
EIR-Bericht Nr. 550 
Oktober 1984 

r » 

Radionuclide Sorption Database for 
Swiss Safety Assessment 

I.G. McKinley, J. Hadermann 

Eidgenössisches Institut für Reaktorforschung 
Institut Federal de Recherche« en Matiere de Reacteurs 
Swiss Federal Institute for Reactor Research 

CH-5303 Würenlingen Tel. 056 99 2111 Telex 53 714 eir ch 



EIR-Bericht Nr. 550 

NAGRA NTB 84-40 

Radionuclide Sorption Database for 

Swiss Safety Assessment/ 

Ian G. McKinley, Jörg Hadermann 

3P 
Würenlingen, October 1984 



- 1 -

SUMMARY 

In this report recommended sorption data for use in transport models 
for a Swiss High-Level Waste repository are presented. The models 
used in "Project Gewaehr 1985" assume linear sorption isotherms and 
require elemental partition coefficient (Kd) data. On the basis if a 
literature search "realistic" Kd data for 22 elements have been 
selected for weathered crystalline rock and sediments in contact with 
a reducing groundwater and also sediments with a less reducing 
groundwater. In an appendix sorption data for 28 elements on 
bentonite backfill are given. These data are supplemented with 
"conservative" estimates taken to represent minimum reasonable values-
Available data are discussed for each element clearly exhibiting (i) 
the large gaps in knowledge, (ii) their unbalanced distribution 
between different elements and, hence, (iii) the need for further 
experiments in the laboratory, the field and analogue studies. An 
overview of the theoretical concepts of sorption, experimental 
methodology and data interpretation is given in order to put the 
values into context. General problem areas are identified. 
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In diesem Bericht werden empfohlene Sorptionsdaten für die 
Modellierung des Schweizer Endlagers hochaktiver Abfälle 
zusammengestellt. Die in "Projekt Gewähr 1985" verwendeten Modelle 
setzen lineare Sorptionsisothermen voraus und benötigen somit 
Kd-Werte. Auf der Basis einer Literaturübersicht wurden 
"realistische" Kd-Werte von 22 Elementen für Sorption an verwittertem 
Kristallin und an Sedimenten ausgewählt. Für das Grundwasser wurden 
reduzierende Bedingungen angenommen. Für die Sorption an Sedimenten 
wurden auch oxidierende Bedingungen berücksichtigt. In einem Anhang 
werden Sorptionsdaten von 28 Elementen für die Bentonitverfüllung 
gegeben. Diese Daten werden ergänzt durch Schätzungen von 
"konservativen" Werten, welche vernünftige Minimalwerte 
repräsentieren. Das verfügoare Datenmaterial wird für jedes Element 
näher betrachtet wobei sich zeigt, dass (i) grosse Wissenslücken 
bestehen, (ii) die Kenntnis ungleichwichtig auf die ein: einen Elemente 
verteilt ist und (iii) somit ein Bedürfnis für weitere Experimente im 
Labor, im Feld und für Analogstudien besteht. Um die empfohlenen 
Sorptionswerte in den geeigneten Zusammenhang zu stellen, werden die 
theoretischen Konzepte, experimentellen Methoden und Interpretation 
von Daten zusanmenfassend dargestellt. Allgemeine Gebiete, c*ie 
weiterer Untersuchung bedürfen, werden identifiziert. 
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Resume 

Ce rapport presente les donnees recommandees, relatives a la sorption, 
utilisees pour la modelisation du depot suisse pour les dechets 
hautement radloactifs. Les modeles appliques au "Project Gewähr 85" 
presupposent une isotherme de sorption lineaire et necessitent ainsi 
des donnees sur les Kd. Une recherche blbliographique a permis de 
selectionner les Kd "realistes" de 22 elements pour la sorption sur 
roches cristallines alterees en milieu reducteur et sur roches 
sedimentaires en milieu reducteur et oxyriant. Les donnees concernant 
la sorption de 28 elements sur la bentonite, utilisee comme materiaux 
de bourrage, figurent en appendice. Ces donnees sont completees par 
des valeurs "conservatrices" estimees ou valeurs minimales 
raisonnables. L'ensemble des valeurs disponibles est considere en 
detail pour chaque clement. II en ressort que: i) les connaissances 
aktuelles presentent des lacunes, ii) les connaissances se 
repartissent de maniere tres inegale sur les differents elements et 
iii) en consequence, 1'effort futur devrait porter sur les experiences 
au laboratoire et sur le terrain, ainsi que sur 1'etude des analogues. 
Un aperqu des concepts theoriques, des methods experlmentales et de 
1'interpretation des donnees est presente pour fixer les valeurs 
recommandees dans leur contexte. Les domaines d'etude necessltant un 
examen plus approfondi on ete identifies. 
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Vorwort 

Im Rahmen des Projektes Entsorgung werden im EIR Arbeiten zur Analyse 
der Ausbreitung radioaktiver Elemente aus einem Endlager durchgeführt. 
Diese Untersuchungen werden in Zusammenarbeit und mit teilweiaer 
finanzieller Unterstützung der NAGRA vorgenommen. Die vorliegende 
Arbeit ist als Referenzbericht im Rahmen des Projektes "Gewähr 1985" 
zu sehen. Sie erscheint gleichzeitig als EIR-Bericht und als 
NAGRA-Technischer-Bericht. 
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1.0 INTRODUCTION 

A major argument in favour of geological disposal of high level 
nuclear waste is the fact that the rock body itself acts as a barrier 
to the release of radionuclides into the biosphere after the initial 
period of complete containment. It is generally acknowledged that by 
far the most likely cause of radionuclide release from the "near 
field" is repository resaturation and subsequent transport of leached 
species in flowing groundwater. In the evaluation of any potential 
repository site, therefore, an important parameter is the extent to 
which nuclides may be retarded during such groundwater transport due 
to sorption onto rocks along the flow path. 
As part of the safety analysis in project "Gewaehr 1985", a series of 
computer codes has been prepared to model radionuclide migration in 
both the near- and far-field (Nagra, 1985; Vol. 4). An essential 
input to such models, therefore, is a sorption data set for 
radionuclides of interest on rocks encountered along the flow path. 
In this context, the general term "sorption" is used to cover all 
physical and chemical processes which transfer dissolved species, 
either reversibly or irreversibly, from the aqueous to the rock phase 
(including for example, physical adsorption, io.v-exchange, 
mineralization etc.). The models for safety analysis assume a 
reversible linear sorption isotherm although this is mainly due to 
lack of data rather than inherent inability to include more complex 
alternatives (Hadermann, 1982; Hadermann and Roesel, 1983). This 
restriction, together with the requirement for conservatism, 
influences the selection of data for these calculations as will be 
discussed in the following chapters. 

The radionuclides of interest are selected by two main 
criteria - presence in significant quantities in the waste inventory 
after 1000 years decay (the expected minimum canister life - NAGRA, 
1983a; McKinley, 198A) and relative biotoxlcity (much greater 
emphasis being given to alpha rather than beta or gamma emitters). 
These species can be further sub-classified as: 

*) Long lived actinides - isotopes of Th, U, Np, Pu, Am and Cm 

b) Members of actinide decay chains with significant halflives 
(cf. Fig. 1, Appendix 1) eg. Ra, Rn, Pb, Pa, Ac. 

c) Long lived fission and activation products - isotopes of Cs, I, 
Tc, C, Se, Zr, Pd, Sn, Mo, Sm, Ni. 

The particular species Identified above are derived from several 
compilations of waste inventories (Nagra, 1985; Vol. 2) and geosphere 
transport calculations (Burkholder et al., 1976; Hill and 
Grlmwood, 1978; KBS, 1978; Moody, 1982) disregarding only short 
lived parent species (eg. 3H, 90Sr etc.). The elements listed above 
are summarized by periodic grouping in Fig. 2. 

Current concepts envisage a HLW repository within a tectonlcally 
inactive region of the crystalline bedrock of Northern Switzerland. 
This bedrock is usually overlaid by th ok (> 100m) tertiary, mesozoic 
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and, sometimes, permocarboniferous sediments (McCombie et al., 1983). 
The exact mineralogic regime along the water flow path however, 
depends on the exact site chosen and its local hydrology. 

Generally the host crystalline formation can be classed as "granitoid" 
although flow would occur through a range of quite lithologically 
distinct regions (eg. granite, aplite, pegmatite, rhyolite, 
microgranite etc. - cf. definition of a model site for a 
type C repository, NAGRA, 1985; Vol. 4). Details of the exact 
lithology/mineralogy of the crystalline rock itself is not very 
important, however, as flow through such inhomogeneous rock occurs in 
individual fractures and veins embedded in zones of crushed and 
weathered crystalline rocks (kakirites) rather than through the intact 
bedrock. Many of such water conducting zones will be either coated or 
infilled vith secondary hydrothermal alteration products which 
correspond to the surfaces exposed to flowing groundwater (Nagra, 
1985a). For any specific disposal site the mineralogy of the 
solid/water interface needs to be established by thorough petrographic 
analysis of core material. At present, knowledge of the potential 
site area is based primarily on findings from the Böttstein borehole 
(Peters et al., 1985). Nevertheless, it is probable that the major 
sorbing components in the water conducting and weathered zones are not 
feldspar or quartz but layered silicates (eg. chlorite), clay minerals 
and iron oxyhydroxides. In addition, due to the complexity of the 
alteration process, many amorphous or poorly crystalline surfaces may 
be present which may show high selectivity for sorption of particular 
nuclides (eg. Storey and Lintern, 1981, McKinley and West, 1983, 
Carlsen and Platz, 1983). 

The main components of the overlying sediments of interest are the 
aquifer units as these will tend to form the main pathway to man. 
Based on data from the KRISTAL boreholes (e.g. Peters et al., 1985) 
and the regional hydrological programme, such aquifers will be 
composed of carbonate (eg. chalk or dolomite from the Huschelkalk) or 
arenaceous rocks (eg. Permian br°>:cias, sandstone and siltstone and 
the Triassic Buntsandstein). 
The measurement of radionuclide sorption is by no means a trivial task 
and hence data requirements, experimental methods and data 
interpretation will be overviewed in the following chapters. 
Generally, the transport models require two types of sorption data, 
namely surface based distribution constants for transport in fractures 
and veins in crystalline rock and volume based distribution constants 
for porous media like sandstone. If diffusion of solute into the 
non-flowing porosity of a medium occurs to a significant extent 
(e.g. into kakirites and weathered zones), an additional volume based 
distribution constant is required to quantify this process (Hadermann 
and Roesel, 1985). Literature data on the sorption of each of the 
nuclides of interest will be reviewed in this light and used to derive 
recommended values for use in subsequent migration modelling in 
project "Gewaehr 1985". 

Although secondary to the main aim of this report, sorption data for 
these 22 nuclides plus 6 others (Be, Ca, Sr, Nb, Ag and Ho) on 
bentonite backfill were also compiled and are discussed in Appendix 2. 
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Figure 1; AcCinide decay series a/ 4nf b) 4n+l, c) 4n+2, d) 4n+3 
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Figure 2: Periodic grouping of waste element's considered 
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2.0 THEORETICAL BACKGROUND 

The general aim of any geosphere transport model is to combine, 
mathematically, a description of groundwater transport (by both 
advection and hydrodynamic dispersion) with a representation of 
specific processes which cause retardation of particular dissolved 
species with respect to an "ideal", completely non-reacting solute. 
Such models incorporate input functions and boundary conditions set by 
the physical system and any radioactive decay/ingrowth involved. For 
a ::eal geological system, however, rigorous definition of a model of 
this type is enormously complicated and thus many simplifying 
assumptions are necessary which are tacitly assumed rather than 
explicitly stated in many treatments. In this section the logical 
process involved in preparation of a transport model will be described 
in terms of the components involved and illustrated with reference to 
current Swiss disposal concepts. 

