites where radiochemical anomalies exist have been studied; 
these include the uranium deposits at Koongarra in Australia [11] and Cigar 
Lake in Canada [12], and the thorium deposits at Pocos de Caldas in Brazil 
[13]. Each of these analogue sites was chosen for its particular properties; for 
example Koongarra contains a uranium deposit that straddles the weathered 
and non-weathered zones in a shallow rock system. The plume of mobilized 
uranium in the upper part of the analogue is contrasted with the unmobilized 
concentrations in the lower. The Canadian 'analogue' is much deeper and any 
uranium migration is essentially controlled by limited water flow in fractures, 
whereas the Brazilian example is at the surface; all the uranium has been lost 
due to weathering, whereas the less mobile thorium has been retained. 

Detailed modelling of the physico-chemical state of these analogue systems is 
under way, usually on an international basis [11,12], In each case sorption is 
incorporated into the conceptual models designed to account for the observed 
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behaviour. The application of detailed mechanistic models is having some 
success in describing the observed migration behaviour of elements [13]. 

On geological timescales the process of sorption measured in the laboratory can 
be gradually superseded, under appropriate conditions, by more permanent 
association with the rock, often described genetically as 'mineralization', in 
which the element of interest becomes incorporated into the solid matrix. Even 
under such conditions, this association cannot be said to be 'permanent'; the 
thermodynamic disequilibrium will eventually be satisfied by the re-dissolution 
of the immobilized element. It is the timescale of this in relation to the half-life 
of the immobilized radionuclide that is of interest to the radiological safety 
assessor if it is to be of benefit in repository safety arguments. 

4. Experimental Approach 

Sorption is a generic term, which has been used to include non-sorptive 
processes that retard the migration of aqueous species; it covers the processes 
of absorption, physical adsorption and chemical adsorption. The mechanism 
of sorption depends on the chemical properties of the sorbate in solution, i.e. 
sorbate speciation, and both the chemical and physical properties of the 
sorbent'13'. It is difficult to distinguish between each type of sorption process 
experimentally. 

Absorption is the incorporation of a sorbate within the physical or molecular 
structure of a sorbent. The sorbate has access to the bulk not just the surface 
of the sorbent. 

Physical adsorption can be divided into three sub-groups: 

(a) Electrostatic adsorption is a rapid and largely reversible process strongly 
dependent on the sorbent composition and sorbate composition and ionic 
strength. Ion exchange is an example of electrostatic adsorption that is 
due to coulombic forces of attraction between charged sorbate species and 
the sorbent. 

(b) Specific adsorption occurs when the sorbate ion sorbs onto a small number 
of surface sites of opposite charge that exist irrespective of the net surface 
charge or which are induced by the presence of the sorbate ion. It can be 
rapid or slow, is dependent on temperature and highly dependent on the 
sorbent composition and sorbate concentration. 

(c) Non-specific physical adsorption is a rapid and reversible process largely 
independent of temperature, sorbent composition and sorbate composition 
and ionic strength. It is due to non-specific forces of attraction involving 
the electron shells of the sorbate and of the sorbent. 
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Chemical adsorption is due to the action of specific chemical forces and 
involves chemical bonding. It can be slow, largely irreversible, highly sorbate 
selective, temperature dependent and highly dependent on the sorbent 
composition and sorbate concentration. In principle, chemical adsorption is 
better described as chemical substitution or coprecipitation since it is not a true 
adsorption process. However, it is difficult to distinguish from physical 
adsorption under experimental conditions. 

The sorption parameter that is most widely determined is the distribution ratio, 
Rd. In the most general terms, the value is given by: 

„. _ concentration of radioelement on solid / ^ j * 
concentration of radioelement in solution 

An alternative parameter, Kd, is used more generally in physical chemistry to 
denote an equilibrium sorption coefficient. A previous NEA Workshop on 
sorption [14] made the recommendation that the term Rd be used to recognize 
the probable failure to attain equilibrium in laboratory studies on geological 
materials. The uncertainties on one single determination of the distribution 
ratio are largely influenced by the uncertainties involved in determining the 
solution concentrations. For a single determination it is always more probable 
that the true distribution ratio is higher than the calculated value rather than 
lower. However, the differences between individual experiments are much 
greater than those due to the determination of the solution activity and 
volume, and cement or rock mass. Methods for measuring sorption have been 
reviewed by Bradbury and Jefferies [14]. In that review, a number of criticisms 
were made of the prevailing experimental design of sorption measurements at 
that time. 