2.1 Solute Transport 

An obvious prerequisite for evaluation of radionuclide migration is a 
description of the flow of the aqueou medium and the resulting 
transport of any totally soluble (non reacting), stable species. In 
practice, the first stage of such assessment is evaluation of water 
flow on a regional or local basis from knowledge of gross geological 
structure and associated hydrogeolcgy (permeabilities, hydraulic heads 
and infiltration rates). A very simple representation of the flow 
path which might be predicted for a Swiss disposal site is shown on 
Fig. 3. It is important to realize that, while the hydraulics of the 
system might be summarized by general parameters such as hydraulic 
potentials or specific discharges, for the modelling of transport of 
even a non-sorbing tracer addirional information on water flow 
"topology" is required. For examp 2, flow in the crystalline and 
sedimentary fonoatlons shown on Fig. 3 would be quite different, 
occurring primarily in veins and fissures in the former while probably 
being general porous flow in the latter. Solute transport, however, 
will be affected by diffusive and dispersive processes in addition to 
general advection. For the crystalline case such processes are 
dependent on the extent of fracture connectivity and the connected, 
non-flowing porosity (dead end pores) as represented on Fig. 4a. For 
the porous sediment case, however, important factors would be the 
extent of structure within the porous system (eg. arising from bedding 
planes) and the presence of any contained stagnant voids (Fig. 4b). 
In real life, the picture is further complicated by the inherent 
heterogeneity and anisotropy of geological systems on both micro- and 
macro-scales. It may be noted that unsaturated systems (in which not 
all pore space is water-filled) are particularly complex but, in the 
Swiss case, unsaturatlon would occur only in minute proportion of the 
flow path (if at all) and hence will not be specifically considered 
further. 

In order to proceed from a qualitative description of a flow system to 
a quantitative mathematical model of solute transport, it is generally 
useful to introduce the concept of a "representative elementary 
volume" (REV). The REV, in essence, corresponds tr i macroscopic 
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"unit cell" incorporating, in the smallest possible volume, all the 
processes occurring in a particular section of flow path (eg. Bear, 
1979). It may be noted that even introducing this concept involves 
the tacit assumption that average flow properties (eg. porosity, 
specific discharge) are reasonably constant when varying the size of 
the REV. When such a REV has been geometrically defined, a mass 
balance equation can then be written by considering all processes 
causing material transport into or out-of the REV and, if applicable, 
spontaneous ingrowth or decay. For example, considering a chain of 
non-sorbed radionuclides transported through a saturated medium with a 
single water phase vie diffusion into stagnant water is not 
considered), the general mass balance equation can be written as: 

3 i -*• i -*• •*• i 

( e C ) = - V e ( C v - D V C ) 3t 

- X. ( e c. ) 

+ X. . ( e C1 1 ) 
i-l 

i = 1 

(1) 
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Figure 3: Water flow path (macro scale) for a typical repository site. 
In this particular case the flow path goes through the 
middle and upper crystalline only. For other sites the path 
may also traverse the overlying sedimentary layers. 
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Figure 4: Water flow path - micro scale 
a) in inhomogeneous crystalline rock b) in porous rock 
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Here, we have defined the following macroscopic quantities (averaged 
over the REV): 

C = concentration of nuclide i in water phase (mol/m3) 

c = effective porosity (-) 

v = water velocity field (m/s) 

D * hydrodynamic dispersion tensor field (m2/s) 

A = decay constant of ith nuclide in chain (s - ) 

M = total number of nuclides in a chain '. 2 ..M. 

and V is the vector differential operator (nabli) 

After defining initial and boundary conditions on C1 , equation (1) 
can, in principle, be solved for any E , v" and D (either analytically 
or numerically). To aid solution of this equation, further 
simplifications are often introduced - eg consideration of flow in 
only one or two dimensions or assumption of very simple geometry for 
fissure flow systems which, in some cases, may even be regarded as 
"equivalent porous media". 

2.2 Sorption processes 

For most radionuclides, principle retardation processes involve direct 
interactions of solute with the solid phase which are generally 
classed as "sorption". Two fundamentally distinct classes of such 
retardation processes can be recognized, ie restriction of solute flow 
(eg. molecular filtration, ion exclusion) and direct uptake onto the 
solid phase and only the latter «~-:ld be considered as sorption in a 
strict physico-chemical sense. Direct uptake can be further 
subdivided depending on whether reaction is reversible on the 
timescale involved (eg. ion-exchange, physical absorption) or not 
(eg. mineralization). One important process which can cause 
"retardation" but does not directly fall into any of the categories 
above is precipitation, which is primarily a function of aqueous 
chemistry, yet the kinetics of which may be dependent on the 
availability of particular surfaces. The differences between these 
various processes are illustrated diagrammatically on Fig. 5. 

All the retardation mechanisms discussed above are likely to occur to 
some extent for particular nuclides over some portion of the total 
flow path. As is discussed more fully in the following sections, it 
is often difficult to quantify these reactions experimentally or, in 
complex systems, even to estimate the relative importance of different 
retardation mechanisms. Great simplifications are thus normally 
introduced to derive REVs and subsequent mass balance equations. For 
example, the general equation (1) previously shown may be expanded to 
include sorption and diffusion into the adjacent weathered rock 
(Hadermann and Rb'sel, 1985): 
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£ < c f c j + P f SJ ) = - V e f ( c j v - » f V c J ) 

and 

+ £ e D L (V C ) normal t o the fracture surface 
f P P v P 

- X. ( e £ Cj + pf sj ) 

i -1 „i-1 
+ X i - 1 ( Ef Cf + p f S f > 

3 i i . •*• -*• i 
^ - ( e C + p S ) = V e ( D VC } 
3t p p p p P P P 

X. ( e C + p S* ) 
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(2a) 
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Figure 5: Retardation aechanims 
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with the terms 

S • concentration of nuclide i sorbed on rock phase (mol/kg) 

p = bulk density of the rock matrix (kg/m3) 
P 

p * bulk density of the fissure infill (kg/m3) 

Dp = pore diffusivity (m2/s) 

F/ * surface to volume ratio of wacer conducting zone (m _ I ) 

and subscripts f refering to the fissure (or vein) and p to the porous 
surrounding matrix. The form of the equations shown implies sorption 
within the fissure occurs on a porous infilling but they can be 
readily manipulated to describe 'parallel plate' type surface 
sorption. 

In order to allow equation (2) to be solved, in addition to definition 
of initial and boundary conditions, a relationship 
between C 1 and S 1 is required in order to evaluate the partitioning 
between the solid and liquid phases. The various approaches used to 
derive a suitably simple relationship may be broadly classed as: 

i) Ideal solution 

ii) Empirical 

iii) Thermodynamic 

It may be noted that while the rigor and potential power of each 
increases in order i < 11<iii, the amount of work and available data 
follows the reverse sequence iii << ii << i. 

The following sections describe these approaches in detail. Although 
he depth of this treatment may seen somewhat excessive, it was felt 
important to explicitly present the origins and rigorous definition of 
the terminology used in much of the source literature referenced in 
this report. This shows, in particular, that the three classes above 
are not clearly defined in practice but overlap considerably. As a 
result, terminology is often used in such a loose manner that 
confusion is often evident, even within individual publications. For 
example, the isotherms described below are often used simply as 
curve-fit forms to match empirical sorption data even when 
requirements for their application are obviously not met (eg. sorption 
reversibility, concentration independence, absence of competing ions, 
etc. ). In this case it must be noted that any derivation of 
'thermodynamic data' from these isotherms or their extrapolation 
beyond measured conditions is completely unjustified. 

(i) Ideal Solution (much of this section is heavily based on the 
excellent reviews by Salter et al., 1981a and Travis and 
Etnier, 1981). 

The most common approach to the quantification of sorption is the use 
of a distribution coefficient or "Kd". Unfortunate!}, as will be 
considered in more detail in following sections, the nomenclature in 
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this area is horrendously confused. The Kd is based upon the 
distribution law (Nernst in Denbigh, 1971) which states that the 
distribution of a dilute solute between two immiscible solvents 
(solution and solid phase) can be derived fromUandU', the chemical 
potentials of the solute in the solution and on the solid, 
respectively. At equilibrium,U *u'> If both can be considered ideal 
dilute solutions,y =U* + RTln X andy'-u'* + RTln X and therefore: 

y* + RTln X = y'* + RTln X' (3) 

where 

R » universal gas constant (= 8*314 J/mol K) 

T = absolute temperature (K) 

\i*,\i'* = standard free energies of the solute in solution and 
on the surface, respectively (J/mol) 

X, X* » activity of the solute in the solution and on the solid, 
respectively. 

Rearranging, 

In (X'/X) - - (y'* - y*)/RT (4) 

where X'/X = the sorption coefficient or Kd (m3/kg) for the solute in 
that system. This value is independent of the solute concentration. 
The distribution law is £ limiting case and holds only for ideal 
solutions within the limits that the system is at equilibrium; the 
reactiop is reversible and the temperature is constant. It may also 
be not .id that, strictly, the basic concept does not allow more than 
one ionic species to have a constant distribution between the twr 
immiscible media. Finally, from the derivation above, the standard 
free energy change for reaction, (M'* -V*) »AG*,is given from (4) as 

-AG* - RTln ^ 
X 

- RT In Kd (5) 

As AG* is a thermodynamically defined constant for any system, Kd 
should thus show a well defined variation with temperature: 

Kd - exp (-AG*/RT) 

•*" Kd a exp (-L) (6) 
T 

Despite the simplicity of the analysis above, the use of this approach 
is very widespread as the relationship between C and S is taken as 

S1 - Kd C1 <7a) 

by assuming equilibrium and ignoring activity coefficient corrections. 
A similar derivation considering sorption to occur on a well defined 
surface yields 
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S*1 = Ka C 1 (7b) 

where S* is the surface concentration of nuclide i (mol/m2) 
Ka is the area-based distribution coefficient (m) 

In some very simple cases this relationship allows analytical solution 
of transport equation (2) above and many computer codes for numerical 
solutions exist. 