There are two techniques that are widely used for the determination of 
distribution ratios: the batch sorption and the diffusion-sorption methods. In 
the batch sorption experiments, crushed samples of the sorbent are equilibrated 
with solutions of the sorbing element; in the diffusion-sorption experiment, a 
massive sample of sorbent is used and the solution allowed to diffuse into and 
through the solid and the sorption parameters are extracted from the 
penetration profile. 

The batch sorption method has been criticized for the use of a crushed sample, 
which may expose atypical surfaces and for unrealistic solid to liquid ratios. 
The diffusion-sorption approach, which uses 'intact' samples, avoids these 
criticisms but at the cost of a much prolonged experimental time and a much 
higher investment in analytical effort. 
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Under the conditions of a cementitious near field, these criticisms have less 
validity than in the far field. The effect of solid to liquid ratio is likely to arise 
from a limited inventory of a species that is significant with respect to the 
aqueous chemistry of the sorbate or from the variation in aqueous concentra
tion of the sorbate during the experiment. Cementitious materials strongly 
influence the aqueous chemistry, but have an unlimited inventory, at least 
under laboratory conditions. The variation in solution concentration of the 
sorbate can be controlled by experimental design. 

The crushing of the sample that is necessary for the batch sorption measure
ment may influence the results. With non-porous samples, it can expose new 
types of surfaces or greatly increase the accessible surface area, thus leading to 
erroneous results. However, in the case of highly porous sorbents, such as 
some cements, essentially all the solid material surface is exposed to the 
solution and crushing should not expose a significant amount of new surface. 

There have been experiments mounted to test these points for the case of 
cement: 

(a) The sorption of americium and plutonium onto two types of cement in the 
form of coupons as crushed cement in a range of particle sizes have been 
studied [16]. The results of these experiments indicate that there is no 
major increase in sorption onto the crushed cements. The surface areas of 
crushed and uncrushed cement were also measured and showed no 
change in the surface area was noted after crushing. It was concluded in 
that work, that unlike geological media, k >- new sites are formed when 
cement is crushed. 

(b) The effect of solid to liquid ratio has also been investigated [17]. The first, 
involving plutonium, indicated no variation of Rd with changes in solid to 
water ratio in a range of one order of magnitude. Studies with carbon also 
suggested that steady state values of Rd were not dissimilar for both solid 
to water ratios (although increasing the solid to water ratio by an order of 
magnitude appeared to increase the rate of approach to equilibrium). 
However, a more extensive study with radium did indicate that values of 
Rd increase with increasing solid to water ratio by a factor of 20 over 2 
orders of magnitude. 

The rate of diffusion of elements through an intact cement disk has been 
studied in near-field diffusion-sorption experiments. However, the best 
candidates for diffusion-sorption experiments are weakly-sorbing elements, 
since the parameter most readily measured is the rate of breakthrough of the 
element through the cement sample. For strongly-sorbing species, the 
breakthrough can take much longer than a year. For the strongly sorbing 
species frequent additions of the element concerned are required to maintain 
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constant concentration levels; this can be costly in terms of materials and time. 
Decreasing the sample thickness decreases the breakthrough time. However, 
the minimum disk thickness is limited by the strength of the material. If 
breakthrough is not noted within the timescale of the experiment, it may be 
possible to obtain a concentration profile of the sorbed species through the 
sample by sectioning and analysis. 