In real life the simple assumption of concentration independent 
sorption is often demonstrably inapplicable and hence alternative, 
"isotherm", approaches have 'een utilized. Sorption isotherms 
describe the equilibrium relationship between the amounts of adsorbed 
and dissolved species at a given temperature. Several equations, some 
with a theoretical basis and others empirical, have been used to 
describe the relationship between the concentration of an ion sorbed 
onto a surface and the equilibrium concentration of that ion in the 
bulk solution (cf. reviews by Travis, 1978; Travis and 
Etnier, 1981).Those equations with a theoretical basis can also be 
used to provide information about solution component-solid surface 
bonding energy and sorption maxima or capacities of the solid. The 
empirical equations do not generally provide bonding energy or 
sorption capacity data, but do provide a means for predicting the 
relationship between original ion concentration, equilibrium ion 
concentration, and aqullibrium solid component loading. Several of 
the mathematical models used to define sorption isotherms are now 
reviewed in order to understand their uses and limitations in 
describing sorption processes. 

q) Langmuir Isotherm 

The Langmuir equation has often been used to describe sorption at the 
solution-solid interface, although its original purpose was to 
describe gas adsorption onto solid surfaces (Langmuir, 1918). There 
are five assumptions inherent in the Langmuir sorption equation: (1) 
the ion (or molecule) involved behaves 'ideally' in solution - ie is 
independent of other solution components, (2) the adsorbed species 
form a monolayer, (3) the surfac is homogeneous, (A) there is no 
lateral interaction between adsorbed ions, and (5) adsorbed species 
are fixed and do not move on the surface. At low concentrations, the 
first two assumptions may generally hold. However, in most natural 
systems, the last three conditions are seldom fulfilled. 
Nevertheless, the Langmuir equation has been found to fit experimental 
data on the adsorption of ions by natural substrates in many instances 
when the sorption capacity becomes Important (Syers et al., 1973; 
Obihara and Rüssel, 1972; John, 1972; Cavallaro and McBride, 1978). 
The Langmuir equation is: 
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S - KbC/(l + KC) (8) 

where 

S = equilibrium ionic concentration on the solid (mol/kg) 

C * equilibrium concentration of the ion in the bulk 
solution (mol/m3) 

K - constant related to che binding energy of the ion 
to the surface (m3/mol) 

b » the sorption maxima or capacity (mol/kg). 

Rearranging Equation 8 results in the two standard linear forms of the 
Langmuir equation: 

C/S - 1/Kb + C/b (9) 

or 

S - b - S/KC (10) 

which may be derived from experimental C, S data. 

The Langmuir equation is, however, not generally useful in describing 
sorption in natural systems as geologic substrates are seldom 
homogeneous and, as a result, the plotted Langmuir isothe'a is seldom 
linear. Several investigators have modified the Langmuir equation to 
partially correct for heterogeneity by postulating that there is more 
than one type of sorption site on the surface (Muljadi et al., 1966; 
Holford et al., 1974; Ryden et al., 1977). For a 
two-distlnct-sorption-site model, the equation becomes: 

kj bjC k^ b2C 
s _ + 

1 + k^ 1 + k2C 
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where the subscripts refer to the two postulated types of sorption 
sites. However, even with this modification, the Langmuir sorption 
isotherm often does not apply to natural systems. 

Recently, a second modification of the Langmuir isotherm has been 
postulated by Harter and Baker (1977) and Griffin and Au (1977). They 
suggest that nonlinear Langmuir sorption isotherms result from the 
effect of desorbed ions in the equilibrium solution rather than 
multiple sorption mechanisms or sites. Essentially, the modified 
equation describes the simultaneous competitive adsorption of two 
equally charged cations. The modified Langmuir equation is: 

k i V i 

1 + blC] + b2C2 

(12) 

where the subscripts refer, respectively, to the ion being adsorbed 
and the ion originally on the substrate. By assuming b C + b C » 1, 
the equation can be rearranged to a linear form: 

C /C b C 

s bjk, kxc2 

From Equation 13, it can be seen that the amount adsorbed (S), must 
depend on the ratio of the equilibrium concentrations of the competing 
ions and not on the actual concentrations of the ions in the bulk 
solution. 

Limitations of this modification of the Langmuir equation are that it 
is restricted to describing only ion exchange type sorption reactions 
and that it is difficult to measure Cj»since most reactions are not 
characterized sufficiently to identify which ion on the surface is 
being replaced. ID addition, at low ion concentrations, the 
assumption that bjCj + b2C2»i is not necessarily valid. 

The simple Langmuir equation ((9) or (10)) or the two-site model (11) 
can be readily incorporated into the geosphere transport equation for 
given values of the constants K and b and, although analytical 
solution of this equation is probably Impossible in contrast to the 
case for a "Kd" approach, numerical solution is not overly difficult. 
The competatlve sorption model, however, introduces the problem that 
the sorption of one species is dependent on the concentration of 
another and thus the general geosphere transport equation (2) cannot 
be solved independently for each species of interest but should be 
coupled and solved simultaneously for all potentially competative 
solutes. This type of model has been used to study nutrient transport 
in soils but does not appear to Lave been developed for any more 
geochemically relevant system. 
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3) Freundlich Isotherm 

The Freundlich isotherm (Freundlich, 1926) is defined by the 
relationship: 

S - KC (14) 

where K and N are constants. 

The linear form of the equation is: 

log S * log K + N log C (15) 

which again may be fit to experimental C, S data. 

This adsorption equation appears to be the oldest equation in the 
literature used to describe the adsorption of solutes by soils. The 
Freundlich equation is usually assumed to be purely empirical 
(Gunary, 1970), but Hayward and Trapnell (1964) have shown that the 
Freundlich equation can be derived from a sorption model where the 
solid surface affinity term (K) decreases exponentially as the amount 
of ion sorbed increases. This behaviour corresponds to a mechanistic 
sorption model where the affinity of the surface for the ion in 
solution decreases as the amount of ion sorbed on the solid surface 
increases (Bowden et al., 1977). In addition, the linear form of the 
Freundlich equation can be derived from the Langmuir equation by 
assuming that the free energy of adsorption is a logarithmic function 
of the surface coverage (Halsey and Taylor, 1947; Travis, 1978). 
Over limited ranges of concentration the Freundlich equation often 
describes adsorption well (Kurtz et al., 1946 Barrow and Shaw, 1975; 
Barrow, 1978; Serne and Relyea, 1981; McKinley, 1982; Barney, 1984; 
McKinley and West, 1984a). However, the flexibility of the log-log 
transform permits easy curve fitting but does not guarantee accuracy 
if the data are extrapolated beyond the experimental range 
(eg. McKinley and West, 1984b). In addition, the Freundlich isotherm 
does not describe the finite sorption capacity of the solid phase. 

Again equation (14) can be readily input into the geosphere transport 
equation (2). The resulting equation is generally only soluble 
analytically for very simple cases and fractional values of 
N (eg. 1/3, 1/2 etc.) but numerical solution for any value of N is 
well established (ep. Hadermann and Rösel, 1983). 

y) Dublnin-Radu8hkevlch Isotherm 

The Dubinln-Radu8hkevich (DR) isotherm describes the sorption of 
sparingly soluble solutes. Once the surface becomes supersaturated or 
the solubility of the solute is exceeded, the equation is no longer 
valid (Dubinin and Radushkevich, 1947; Dalai, 1979). The DR 
isotherm, unlike the Langmuir isotherm, does not assume a homogeneous 
surface or a constant sorption potential. The DR isotherm equation 
is: 

S - b exp(-Ke2) (16) 

where e is approximated by 

e - RT ln(l + 1/C) (17) 
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and 

b = sorption maximum or capacity of the solid (mol/kg) 

K - constant related to the energy of sorption (mol2/j2) 

£ = Polanyi potential or sorption potential (j/mol) 

R, T as in eq (3) 

The linear form of the DR equation is: 

In S * In b - K£2 (18) 

In the DR isotherm, the amount of solute sorbed *.s a function of the 
sorption potential, E (Polanyi, 1920). The potential theory of gas 
adsorption has been verified experimentally over a wide range of 
temperatures and pressures (Hobson, 1969; Cerof lini, 1971)and has 
been applied successfully to sorption of ions onto soils (Sokolowska 
and Szczypa, 1980). The DR isotherm, like the Langmuir isotherm, 
permits the evaluation of th.? sorption capacity of the solid phase as 
well as the energy of sorption. 

The constant K in Equation (18) can be related to a mean energy of 
sorption E by the equation (Hobson, 1969; Misra, 1969; Dalai, 1979): 

l 

E - (2K) r (19) 

E is the free energy of transfer of 1 mol of sorbing ions from 
infinity (bulk solution) to the surface of the solid. It also has 
been interpreted as the most probable adsorption energy on the 
heterogeneous surface of the solid. The magnitude of E is useful in 
estimating the type of sorption reaction occurring; e.g., physical 
sorption, ion exchange, or covalent bonding. 

Although the thermodynamic basis for this isotherm has been streoccd, 
in many applications it is, in effect, simply used as an empirical 
curve fit to experimental data (eg. Salter et al., 1981a, b; McKinley 
and West, 1983). Combining equations (17) and (18) above gives. 

ln(S) » In b - K (RT In (1+ - )) 2 (20) 
C 

which would considerably complicate solution of the transport 
equation (2). 

6) Other Sorption Isotherms 

There are several other sorption equations and models available in the 
literature. The Gibbs equation (Kipling, 1965; Stumm and 
Morgan, 1970) considers sorption in terms of solute effects in either 
increasing or decreasing interfacial tension between the solution and 
solid surface. The Tempkin equation (Hayward and Trapnell, 1964) And 
the Gunary equation (Gunary, 1970) consider a sorption model in which 
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the solid surface affinity term decreases as the amount of solution 
component sorbed increases. James and Healy (1972) and Bowden et 
al. (1973) treat the sorption of metal ions at the solid oxide/liquid 
interface in terms of competing energy changes (coulombic, solvation, 
and chemical) as the ion approaches the interface. In these 
mechanistic models, the Grahame equation (Grahame, 1947) is used to 
calculate the sorption isotherm. Further isotherms, many 
incorporating quite complex treatment of kinetics, are described in 
recent reviews (Travis, 1978; Travis and Etnier, 1981). 

These isotherms are mentioned only for the sake of completeness as 
there is little evidence in the literature of any of them being 
considered for relevant geosphere transport applications. 

(ii) Empirical 

Although the derivation of the relationships above has stressed their 
thermodynamic or mechanistic basis, it has been repeatedly implied 
that, in many cases, the general relationship is usee empirically as a 
fit to laboratory data without testing as to whether the basic 
assumptions hold. If this is, in fact, the case then no justification 
exists for extrapolating such data beyond experimentally measured 
conditions and they should be classed as purely empirical (or 
statistical). 

In teal life neither the sorbing species nor the solid phase sorbant 
are in any way ideal and will vary, together with gross groundwater 
chemistry, along the flow path from repository to the surface. For 
example, Eh/pH conditions could show a continuous variation over large 
sections of the flow path with additional superimposed temporal 
perturbations (McKinley, 1984). This would directly affect the 
effective charge distribution on the solid phase which would obviously 
alter the extent of several of the sorption mechanisms (Fig. 5) and 
could possibly completely change some surfaces due to 
dissolution/mineralization processes. Varying Eh/pH could 
simultaneously alter the speciation of particular nuclides and their 
cotaplexation such that transformations between dissolved complexes 
with positive, negative or neutral charges are possible with very 
great resultant alteration in extent of sorption. 

The goal of empirical studies Is thus to derive an equation of form: 

S - F(C:I, pH, Eh, Temp...) 

J - 1, M 

which would be derived by curve fitting to data produced from sorption 
experiments in which the variation in sorption is measured when all 
other parameters which may affect it are varied simultaneously 
throughout the range expected to be experienced in the flow path. 
Apart from the limitation that it is not possible to extrapolate the 
relationship observed beyond the values of parameters explicitly 
measured, incorporation of ary such function into a geosphere 
transport model would require simultaneous solutions of coupled 
equations for all interacting solutes and additional relationship for 
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the variation of other controlling parameters (eg. pH, Eh, 
temperature) with space and time. Jhile some experimental studies 
have analysed sorption data in this manner (eg. Delegard et 
al., 1984), migration models utilising this approach have not been 
reported. 

(iii) Thermodynamic 

The "thermodynamic" approach involves inclusion of "sorption" in its 
various forms into existing thermodynamic models of geochemical 
rock/water interaction and aqueous phase speciation 
(eg. Schweingruber, 1983; Brown and Greenwood, 1984) which are 
themselves coupled into models based on numerical solutions of the 
transport equation (eg. Miller, 1983; Pearson, 1984). 

The most common method of treating sorption in a "thermodynamic" 
manner involves regarding the adsorption reaction as a means of 
neutralizing or satisfying the forces of attraction, both chemical and 
physical, that exist at the substrate surface. In natural aqueous 
systems, the surfaces of solid substrates (rock, clays, organic 
matter, etc.) are electrically charged. This surface charge is due 
to (1) structural imperfections in the substrate as a result of ion 
substitutions or site vacancies and to the rupture of bonds (Si-0, 
Al-O) along cleavage planes of the substrate, (2) chemical reactions 
at the surface (such as ionization of functional groups) 
and (3) preferential ion adsorption due to London-Van der Waal's 
interactions and hydrogen bonding. The excess charge on the surface 
is balanced by an equivalent amount of ions of opposite charge 
distributed in the aqueous phase near the solid-solution interface. 
This distribution of charge in solution at the interface, along with 
the surface charge on the substrate, forms the electrical double layer 
(EDL) and is governed by the Boltzmann equation. 

There are several theories which describe the 'distribution of charge 
and potential in an EDL (eg. Gouy-Chapman in Adamson, 1967; Stumm and 
Morgan, 1970). A constant surface charge (variable potential) results 
from isomorphous substitution in a mineral lattice or lattice 
deficiencies, whereas a variable surface charge (constant potential) 
results from chemical reactions at the surface and ion adsorption. 
Factors which affect the EDL, such as solution ionic strength, 
substrate surface composition and area (number of adsorption sites), 
concentration of potential determining ions (PDI) and temperature, 
therefore, will affect the sorption behaviour of the substrate. 

In many natural systems, the rock substrate will consist of a mixture 
of oxides and hydroxides. Exposure of surface structural oxides to 
water generally results in the physical or chemical sorption of water 
onto the surface and the formation of a hydroxylated surface 
(Parks, 1967). Surface charge on these substances is developed 
through the amphoteric dissociation of the surface hydroxyl groups or 
adsorption of PDI, and there will be a pH at which the net surface 
charge is zero. This pH value is the zero point of charge (ZPC) for 
the solid and is a measure of the acidity or basicity of the hydrated 
surface oxides. If the pH of the system is greater than the ZPC, the 
surface charge is negative, and if the pH is less than the ZPC, the 
surface charge Is positive. Most clays have a ZPC 
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betwen 2.5 and 5.0 and in most natural environments should exibit a 
negative surface charge. The surface charge of the substrate, 
therefore, is a major factor influencing the adsorption behaviour of 
the substrate. Sorption processes occurring at the charged surface 
can be divided into two groups: physical processes and chemical 
processes. Physical sorption is the sorption of a species with the 
least possible interaction. Generally, the activation energy for 
physical sorption is near zero and the attractive forces between the 
substrate and the sorbed species are weak. Examples of this type of 
sorption process are (1) London-Van der Waal's dipole-dipole 
interactions where the adsorbing species are polarized but not 
dissociated and (2) hydrogen bonding-type interactions. Chemical 
sorption, however, is the result of the formation of an actual 
chemical bond (ionic or covalent) with the substrate. Examples of 
this type of sorption process are (1) ion (cation or anion) exchange 
reactions and (2) complexation reaction via covalent bonding. In 
systems where the pH is greater than the ZPC of the substrate, the 
substrate can act as a cation exchanger and in systems where the pH is 
less thar the ZPC, the substrate can act as an anion exchanger. 
Specif!r adsorption is a special type of chemical sorption and occurs 
when an ion is sorbed by the substrate regardless of the charge of the 
ion relative to the substrate. Physical sorption and ion exchange are 
dominated by coulombic or electrostatic forces and, therefore, are 
greatly affected by surface charge characteristic, whereas chemical 
complexation reactions and specific adsorption are influenced more by 
chemical forces than by coulombic forces. 

In natural systems, due to the heterogeneity of the substrate surface, 
both physical and chemical sorption can occur simultaneously on the 
same surface. The probable surface charge on most of the geologic 
substrates of interest in most relevant groundwater systems is 
negative. Chemical sorption, therefore, would be dominated by cation 
exchange whereas sorption of negatively charged radionuclides would be 
limited to specific adsorption reactions. 

Sorption of a specific ion onto a surface by either chemical or 
physical sorption processes is a function not only of the substrate 
surface charge, but also of the physical and chemical characteristics 
of the sorbing ion itself. Physical characteristics of concern are 
the size (ionic radius) and charge (valence state) of the ion. The 
size of the ion will vary with the degree and type of complexation 
and/or hydrolysation. The affinity of a substrate for ions of varying 
size is a function of the substrate and the sorption process. The 
charge on the ion will vary with the oxidation state of the ion and 
the concomitant variation in degree and type of complexation. For 
example, in ion exchange reactions, the substrate generally has a 
greater affinity for ions with a higher charge (Stumm and 
Morgan, 1970). Chemical characteristics of concern are generally 
controlled by the bulk solution composition and are primarily related 
to the formation of stable complexes in solution but the concentration 
of the sorbing ion also must be considered due to the finite number of 
sorption sites on the substrate. In summary, the sorption of an ion 
by the substrate is dependent on the bulk solution composition (Ionic 
strength, complexing ligand concentrations, pH, potential determining 
ion concentration), physical and chemical characteristics of the 
substrate (mineralogy, surface area), redox v,Eh) state of the system, 
temperature, and the chemical and physical characteristics of the ion 
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of interest (concentration, charge, speciation). 

Serious work to develop the background theoretical treatment 
qualitatively for simple systems and expand it to handle more 
geologically significant problems has only occurred within the last 
few years but the work of several groups (eg. Davis et al., 1978; 
Langmuir, 1981; Brown and Greenwood, 1984) indicate that this 
approach has considerable potential. 

Two major problems exist, however, in any consideration of 
thermodynamic methods (cf. Chapman and Sargent, 1984; NEA, 1984): 

oi) The available data-base is very small, most work to date has been 
done on solids with simple surfaces and solutes with simple 
aqueous chemistry. 

ß ) The applicability of a thermodynamic approach to groundwater flow 
systems is by no means certain as in-situ measurements indicate 
that many observed minerals and solution species are not in 
equilibrium (which is a prerequisite for such treatment) and the 
overall chemistry is dictated by slow kinetics (Lindberg and 
RunnelIs, 1984). 

2.3 Problem areas 

Four potentially important aspects of radionuclide sorption have not 
been considered above; 

i) Kinetics. In most cases when radionuclide migration is 
considered on a repository timescale, kinetics are tacitly 
ignored as it is assumed that the flow system is sufficiently 
slow for equilibrium to be assumed. Data on kinetics of 
sorption reactions are inherently limited at present by 
feasible laboratory timescales but generally show net 
reaction becoming immeasurably slow over a period of days, 
months or, at most, years (eg. Duursma and Bosch, 1970; 
Friedman and Fried, 1979; McKinley and West, 1981a, b, 1982; 
Skagius et al., 1982; Nyffeler et al., 1984). Although, 
Indeed, many of the sorption mechanisms previously discussed 
would be expected to come to equilibrium relatively quickly, 
mineralization/solid solution reactions could occur over 
Tiods closer to geological timescales. The extent of such 

reactions could probably only be assessed via natural 
analogue studies and, as yet, very few investigations of this 
type have been reported (Chapman et al., 1984). Due to the 
paucity of data, therefore, it is probably reasonable to 
ignore kinetics if the time taken to flow through a 
particular sorbing region is in the order of decades or more. 
It can be noted that such slow sorption, if it occured, would 
increase retardation and thus this procedure is conservative. 
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Reversibility. Similarly, in many experiaental studies, the 
ideal reversibility of sorption predicted from the 
mechanistic derivations in the previous section appears to be 
violated (eg. McKinley and West, 1981a, b, 1982, 1983; 
Vandergraaf, 1982; HacKenzie et al., 1983; Barney, 1984). 
Although such apparent irreversibility has occasionally been 
attributed to matrix diffusion (eg. Skagius et al., 1982) 
such an explanation is by no means unambiguous and is 
inapplicable to some of the materials with which this effect 
has been observed (eg. finely divided clays - MacKenzie et 
al., 1983). The most likely mechanisms causing this effect 
are again mineralization/solid solution reactions but 
ion-exchange onto clays followed by "layer collapse" is also 
possible. On a practical, experimental, level it is 
generally impossible to distinguish between an "irreversible" 
reaction and one with slow kinetics of "desorption" although 
the difference could be quite significant in the resulting 
transport model. In general, however, the assumption of 
complete reversibility will be conservative. 

Colloids. Although all the sorption/retardation mechanisms 
previously discussed could equally well apply to colloids as 
opposed to nuclides in true solution, most experimental data 
exists only for the latter. Three sources of colloids are 
generally acknowledged (eg. Avogadro and De Harsily, 1984) -

a) directly leached colloidal material from the wasteform 
and engineered barriers 

ß) colloids formed by precipitation from super-saturated 
solution (which may include more than one radionuclide 
due to scavanging/co-precipitation effects) 

y) naturally present colloidal material in the groundwater 
(eg. silica, alumina) which may sorb radionuclides. 

Each of these colloidal types could exist independently of 
each other and the processes governing redistribution of 
radionuclides between colloid, groundwater and rock would 
vary considerably for different nuclide/collold combinations. 
Although there is a fair amount of evidence for che possible 
formation of colloidal material in the "nearfield", close to 
waste package (eg. Savage and Chapman, 1982; Ewart et 
al., 1983; Olafsson et al., 1983; Avogadro, 1984) it is 
presercly expected that, as long as canister failure occurs 
after the initia1 thermal period, such colloids will be 
contained within the backfill (McKinley 1984). It is not 
possible to discount competatlve uptake of nuclides and 
enhanced migration on natural colloids but there is very 
little information on their likely concentration or 
composition in relevant formations (eg. Snellman, 1982). In 
Che absence of relevant data, therefore, this factor cannot 
be modelled and will not be considered further but it is 
acknowledged that, even at the low concentrations of colloids 
expected, enhanced transport would be compensated by 
conservatism of other assumptions only if such uptake onto 
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colloids was reversible. 

iv) Microbiological activity. Only within the last few years has 
serious research on the possible effects of microbial 
contamination been initiated. Based on comparison with 
similar environments (West et al., 1982a;b; Mayfield and 
Barker, 1982a; West and McKinley, 1984), geochemical 
evaluation (Mayfield and Barker, 1982b; Barker, 1984) and 
direct examination of potential repository formations 
(Christof! et al., 1983, 1984) there appears to be evidence 
that biological contamination of both the near- and 
far-fields of a high level waste repository is likely. 
Current evaluations of constraints on the maximus size and 
activity of such populations (McKinley et al., 1984a;b), 
their uptake of radionuclides (West et al., 1982b) and their 
tolerance to extreme conditions (West, 1984, pers. comn.) are 
at a very primitive stage but certainly do not preclude the 
possible significance of this factor in nuclide migration. 
Incorporation of microbiology into migration models would 
certainly be extremely complicated and would not be attempted 
unless it was shown to be significant. Qualitative 
assessments indicate that, potentially, microbial activity 
could provide mechanisms for both increasing and decreasing 
retardation but that the overall effect would not be large 
for most nuclides (West and McKinley, 1984). Nevertheless, 
although significant effects are acknowledged to be possible 
for particular nuclides this will not be considered further 
due to the complete lack of relevant data. 

d) Overview 

In the preceding sections the complexity of solute transport in a 
geological formation is considered in considerable detail. While such 
analysis is useful for giving an overall perspective to the problem 
for radioactive waste management applications it is more important 
(and realistic) to evaluate migration conservatively rather than 
rigorously and hence a more pragmatic approach can be adopted. Given 
the uncertainties in other background data (eg. water flow 
velocities), it is probable that use of a simple distribution 
coefficient or empirical isotherm (eg. Freundlich) input directly into 
the general transport equation (2) would be acceptably precise at 
present and would be conservative (in terms of resultant migration) 
relative to more sophisticated analyses. This point will, however, be 
discussed in more detail after the methodology for determining 
sorption and retardation has been described. 
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3.0 EXPERIMENTAL METHODS 

In this section the wide range of techniques which have been used to 
derive "sorption" or "retardation" data will be briefly reviewed. For 
ease of presentation, techniques will be classified as: 

3.1 Laboratory based, which can be further sub-classified as 

1) static 
2) dynamic 
31 mechanistic / thermodynamic 

3.2 Field techniques 

3.3 Natural analogues 

It is recognised, however, that considerable overlap between these 
general catagories often occurs. Many reviews of radionuclide 
"sorption" methodology have been published (eg. Duursma and Hoede, 
1967; Duursma and Bosch, 1970; Ames and Rai, 1978; Relyea et al., 
1980; Barney, 1981; Serne and Relyea, 1981; NEA, 1983) but none can 
be regarded as fully comprehensive. 