5. Application of Data within a Safety Case 

In the UK the safety case for a radioactive waste repository will be examined 
at a Public Inquiry. The post-closure safety of a repository will be judged 
against the regulatory target of: 

'...a risk to an individual in a year equivalent to that associated 
with a dose of 0.1 mSv; about 1 chance in a million.' 

as defined by the authorizing Departments [18]. The necessity to extend 
calculations of risk into the far future requires the use of models, in which 
uncertainty is represented, coded into computer programs. Risk is essentially 
the product of probability and consequence and is calculated using a probabil
istic safety assessment (PSA) methodology in which uncertainty is represented 
by the use of probability density functions (PDFs) for important parameters. 
These models must be based on sound physical and chemical principles and, 
in an ideal world, would describe the disposal system in detail. 

However, to be confident that the calculation of risk has converged requires 
many repeated runs of the programs and so, for computational simplicity, the 
models that are applied in the safety case are simplified. These simple modeis 
are checked against more complex ones, describing parts oi the system in more 
detail, to confirm that they are providing an appropriate and sufficiently 
accurate representation of the system behaviour. 

The radioactive waste disposal facility must operate in a reliable and predictable 
manner over a very long timescale so, in the simplified treatment, only the 
most fundamental physical and chemical processes are considered for use in 
calculations that will be compared with the regulatory target. Sorption is one 
of these processes; it is considered to be an important component of the safety 
case being developed in the UK. Because it is such an important component 
of the safety arguments, the sorption data base selected for application in 
safety assessments must be robust. Before discussing the derivation of a data 
base for the near and far fields, it is appropriate briefly to review the way in 
which sorption is used in the assessment models. 
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5.1 Sorption in the Near Field 

Within the repository, credit is currently taken only for sorption to cementit-
ious materials outside the waste packages. After a period of containment, 
instantaneous linear sorption equilibrium is assumed between the radionuclides 
and the backfill and structural materials. If the inventory of an element is large 
enough, the solution concentration is controlled by the solubility limit despite 
sorption, whereas in other cases the solution concentration of an element is 
controlled by its distribution ratio. In the former case the degree of solubility 
limitation is controlled by the magnitude of the sorption parameters applied in 
the models. 

Leaching of radionuclides from the waste by groundwater removes radio
nuclides from the repository; the distribution ratio is restored by the radio
nuclide entering solution from the solid phase. The data used in the near-field 
model consist of element-specific distribution ratios for each of the materials 
present in the repository; in practice this has meant that a single value, 
appropriate to the backfill material, has been used. 

The nature of the groundwater that will infiltrate the repository can have a 
significant impact on the chemical environment and therefore on sorption. For 
example if the groundwater is very saline, the speciation of the radioelement 
may be affected and there will be fewer stable repository-derived colloids; these 
effects should be taken into account when designing experiments and 
considering data from other programmes in the derivation of a data base. 

5.2 Sorption in the Far Field 

A similar process is modelled in the rocks that overly the facility. Linear 
equilibrium sorption is assumed and maintained between radionuclides in 
solution and sorbed to the mineral surfaces. The porosity of natural rock 
systems tends not to be fully accessible and this is taken into account by the 
use of parameters representing the fraction of rock surface available for 
sorption. In fractured rocks, it is frequently the case that only a small amount 
of the porosity is accessible to flowing water. Dissolved radionuclides may also 
access the 'dead-end' porosity, and therefore additional sorption sites, by 
diffusion into the rock matrix. 

The data used in the far-field model consist of element-specific distribution 
ratios for each of the rock types encountered on the migration pathway to the 
surface; in practice this has been reduced to a single value representing the 
sorption properties of the rock in which the groundwater spends most time. 
This is because of the lack of site-specific samples and thus of relevant sorption 
data rather than an inability to model the more complex situation. 
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Given enough time and resources it would be possible to construct a 
programme of sorption studies that would cover the relevant elements and 
rocks from a potential repository location. However, other constraints apply, 
such as the need to demonstrate a solution to the problem of radioactive waste 
disposal on a short timescale, and there are currently some gaps in the overall 
data base; these will be filled by the time that authorization of the facility is 
sought. 