3.1 Laboratory techniques 

1) Static 

Static techniques effectively measure the partitioning of a 
radionuclide spike between solid and liquid phases. Ideally, exchange 
of nuclide between phases should be independent of any "flow" 
processes and thus pure "sorption" is measured. A particular form of 
static technique, batch equilibration is, by far, the most popular 
method for quantification of sorption and is responsible for the 
majority of data reported. 

The principal of the batch equilibration methodology is extremely 
simple - a rock sample is added to a radionuclide spiked solution and 
a partition coefficient (often loosely referred to as a distribution 
coefficient or "Kd") calculated from the ratio of nuclide 
concentration in the rock phase to that in solution (Fig. 6). 
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Figure 6 : Batch sorption methodology 

In the design or assessment of a particular variant of the basic 
"batch" method, a number of factors have to be considered: -

i) Kinetics 

Although subject to practical limitations, the reaction time should be 
as long as possible to allow the rock/water system to come into 
equilibrium (both before and after spike addition) or, at least, 
ensure that the rate of reaction is negligibly slow. For finely 
divided rock samples the time required is generally in the order of 
days to weeks (eg. Duursma and Bosch, 1970; McKinley and '..'est, 1982; 
Nyffeler et al., 1984) but, for monolithic rock samples, reaction may 
continue at a measurable rate for up to a year or more possibly due to 
diffusion into the rock matrix (eg. Torstenfeit et al., 1982; 
Skagius and Neretnieks, 1984). For almost all rock/water systems 
which have not been carefully prepared to ensure equilibrium, however, 
continuous very slow hydrothermal alteration will occur which may 
involve associated "mineralisation" uptake of particular species. At 
most relevant temperatures, the rates of such reactions are too small 
to be measured by normal techniques but, in any case, the sorption 
involved would probably only be important for species which are very 
poorly sorbed by other mechanisms. 

In addition to determining the applicability of resultant sorption 
data, it should be noted that detailed analysis of reaction kinetics 
by a "batch" technique can yield a certain amount of mechanistic data. 

ii) Quantification of sorption 

Although, as described above, the basic batch sorption technique 
appears experimentally simple, many practical problems can be 
encountered in the quantification of the "partition coefficient". The 
most common variant of the technique involves measuring the spike 
concentration (or activity) in the aqueous phase before (CQ - Bq/m ) 
and after (Cw - Bq/m3) equilibration. If radioactive decay is 
negligible (or corrected for), the partition coefficient for sorption 
(Ksorp) is simply given by 

v (c0 - cw) 
Ksorp - m3/kg 

m C w 
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where V is the volume of the solution phase (m3) 
m is the mass of the rock phase (kg) 

For this equation to be valid, however, there are two practical 
requirements - all loss of spike froi solution must be due to 
"sorption" onto the rock phase and all rock must be removed from the 
aqueous sample before determination of Cw. In many cases the first 
requirement is not met as, for the very low concentration of spike 
which is often involved, considerable loss from solution occurs in the 
absence of rock phase due to "sorption" onto container walls, dust 
particles etc.(eg. Serne and Relyea, 1981). In some cases it may be 
possible to correct for this "blank" sorption but such corrections are 
complex as competition between sorption sites on container and rock 
may occur when the latter is present and direct measurement of nuclide 
inventory on the container is often difficult (eg. McKinley and West, 
1983). Further complications arise if the rock/water system is not in 
equilibrium due to possible changes in groundwater chemistry during 
the course of the experiment. 

An alternative variant on the basic technique involves direct 
determination of the concentration of activity on the solid phase (C 
- Bq/kg) and thus the partition coefficient is simply given by 

C 
Ksorp - — B m3/kg 

Cw 

For finely divided rock samples difficulties often arise in ensuring 
complete separation of aqueous and rock phases (Serne and 
Relyea, 1981) while, for larger samples, variable extent of diffusion 
into the rock matrix (eg. Skagius et al., 1982; Torstenfeit et al., 
1982; Skagius and Neretnieks, 1984) can complicate quantification of 
alpha and beta emitting radionuclides (which requires either 
autoradiographic or nuclide desorption / stripping techniques). A 
methodical description of calculational procedures involved in 
deriving a partition coefficient is given by Abry et al. (1982) which 
well illustrates many of the subtilities of this apparently simple 
technique. 

Ill) Rock/water separation 

In many cases the physical separation of solid and liquid phases is 
complicated by the presence or formation of suspensions or colloids 
during reaction (eg. Relyea and Serne, 1979; Olofsson et al., 1983). 
Removal of such material from the aqueous phase can be achieved by 
ultracentrifugation or membrane filtration but the possibility of 
incomplete removal of colloids or sorption onto the filter material 
must be taken into account (eg. Barney, 1981). If significant 
activity is present on colloidal material it must be realised that the 
system has then three distinct phases and reduction of "sorption" data 
to a form suitable for a simple transport model is very difficult and 
requires data on the natural concentration of particular colloids in 
groundwater and their release from the near field. 
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Iv) Reversibility 

Although reversibility of sorption is generally assumed, experimental 
studies indicate a full spectrum from complete reversibility to total 
irreversibility for particular rock/water/nuclide systems (eg. Abry 
et al., 1982; McKinley and West, 1982; 1983; Barney, 1984). 
Reversibility can generally be examined quite simply by either 
diluting or replacing the spiked water after a sorption experiment and 
measuring the radionuclide partitioning after re-equilibration. In 
practice, preventing perturbation of the system between sorption and 
desorption (eg. change in Eh/pH conditions, drying of rock surfaces, 
loss of colloids etc.) can be technically difficult and hence careful 
design of methodology is necessary. 

The general practical problems associated with batch sorption 
measurements are considered in detail elsewhere (eg. Relyea and 
Serne, 1979; Relyea et al., 1980; Barney, 1981; Seme and 
Relyea, 1981; McKinley and West, 1983). 

The usefullness of any empirical activity ratio is dependent on both 
the exact technique used and the amount of background data reported. 
The amount of background data required depends on the application of 
the sorption information envisaged and, for example, will generally be 
less for empirical, site specific studies than more generic, 
mechanistic work. In the characterisation of the solid phase, it is 
important to include descriptions of any perturbations from the 
natural state (especially due to drying effects) in addition to 
conventional geological descriptors (eg. lithology, mineralogy, 
surface area, particle size distribution etc.). Aqueous phase 
chemistry is usually more difficult to specify as some important 
parameters, expeclally Eh (the redox potential), may be buffered by 
kinetically very slow, solid phase reactions and hence may be 
impossible to either define or measure in isolation. It may be noted 
that various chemical, physical and electrical methods of controlling 
Eh exist but all may potentially perturb the natural system (eg. NEA, 
1983; Jantzen, 1984; Kelmers, 1984; Meyer et al., 1984). Fairly 
lengthy lists for experimental technique description and recommended 
background data have been reported (eg. Relyea et al., 1980; Barney, 
1981) and the current NEA-ISIRS (International Sorption Information 
Retrieval System) data bank coding form is particularly useful. It 
must be noted, however, that none of these lists is fully 
comprehensive and each may contain classifications which are either 
superfluous or ambiguous in particular applications or omit entirely 
key information. 

The results of batch sorption experiments are often simply reported as 
"Kd" values but this technique is particularly useful for the 
determination of isotherms or empirical sorption equations as, in 
practice, a very large number of sorption/desorption experiments (in 
the order of hundreds or even thousands) can be run in parallel. As 
any geological system will show evolution in conditions (hydrology, 
geochemistry etc.) over the timescales considered in safety models 
(especially in the "near-field"), the only practical experimental 
technique capable of examining the magnitude of change of sorption for 
all likely combinations of perturbing parameters is some form of batch 
methodology. 
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Apart from "batch equilibration", other forms of "static" experiment 
have been devised for particular applications. One of the most useful 
is surface autoradiography (eg. Vandergraaf et al., 1982; 1984; 
Pinnioja et al., 1984; Wernli et al., 1984) in which a rock surface 
is exposed to a spiked solution and the subsequent spacial 
distribution of activity compared with mineralogical maps of the same 
area. This technique can provide quantitative data on the importance 
of different mineral phases to overall sorption and is especially 
useful if low abundance minerals are responsible for most of the 
observed uptake. Quantitative autoradiography is, however, a 
relatively time consuming technique and tha. rock/nuclide systems to 
which it can be applied are limited but much useful data have been 
provided by this method. 

Although many variants of the basic technique have been developed for 
different rock/water systems (eg. Dvursma and Bosch, 1970; Relyea et 
al., 1980; Abry et al, 1982; McKialey and West, 1982; Allard et 
al., 1983b; Laske et al., 1983), only one particular technique will 
be described as it effectively bridges the "static" and "dynamic" 
classifications. In the Canadian "discrete step" method (Vandergraaf, 
1983) coupons of rock are sequentially equilibrated with a series of 
solutions to give an effectively quantised flow system. This 
technique allows uptake profiles on the rock or removal profiles from 
solution to be compared with the predictions of simple "box model 
type" sorption calculations (eg. McKinley and West, 1983) without 
consideration of extraneous flow effects (eg. hydrodynamic 
dispersion). 

2) Dynamic 

The inherent difference between static and dynamic experiments is that 
the former measures nuclide uptake while the latter measures 
retardation in a flowing system. As discussed in the previous 
section, these parameters may or may not be directly related to each 
other. The basic "dynamic" technique is the column experiment in 
which a spiked solution is passed through a rock column and eitner the 
subsequent nuclide profile (with time) in the effluent solution or the 
profile (with distance) in the column used to determine a "retardation 
factor" (Fig. 7). 
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Figure 7: Column migration methodology 

Details of particular column methodologies vary even more widely than 
for the batch equilibration case but use of a single term (in this 
case "retardation factor" or "R ") for a range of totally different 
parameters creates similar confusion to that arising from "Kd" 
nomenclature. A retardation factor can be described in a strict sense 
only when concentration independant sorption is the sole retarding 
mechanism. Some of the major experimental variables are: 

i) Input profile 

Theoretically any kind of variation of input concentration with time 
can be utilised but, generally, either a pulse or step function is 
used. For the pulse technique either the location of the activity 
maximum within the column or the time at which maximum output 
concentration occurs is measured. In the case of a step input, the 
penetration time or distance for a set fraction of *nput concentration 
(generally 102, 50% or 90%) is evaluated (eg. Duursma and Hoede, 
1967). 

li) Column composition and preparation 

For naturally disaggregated materials in which porous flow occurs (eg. 
sands), columns can be prepared with minimal perturbation by "auger" 
coring in-situ although the possibility of local anisotropy (eg. dua 
to bedding planes) must be borne in mind. Column preparation for all 
other materials is very difficult involving either core drilling or 
repacking of naturally disaggregated rocks which may greatly change 
porosity and pore structure. As an alternative to coring, 
consolidated materials are often crushed and repacked into columns but 
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the relevance of such work to most real systems is very limited. For 
poorly permeable rocks high hydraulic heads can be used to induce 
measurable flow (with possible consequent alteration of normal flow 
paths) although design and operation of such apparatus is rather 
complex (eg. Isherwood, 1983; Bischoff et al., 1985). Alternative 
techniques involve essentially "static" equilibration followed by 
evaluation of diffusion into the rock matrix (eg. Duursma and Bosch, 
1970; Torstenfeit et al., 1982; Torstenfeit and Allard, 1984) or 
diffusion cells which examine nuclide transport through thin sections 
of rock (eg. Bradbury et al., 1982), For both these techniques, 
migration distances tend to be very short and a major problem is 
ensuring that results are not artifacts caused by perturbations during 
sample preparation. For rocks in which flow occurs predominantly 
through fissures, columns may be designed in which flow occurs through 
either an artificial or a natural fissure. While the latter obviously 
produces more relevant empirical data, practical problems exist in 
excavation and transport of a fissure to the laboratory without loss 
of natural constraining pressure or in realistically reestablishing 
such pressure. 

ill) Profile determination 

The parameter most commonly reported from column studies is a 
retardation factor (R ) which is simply defined by 

V 
w 

R » 
V 
n 

where V w is the water "velocity" 
and V is the nuclide "velocity" 

The water velocity (V ) is generally determined either 
w 

1) indirectly via measurements of pore volume and input 
water flux 

or ii) directly by use an "unretarded" tracer. 
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In the former case uncertainties arise in the measurement of total 
porosity and the assumption that all porosity is involved in flow. 
"Unretarded" tracers (eg. Cl~) used in the latter method are 
generally selected on the basis of their sorption behaviour but a 
species which is "non sorbed" in a static experiment may be retarded 
relative to water in a column experiment (eg. by anion exclusion for 
the case of Cl~). If fissuring occurs in a material with very small 
pores (eg bentonite) processes such as anion exclusion can even cause 
acceleration of the tracer relative to the bulk water velocity. 
Within a real column a range of velocities may exist due to edge 
effects or channelling which cannot be evaluated from (i) above and, 
for slow flow systems, may be difficult to distinguish from 
diffusion/dispersion effects by method (ii). 

Determination of tracer velocity from either the column or outflow 
profile is often complex as the ideal "Gaussian" or "Error function" 
type curve predicted by simple advection/sorption models is usually 
perturbed by the effects of diffusion, dispersion, slow reaction 
kinetics, channelling and concentration dependent sorption (Friedman 
and Fried, 1979; Relyea, 1982; Walton, 1982; Fluehler and Jury, 
1983). In real life the observation of "peakless" or multiple-peak 
profiles resulting from a sharp spike input are not uncommon although 
the raw data are rarely reported. 

In order to utilise column data, therefore, complete detail:, of 
experimental procedure and data reduction are required in addition to 
background information on the rock and aqueous phases similar to that 
discussed previously for static experiments. 

A vast range of specific designs of column type experiments exist 
ranging from very large scale (about metres) monolith lysimeters to 
the micro "drop-flow" procedure recently developed by the Canadians 
(Vandergraaf, 1983). For very fine grained materials, effectively one 
dimensional transport can be studied by techniques similar to standard 
thin layer chromatography. In some experiment designs column effluent 
is recycled rather than collected after a single pass and such columns 
may provide additional mechanistic or kinetic data (Walton, 1982; 
Rancon, 1983; Vandergraaf, 1983) although the Inherently greater 
complexity of such designs relative to batch methods makes data 
interpretation more difficult. 
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3) Mechanistic / thermodynamic 

Although a limited amount of mechanistic information can be obtained 
from the standard static and dynamic methods described above, for more 
detailed studies simpler subsets of the natural geological system must 
be examined. Actual techniques range from slight variants of those 
previously considered (eg. Laske et al., 1983) to much more exotic 
geochemical studies of mineral/water interaction (eg. Reardon and 
Reimer, 1982), electrical surface layer properties (eg. Langmuir, 
1983) or standard thermochemical nethods (eg. calorimetry, 
potentiometry etc.) with possible subsequent data reduction by linear 
programming methods (Brown and Greenwood, 1984). Although this work 
is included for the sake of completeness, very little data are 
available and those which are tend to be for very simple systems (eg. 
Cs/Sr on Si02 or A1203). Work on the actinides is particularly scarce 
due to handling difficulties, complex chemistry and possible 
complications (eg. radiolysis) arising from the high activities often 
required for physical measurements. Even much of the very basic 
thermodynamic data on the actinides has been shown to be subject to 
great uncertainties (McKinley and Schweingruber, 1983; Rai an' 
Ryan, 1984). As it presently seems inconceivable that any 
"mechanistic" or "thermodynamic" model of sorption could be 
incorporated into a safety model for any real system within the next 
decade (Chapman and Sargent, 1984), this research area will not be 
considered further in this project. 

3.2 Field Studies 

In effect, most field studies are large scale "column" experiments 
performed in-situ in which the disadvantages of increased uncertainty 
of the hydrology and geochemistry of the flow path is ofset by 
decreased perturbation of the natural system (Fig. 8). 
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Figure 8: Field tracer experiments 
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Lysimetry experiments, indeed, simply involve physical isolation of a 
section of rock, introduction of a spike at the surface and 
measurement of its downwards transport under natural (rainwater) or 
artificial irrigation (eg. Ro&& et al, 1981, Gee et al., 1982). 
Although field lysimeters can be run in a closely controlled manner 
approaching that of a laboratory column, they are very expensive to 
construct and operate, generally involve timescales in the order of 
years and are appropriate only to near-surface, porous formations. 

A more common technique for deeper and/or non-porous formations 
involves migration studies from or between boreholes. Such 
experiments can be run on a wide range of spacial scales to examine 
regional transport over tens of metres (eg. Landstrom et al., 1982) 
or "matrix diffusion" effects over distances of millimetres (eg. 
Birgersson and Neretnieks, 1982; 1984). Experimental variations in 
field migration methods (in terms of input profile, water velocity 
determination, output profile analysis etc.) mirror those previously 
discussed for column experiments with additional complications due to 
constraints on equipment required to operate in a field (expecially 
down-borehole) environment (cf- Abelin et al., 1982). 

Although such field experiments are essential for testing models 
coupling water flow calculations to laboratory sorption/retardation 
data, control of a number of important hydrologlc and geochemical 
parameters is inherently limited. Backwards derivation of retardation 
data from profiles measured in-sltu is thus subject to a number of 
practical uncertainties and, in many cases, must objectively be 
regarded as an academic exercise in curve-fitting producing data of 
very limited general applicability (eg. Moreno and Neretnieks, 1983, 
Abelin et al., 1984). Although the vast majority of field experiments 
are "dynamic", it should be noted that some variations of "static" 
type experiments performed in-situ have been divised to allow 
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comparison of laboratory measurements with those performed in 
"ambient'* conditions (eg. Duursma and Bosch, 1970). 

3.3 Analogue studies 

An inherent problem with all the techniques described so far is the 
limitation set by practicable experimental timescales (about months to 
years) which are considerably less than those relevant to 
high/intermediate level safety analysis (10(3) - 10(6) y). Studies of 
"analogue" systems in which a "natural" migration process is 
retrospectively analysed may allow the justification for this 
timescale extrapolation to be tested (Chapman et al., 1984). 

The requirements for an analogue study of sorption or migration 
processes are: -

i) a well defined source Input function 
ii) a well defined hydrologic history 
iii) a resultant measurable concentration profile. 

Although generally classed as "natural" analogues, the source input 
could be either anthropogenic (for timescales up to about 1000 y) or 
arise from geochemical disequilibria (up to about 10(9) y). In 
general it can be expected that the accuracy with which an analogue 
system can be analysed will be Inversely proportional to the timescale 
involved. The amount of work reported in this field is relatively 
limited to date, but, potentially, a vast range of locations and 
processes could be considered. The range of approach is so large, 
indeed, that it is not possible to describe an "average" analogue 
experiment and thus a number of examples, spanning a wide range of 
spacial and temporal scales, will be briefly described. 

One of the most intensively studied analogue systems is the "Oklo 
phenomenon" - the natural Precambrian fission reactor discovered in 
French Gabon (eg. IAEA, 1975; 1978). This geological feature is 
arguably the closest natural analogue to a high level waste repository 
as the source term, resulting from fission chain reactions in a very 
rich uranium ore body, would have a composition similar to that 
expected of high level waste leachate (especially in the event of 
disposal of spent fuel). Analysis of migration at this site Is, 
however, very difficult due to the long timescale involved (about 
2x10(9) y) and the extremely complicated geochemical/hydrologic 
history of the region. 

On a generally shorter timescale, elemental migration from ore bodies 
(eg. Eisenbud et al., 1982), veins of mineralisation (eg. Shea, 
1984) or even igneous intrusion zones (eg. Laul and Papike, 1984) may 
be analysed but, in all cases, determination of the hydrochemical 
history of the site is subject to great uncertainties and the 
temperature at which hydrothermal reactions occur tend to be outwith 
the range relevant Co current disposal concepts (especially for the 
last mentioned example above). Even in the absence of distinct source 
zones, disequilibria caused by decay of natural series radionuclides 
may show up regional variations in isotopic ratios which can be 
interpreted in terms of migration/retardation phenomena (eg. 
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Krishnaswami et al., 1982; Pearson et al, 1983) but it must be noted 
that very complex geochemical systems are modelled quite 
simplistically in such work and the data sets involved can often be 
interpreted in several, very different manners (eg. Rama and Moore, 
1984). 

i 

For shorter timescale (about 1000 y or less) systems the source term 
can often be better defined and, for example, in studies of element 
migration in well defined sediment bands laid down after the last 
period of glaciation, timescales can be corroborated by a number of 
totally independent methods (eg. paleomagnetism, palynology, C-14 
etc.) but defining the geochemical history of the site remains a 
difficult problem (MacKenzie et al., 1983; McKinley et al., 1984). 