5.3 Sorption in the Biosphere 

Sorption processes are also important in the biosphere. For example, the 
transfer of radionuclides between water bodies and their migration through soil 
columns are modelled using an approach to sorption processes that is identical 
to that applied to radionuclides in the groundwater pathway before they reach 
the biosphere. This aspect will not be discussed further in this paper. 

5.4 Factors Influencing the Approach to Data Selection 

The data that are selected for particular applications of a safety assessment 
methodology do rot always have to be of an i Jentical 'quality'. For example, 
in comparisons between sites for the development of a waste repository, it is 
appropriate to concentrate on the geological differences and their influence on 
groundwater migration, which may be very significant. However, in 
site-specific assessments for quantitative comparison of the calculated risk with 
a regulatory target, data for all the important processes, of which sorption is 
one, should be the best available and should be specific to the local groundwa
ter conditions and rock properties. 

The requirement in the UK to calculate risk for comparison with the regulatory 
target has been addressed by the application of PDFs to uncertain quantities 
within probabilistic computer programs. Therefore the range of parameter 
variation and the shape of its PDF are required as part of the overall data base. 
The degree of attention that has been placed on the derivation of PDFs has 
changed with time, as the assessment results have been used for more 
quantitative comparisons. For such uses the width of the PDFs must reflect the 
total uncertainty; where element groups are expected to behave in similar 
ways, for example among tetravalent actinides, correlations can be introduced 
to ensure that very high and very low sorption values are not combined in 
unreasonable ways. 

A number of modifying factors must be considered in the derivation of a 
sorption data base; for example, the difference between experimental technique 
(batch vs. intact, see Section 4 above), the effect of water to solid ratio and the 
presence of organic species that could alter raoionuclide speciation. Indeed, 
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the effect of the disposal of organic-bearing wastes can also be very significant. 
Research within the NSARP has shown that solubility and sorption parameters 
for some key elements can be altered by orders of magnitude in the presence 
of degradation products from such wastes [19]. As far as possible, measured 
data are used to take account of such modifying factors; if they are not 
available a sorption reduction factor has been applied to the standard data. 

5.5 Derivation of a Sorption Data Base 

As noted above, the assessment models used currently in the UK require a 
single sorption parameter for use within each of the near- and far-field models. 
The number of radionuclides for which such data are required is large; 40 
elements are represented in the overall national inventory (see Table 1). 
Previous assessment experience [20, 21] has allowed this list to be reduced 
somewhat so that only 24 elements are currently considered in assessment 
modelling. 

As far as possible, the source of the sorption values for these radioelements is 
the NSARP. This is because the solid material and groundwater conditions can 
be precisely tailored to the current plans. However, even from the restricted 
number of elements, a priority list is used to guide experimental effort. Where 
the NSARP has not yet addressed a particular element, published work from 
other national and international programmes is consulted, but if that is not 
available or is judged to be inappropriate, the only recourse is to use chemical 
analogy between elements. 

A protocol has been developed in the UK for the selection of sorption data; this 
protocol is under further development in response to the uses to which the 
assessment results will be put. The approach that was adopted and used for 
assessments conducted between 1986 and 1990, can be applied to both near-
and far-field data and is summarized as follows: 

(a) ?ct elements for the data base; 
(b) cup these elements according to chemical properties, taking account of 

speciation calculations, relevant data and trends from other programmes, 
and general chemical knowledge; 

(c) interpolate between better-known elements for those that are difficult to 
categorize; 

(d) take account of modifying factors such as water to rock ratios, the presence 
of organic wastes, etc.; 

(e) produce a final 'rank' of the elements; 
(f) calibrate this rank against relevant data, concentrating on that from local 

programmes. 
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Data for early scoping and comparative assessments were assembled on this 
basis using individual expertise and experience. Regular meetings between 
experts and assessment staff ensured that consistency was maintained within 
the chosen data set; at this stage only internal review of the compiled data was 
undertaken. 

In any approach to the 'generation' of a data base it is important that data 
providers and data users keep closely in touch; the use to which data will be 
put can make a significant difference to the degree of sophistication and effort 
that should be applied. As the safety case has developed and the Public 
Inquiry has drawn nearer, a more sophisticated approach, data elicitation, is 
being developed for application within the Nirex programme. 