All of the examples quoted above are inherently suitable only for 
testing against models using laboratory data and any "retardation" or 
"sorption" data derived directly from these or similar projects must 
be viewed with great scepticism. Only in very short-term analogue 
studies, predominantely involving anthropogenic source terms, can the 
three requirements listed at the beginning of this section be 
specified in sufficient detail to allow realistic back-calculation of 
retardation data. Even when input functions are very well known, such 
as is the case for radioactive "bomb fallout", interpretation of 
profiles in a soil environment can be very difficult due to the 
complexity of the chemistry involved in such an environment (Bachhuber 
et al., 1982; Jakubik and Kahl, 1982). It is likely that well 
specified data can only be obtained for species of simple chemistry in 
% very stable environment - for example uptake of radiocaesium in a 
marine environment (eg. Swan et al, 1982) - which would be of little 
direct relevance to the areas of interest specified for the present 
study. 
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4.0 DATA INTERPRETATION 

4.1 Nomenclature 

As has been repeatedly mentioned in previous chapters, the 
nomenclature associated with sorption/retardation measurements is 
completely chaotic with terms such as Kd, Ka, Rd, Ra, D and Rf used to 
describe a bewildering range of completely different parameters (e.g. 
NEA, 1983). In this report, data are assessed for use in computer 
programs which assume the ideal distribution coefficient concept holds 
and hence IW îs_ defined to be â  constant corresponding to the 
equilibrium ratio of the activity (or concentration) of a_ nuclide on 
the solid phase to that in the aqueous phase. Kd is defined for a 
particular rock/water system and is independant of elemental 
concentration (assumed to be at "trace" levels), the presence of other 
waste radionuclides and reaction direction (i.e. sorption is 
completely reversible). Within the temperature/pressure range of 
application of the data, Kd will be assumed to be independant of these 
parameters. In all subsequent usage Kd values will be quoted in units 
of m3/kg. 

Most empirically evaluated nuclide partition coefficients between rock 
and solid phase derived from sorption or retardation experiments do 
not correspond to Kd as defined above and henceforth will simply be 
termed Rd values. This term is deliberately vague to reflect the 
general uncertainty in what is actually being measured, which is an 
unfortunate characteristic of most available data. In particular Rd 
does not imply equilibrium, concentration independence of sorption or 
reversibility. The purpose of this report, therefore, is to sift 
available empirical (Rd) data in order to chose values of Kd for 
particular rock/water/nuclide systems which would conservatively model 
sorption even for systems in which the Kd as defined is demonstrably 
inapplicable (cf Valocchi, 1984). Although this approach is obviously 
simplistic, available data do not warrent a more sophisticated 
treatment and the resultant analysis should be reasonably conservative 
(if not grossly over-conservative in some cases). 

For systems in which water flow occurs through fissures, a sorption 
paramecer based on area rather than volume of rock is often used. 
While such parameters can be easily defined for fissures with smoothly 
polished surfaces, for the real case of a hydrothermally altered 
fissure, "area" can be somewhat ambiguous - the geometric area of a 
fissure being orders of magnitude less than the external (e.g. BET) 
or external and internal (e.g. Ethylene glycol method) surfaces 
measured (e.g. Avnir et al., 1984). For weathered fissures the 
relationship between the volume related Kd and a value related to the 
geometric area of a fissure (which will be termed Ka and expressed in 
units of metres) is 

Ka - Kd x D x p a 

where D is the thickness of the "porous" hydrothermal alteration 
layer beneath on the fissure surface (m) 

pa is the bulk density of such layer (kg/m3) 
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It must, however, be noted that this approach neglects the effects of 
kinetics of diffusion into the alteration products. Definition of the 
conditions under which this approximation holds true have been given 
by Hadermann and Rösel (1984). 

By analogy with the case for volume related data, any empirical 
measurements of area related sorption parameters will subsequently be 
denoted as Ra regardless of the nomenclature in the source reference. 
It must be noted, however, that such measurements are generally 
performed on crushed rock and the surfaces involved may be very 
different to the microfissure surfaces of the alteration layer 
considered above. 

4.2 Reference conditions 

As was discucsed in preceding chapters, empirical sorption data 
generally show large variations with changes in aqueous phase 
chemistry (in particular, Eh, pH and major ion concentrations). For 
project "Gewaehr" a reference groundwater has been defined 
(Schweingruber, 1984b - Table 1) and hence this composition will also 
be taken as the reference for all sorption data. The fact that an Eh 
range is specified for this water will be taken into account in the 
consideration of redox sensitive elements. This water is specified 
for the deep crystalline host formation but might be reasonably 
representative of water expected in most of the flow-path through the 
overlying porous sediments. Some near-surface mixing with more 
oxidising waters will occur, however, and the effects of this process 
on sorption will be evaluated by considering a second groundwater 
(Table 2) for these sediments which may more closely represent water 
chemistry at the geosphere path output. 

No "reference mineralogy" has been specified for the fissured 
crystalline rock, weathered kakirite zones or the porous sediments. 
Based on data from the Boettsteln borehole however, values for the 
physical parameters used in the equation relating Ka to Kd (equation 
above) for a reference case can be selected i.e.: 

D - 0.001 m 
a - 2700 kg/m 3 

to give Ka - 2.7 x Kd. 
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Table 1 Reference Groundwater Composition 

(from Schweingruber, 1984b) 

Component 

Na+ 

K+ 

Mg(2+) 

Ca(2+) 

Sr(2+) 

Fe(tot) 

Mn(tot) 

Cl-

F-

S04(2-) 

S102 

C03(2-) 

;mp » 55 degrees C 

Concentration (mg/1) 

4038 

45 

2.6 

870 

21 

.45 

3.1 

6620 

3.6 

1560 

17 

117 

pH - 6.7 log pC02 - -1.7 
Eh = -240 - -60 mV 
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Table 2 Groundwater Cheaistry - "Near-Surface" 

(Based on Badquelle Bad Saeckingen: analysis of 20/8/82, 
NAGRA, 1983b; Schweingruber and McKinley, 1983) 

Species Concentration (mg/1) 

Li 

Na 

K 

NH4 

Mg 

Ca 

N2 

02 

F 

CI 

Br 

N03 

HC03 

S04 

H4SI04 

H3B03 

5 

1070 

90 

0 

15 

160 

41 

1 

3 

1800 

5 

5 

300 

125 

40 

18 

pH - 6.5 Eh - 420 mV 
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4.3 Data sources 

With only a few exceptions (e.g. Laske et al., 1984; Wernli et 
al., 1984), no sorption data for nuclides of interest have been 
reported for rock samples collected in the Swiss HLW field programme. 
Indeed, even for the exceptions noted, data have not been measured 
under the reference conditions specified above (not an uncommon 
situation eg. Kelmers, 1984). For this report, therefore, data for 
other rock/water systems has to be extrapolated to define Kd values 
for the reference conditions. Although such extrapolation cannot be 
completely rigorous, for the purposes of this report it is sufficient 
that it be conservative. In order to make subsequent sensivity 
analysis meaningful, hcwever, values should also be as realistic as 
possible and not ridiculously overconservative. Only with reasonably 
realistic values can results from safety analyses be used to properly 
evaluate the waste disposal system and to guide further work. 

As far as source literature is concerned, two general catagories of 
data can be recognised. Primary data sources involve: 

a) simple, unambiguous methodology (generally batch equilibration) 

b) good description of aqueous and solid phases - as a minimum 
solution pH, Eh, temperature, concentration of major ions and 
details of solid phase source and pre-treatment 

c) measurement of elemental concentration of spike and, if relevant, 
details of speciation 

d) explicit description of data reduction process. 

Literature sources generally correspond to recent (< 10 years old) 
publications from national research institutions in Europe, the U.S.A. 
and Canada. Numerical data reported therein is accepted at face value 
(subject to the caveats discussed in the next section). 

Secondary data sources include simple experiments for which crucial 
background data (e.g. spike concentration, redox conditions) are not 
reported or techniques in which complex data manipulation of unproven 
validity is required to yield Rd (or Ra) values (e.g. field or 
analogue studies). Such sources cannot be accepted directly but can 
be used to corroborate primary data. Even for nuclides for which no 
suitable primary data exists, absolute values of secondary data are 
accepted only if consistent with primary data for chemically analogous 
species. It is noted that the NEA is building up a sorption data base 
(ISIRS: The international sorption information retrieval system, OECD 
Nuclear Energy Agency, Paris). At present the applicability of this 
data base is very limited due to its small size and rather variable 
quality of contents. 
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4.4 Accuracy and precision of literature data 

Errors are often quoted for numerical sorption data reported in the 
literature but it is often not clear exactly vhat these values 
represent. In most cases the errors are, in effect, simply derived 
from radioanalytical counting statistics and hence represent the 
precision (reproducibility) of the radioactivity counting procedure. 
Any use of such data is limited as, in principle, numerical values can 
be reduced as much as desired by simply increasing counting times. 
Occasionally the error quoted is derived from the scatter of replicate 
samples and thus provides additional information on the sample 
heterogeneity. For most rock samples, the uncertainty arising from 
sample heterogeneity is much larger than the counting error but is 
dependant not only on "inherent mineralogical heterogeneity" but also 
on the size of rock sample used relative to particle size. For most 
naturally weathered rock samples, a reasonable estimate of the maximum 
precision would be about 50Z (e.g. McKinley and West, 1982). 

The accuracy of data - estimating how close measurements are to "true 
values" - is very rarely discussed. Ideally, accuracy would be 
determined by comparing lab data with measurements in-situ but, as 
discussed in the previous section, interpretation of the latter is 
generally very complex. An alternative method of estimating accuracy 
is via intercalibration between different laboratories. The largest 
study of this type was coordinated by PNL in the United States and 
indicated very large uncertainty in this area: -

"At present, safety assessors should consider the fact that confidence 
intervals for Kd values reported for rocks may be as large as two or 
three orders of magnitude for selected nuclide-groundwater-rock 
systems"... (Relyea and Serne, 1978). 

This conclusion is probably over-pessimistic with regard to more 
recent data as, largely as a result of this study, experimental 
techniques have generally improved. For nuclides with relatively 
simple aqueous chemistry (e.g. Cs, Sr) accuracy of individual Rd (or 
Ra) determinations in well established laboratories is probably within 
one order of magnitude and agreement in data trends (e.g. isotherms) 
may be very much better. Difficulties still arise, however, in the 
measurement of the sorption of species with complicated aqueous 
chemistry - particularly the actinides. Only for experiments in which 
the aqueous phase chemistry is very carefully controlled can accuracy 
within one order of magnitude be reasonably expected. 

Additional errors will, of course, be associated with any 
extrapolation of data from the measurement conditions but the size of 
such error will be dependant on both the nuclide involved and the 
amount of difference between measured and reference conditions. Such 
uncertainties will be considered for individual data sets in the next 
chapter. 
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5.0 SPECIFIC SORPTION DATA 

The literature search which forms the basis of this chapter has 
concentrated on reanalysing the data presented in previous reviews and 
compilations (e.g. Ames and Rai, 1978; Isherwood, 1981; Allard, 
1982; Serne and Relyea, 1982; Vandergraaf, 1982; Andersson and 
Allard, 1983; NRC, 1983) in the light of the "Gewaehr" reference 
case. Source data analysis has been limited to recent work (generally 
< 3 years old) not covered by these compilations. 