5.6 Data Elicitation 

Data elicitation is a general methodology in which decision theory is used, with 
a panel of experts, to address the values that key parameters, the uncertain 
quantities, should adopt [22]. The object is to explore the possible ranges for 
parameter values so that the calculations that ensue will accurately cover the 
range of system behaviours. The resulting range of values, presented as a 
probability density function (PDF) forms a direct input to probabilistic safety 
assessments. Sorption parameters for a few key elements will form part of the 
range of parameters that will be addressed using this methodology. A similar 
but less intensive application will be made for sorption data for radioelements 
judged to be of lesser importance; in these cases a hybrid approach will be 
followed, using elements of the protocol described above in section 5.5, and a 
locally administered data elicitation. 

One of the primary motives for this approach is that the data selected should 
satisfy the criteria for robustness. It is important to be able to demonstrate that 
this approach conveys the right messages over the safety of a potential site. 
Given the potential consequences for the nuclear industry of failure in the field 
of waste disposal, it is essential that repository safety assessments neither 
compound pessimisms nor give too optimistic a view of safety. 

6. Summary and Conclusions 

This discussion of sorption and the derivation of a sorption data base can be 
summarized as follows: 

(a) Sorption phenomena are universally applicable in aqueous systems; the 
surface interaction is a fundamental process that does not rely on specific 
chemical conditions. 
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(b) The magnitude of sorption reactions is important in determining the risks 
calculated in safety assessments and can be affected by chemical and 
physical conditions. 

(c) The mechanistic details of sorption reactions are not readily deconvoluted 
and cannot be adequately represented in thermodynamic terms. 

(d) Various models of sorption processes have been developed, with varying 
degrees of success; these models are not yet able to provide a reliable 
predictive capability. 

(e) Natural analogues of a radioactive waste repository can provide confidence 
that sorption processes operate in real systems. Some of these analogues 
have been successfully modelled using computer programs based on 
detailed mechanistic descriptions. 

(f) The derivation of a sorption data base must be based on experimental 
measurement under appropriate conditions. These will usually be site 
specific, which implies that sorption data bases cannot easily be compared. 

(g) Within a single programme the expansion of the data base to a larger 
number of elements can be justified using an approach in which limited 
data are used to rank and interpolate between elements followed by 
calibration of the ranking. 

(h) The use of probabilistic models to calculate risk for comparison with the 
regulatory target requires that probability distribution functions be used. 
Sorption is a key parameter in these models; it is appropriate to give a 
realistic distribution of values and to correlate parameter values within 
groups of elements to ensure that risks are not over or underestimated. 

(i) A more sophisticated approach to deriving a data base for uncertain 
quantities is being developed within the framework of decision theory. 

On this basis it is concluded that the simple linear-equilibrium sorption 
approach applied within current assessment models in the UK is appropriate. 
Although it is not a detailed representation of processes, there is confidence 
that it is a robust and reasonable approximation, not leading to significant 
under or overestimations of risk. 
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Table 1 : Matrix of sorption data for key elements 

Element Present in Considered in NSARP data Current 
National Assessments Availableu) Priority 
Inventory for Expts 

H 
Be 
C 
S 
CI 
Ca 
Cr 
Mn 
Fe 
Co 
Ni 
Zn 
Se 
Sr 
Zr 
Nb 
Mo 
Tc 
Ru 
Pd 
Ag 
Sn 
I 
Cs 
Ce 
Pm 
Sm 
Eu 
Ta 
Pb 
Po 
Ra 
Ac 
Th 
Pa 
U 
Np 
Pu 
Am 
Cm 

* * * 
* * * 
* * 

* * 

* * * 
* * * 
* * 

* * * 
* * 
* * * 
* * * 
* * * 
* # * 
* * * 
* * * 
* * 

(a) Some of these data were measured on superseded materials and under non 
site-specific groundwater conditions. 
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