In the following sections the available data on 22 elements, arranged 
alphabetically, is assessed and recommended sorption values derived 
for 3 rock/water systems: 

1. 'fissure infill'/reducing reference groundwater (Table 1) 
2. 'sediments' /reducing reference groundwater 
3. 'sediments' /oxidising groundwater (Table 2) 

It is emphasised that some degree of extrapolation is involved in all 
of the sorption data selection described and the magnitude of such 
extrapolation varies from element to element. It is thus not sensible 
to use rigorous selection criteria and the subjectivity of the 
selection basis described for each nuclide must be acknowledged. 
Extensive lists of individual sorption measurements are available in 
the references above and through data bases such as ISIRS but such 
presentation was not felt to be useful due to the very variable 
quality/applicability of the data involved. In particular, redox 
control is a critical factor in sorption measurements, especially for 
the actinides, but the applicability of current techniques is a matter 
of considerable controversy. The large component of personal 
judgement involved is undesireable but, at present, seems unavoidable. 
This factor, together with the requirement for inclusion of species 
for which little or no primary sorption data exist, means that 
sorption data for particular nuclides may be excessively 
over-conservative on both an absolute and a relative scale and their 
use nay give rise to modelling artifacts. The only way of improving 
this situation, however, would involve an experimental data aquisition 
programme (cf Appendix 3). 
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Actinium (Ac) 

In aqueous solution, Ac is found exclusively in the III oxidation 
state and its solution chemistry, expecially in terms of formation of 
complex ions, is very similar to the lanthanides (Cotton and 
Wilkinson, 197*>. Insufficient data are available, however, to allow 
any specific examination of its speciation in groundwater (Pourbaix, 
1974) and although Ac occurs naturally in the U-235 and Th-232 decay 
chains, its environmental geochemistry has been very little studied 
and the few data available are somewhat ambiguous (e.g. AAEC, 1983). 

Although no data for Ac have been found in the literature, sorption 
should be similar to that of other actinides in the III oxidation 
state (Am and Cm) and the lanthanides (e.g. Ce, Nd, Eu). Although 
sorption will depend on the extent of complex formation, which will 
tend to be pH dependent, it should show little variation with redox 
conditions. Hence, a realistic Kd value of 5 m3/kg is chosen because 
of assumed similarity rc> Am while a conservative value of 0.25 m3/kg 
is chosen by comparison with Sm. These values are assumed to be 
applicable to the three rock/water combinations considered. 
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Americium (Am) 

In aqueous solution Am can exist in the III, IV, V and VI oxidation 
states but the former is, by far, the most stable under "normal" 
environmental conditions (Cotton and Wilkinson, 1972). In natural 
groundwaters Am(III) shows a great tendency towards formation of 
complexes such as AmF 2+, AmC03 +, AmOH 2+ and AmSOA +. Although 
thermodynamic calculations suggest formation of negatively charged 
complexes (e.g. Am(C03)3 3-, Schweingruber, 1983) to be important, 
observations indicate that most (if not all) significant complexes are 
positively charged over the pH range 4-8 (Ames and Rai, 1978). 

Sorption data for Am show a very large range of Rd values from about 
0.01 - 60 m3/kg (Ames and Rai, 1978; Rochon et al., 1980; Isherwood, 
1981; Vandergraaf, 1982; Allard, 1982; Allard et al., 1983). 
Marked trends are, however, evident with variations in rock type, 
solution chemistry and, in particular, pH. Sorption onto the mineral 
assemblage present in fracture infill from the reference groundwater 
would realistically be expected to result in a Kd » 5 m3/kg while a 
value of 0.5 m3/kg is probably very conservative. Due to the very 
small variation of sorption with mineralogy in the pH range considered 
(Allard, 1982), these values can also be assumed for the sedimentary 
rocks with either of the reference groundwaters. 
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Caesium (Cs) 

Caesium has a very simple aqueous chemistry being present as the free 
Cs-*- ion In natural waters and showing very little tendency towards 
complex formation (Cotton and Wilkinson, 1972; Pourbaix, 1974; 
Coughtrey and Thorne, 1982a). 

The sorption of Cs has, undoubtably, been studied more intensively 
than that of any other nuclide and a vast volume of data is available 
in the literature. Measured Rd (e.g. Ames and Rai, 1978; Rochon et 
al., 1980; Andersson and Allard, 1983; Laske et al., 1983; Griitter 
and Rb'ssler, 1984) and Ra values (e.g. Vandergraaf et al., 1982; 
Kamineni et al., 1983) show marked trends with rock type, rock/water 
ratio, pH, nuclide concentration, aqueous phase chemistry, reaction 
direction and temperature. The concentration dependence of Cs 
sorption has been studied in some detail and data are often found to 
be reasonably well described by Freundlich isotherms although a 
considerable range of "gradients' (N in equation (14)) from about 0.2 
to 2.0 have been reported for different rock/water systems. For 
weathered granite, however, most data can be fit to isotherms 
with 0.5 < N < 1.0 (eg. McKinley and West, 1981; 1983; Skagius and 
Neretnieks, 1982). It should, however, be noted that the relatively 
large number of parameters identified as important in evaluating Cs 
sorption probably result from the intensity with which it has been 
studied rather than any intrinsic complexity of Cs uptake relative to 
that of other species. 

In order to extrapolate recommended sorption values from the data 
available, a reference Cs concentration must be assumed. This is 
taken, fairly arbitrarily, as 10**-7 Molar which is 2-3 orders of 
magnitude greater than the expected concentration of stable Cs and 
would be equivalent to about 600 Bq/1 if entirely Cs-135. In view of 
the well documented concentration dependence of Cs sorption, if 
initial concentrations are significantly greater than 10**~7 the 
recommended values below should be decreased by a factor of x0.5 for 
each order of magnitude above this concentration to ensure 
conservatism. Or the other hand it should be noted that transport 
calculations with concentration independent sorption as defined above 
can become extremely conservative if transport times are large 
relative to the nuclide half-life (Hadermann and Rösel, 1983). 

For the fracture infill, deep groundwater system a value of about 0.25 
m3/kg would be a reasonable estimate of Kd while 0.05 m3/kg would seem 
to be very conservative. Although some detailed data for relevant 
sedimentary formations have been measured (Laske et al. 1983; 
Grutter and Rosier, 1984) these still have to be extrapolated to 
produce an average Kd for all sedimentary formations and for the 
particular reference waters. Taking into account the difference in 
Ionic strength involved, it is probably realistic to assume Kd * 1 
r»3/kg for deep- and 2 m3/kg for near-surface waters. Values one order 
of magnitude less would be conservative. 
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Carbon (C) 

For the case of vitrified HLW, very small quantities of radiocarbon 
would be expected and any trace, when leached, would probably 
equilibrate quite readily with the inorganic C02/HC03 -/CO3 2- system. 

As far as inorganic carbon (HC03 -) is concerned, sorption onto 
granite and pure clays has been shown to be negligible but significant 
sorption is found in carbonate containing rocks - probably resulting 
from an isotopic exchange mechanism (Andersson et al., 1983; Mozeto 
et al., 1984). Bearing in mind the relative amounts of carbonate 
(e.g. Calcite) present in fracture infill and the sedimentary layers, 
Kd values of 0.005 and 0.05 m3/kg respectively are probably reasonable 
for these formations. In view of the very limited data set available, 
however, Kd • 0 must be assumed for both these rocks to be completely 
conservative. 

It must be noted that, although unlikely, the possibility of microbial 
life in the vicinity of a HLW repository cannot be precluded and thus 
transformation of inorganic carbon into organic forms by autotrophic 
organisms must be considered (West and McKinley, 1984; McKinley et 
al., 1984a; b). At present there are insufficient data to allow even 
an educated guess of the extent of retardation of any "organic" carbon 
compounds and hence, for these species, Kd must be taken as 0 for all 
rock/water systems. 
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Curium (Cm) 

Cm is known in the III and IV oxidation states but, like Am, the III 
state is dominant in natural aqueous systems (Cotton and Wilkinson, 
1972; Watters et al., 1983). 

Although very few relevant sorption data for Cm have been reported 
(e.g. Silva et al., 1979; Sern* and Relyea, 1982; NRC, 1983), due 
to its great similarity ir. chemistry and general environmental 
behaviour to that of Ac (Uatters et al., 1983), sorption values 
accepted for Am will be adopted directly for Cm. Realistic Kd is thus 
taken as 5 m3/kg with a conservative value of 0.5 m3/kg for all 
rock/water combinations. 
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Iodine (I) 

As for Carbon, the I content of vitrified HLW would be expected to be 
very small. Common aqueous forms of I are I -, 103 -, 10 -, HlO(aq) 
and I2(aq) although a significant component of the total dissolved I 
in natural waters may be present as organic compounds (Black et al., 
1980). In anoxic groundwaters I- is the most stable species over the 
entire natural pH range (Pourbaix, 1974). In addition to causing 
transformations between "inorganic" and "organic" forms of I, 
microorganisms also catalyse many of the "inorganic" I redox reactions 
(eg. Behrens, 1982). 

Generally, sorption of I (as I- or 103 -) is observed to be small but 
measurable on rocks with significant anion exchange capacity and 
reasonably large (probably mainly due to precipitation) on minerals 
containing metal ions capable of forming insoluble iodides or lodates 
(Bird and Lopata, 1980; Andersson and Allard, 1983). Organic I 
compounds appear to be very poorly sorbed and it must be noted that 
both 12 and CH3I, for example, can also be transported through 
unsaturated systems in the vapour phase (Black et al., 1980). For all 
rock/water combinations considered, Kd - 0.001 m3/kg is probably 
reasonable for I but, due to the uncertainties involved, Kd = 0 can be 
taken to be truly conservative. 
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Lead (Pb) 

In the absence of complexing agents, the dominant Pb species in 
aqueous sclution would be Pb 2+ (pH < 9) and HPb02 - (pH > 9) 
(Pourbalx, 1974). Pb(II), however, forms a number of fairly stable 
complexes (e.g. PbN03 +, PbCl +, PbC13 -) and the Pb 2+ ion is 
partially hydrolysed in water (Cotton and Wilkinson, 1972). 

Very few sorption data for Pb were found (eg. Serne and Relyea, 1982; 
NRC, 1983) and hence Ra was taken to be an analogue (for pH < 9) as it 
too is found as a 2+ cation (possibly slightly complexed) and appears, 
in-situ, to show similar sorption behaviour in groundwater 
(Krishnaswami et al., 1982). This approach may, in fact, be quite 
conservative as, in many aqueous systems, Pb appears to be much more 
strongly scavanged by particulates than is Ra and may be geochemically 
similar to Th (Turekian, 1977; Hussain and Krishnaswami, 1982). A 
realistic Kd = 1 m3/kg is thus taken for all rock/water combinations 
but, in view of the primary sorption data which suggests that uptake 
is very limited, the relatively poor knowledge of Pb geochemistry and 
the possibility of anionic complex formations, Kd • 0 must be assumed 
to be conservative. 



- 58 -

Molybdenum (Mo) 

Mo has an extreaely varied aqueous chemistry with a great tendency 
towards complex formation (Cotton and Wilkinson, 1972; Pourbaix, 
1974). Very little information on its environmental chemistry has 
been reported but it is generally expected to exist in solution as 
Mo04 2- (Coughtry and Thorne, 1982b). 

Mo has been little studied but appears to be very poorly sorbed (Serne 
and Relyea, 1982). Taking Tc04- as an analogue, Kd - 0.005 »3/kg is 
taken to realistic for all rock/water combinations while again, due to 
the uncertainties involved, Kd • 0 is taken for conservatism. 
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Neptunium (Np) 

Even in the absence of complexing agents, the aqueous chemistry of Np 
is very complicated with III, IV, V and VI oxidation states being 
possible (Cotton and Wilkinson, 1972; Pourbaix, 1974). Under 
reducing groundwater conditions, Np would exist primarily in the IV 
oxidation state and the dominant aqueous species would probably be 
Np(0H)4 0 (Allard, 1983; Schv.«-ingruber, 1983). Under oxidising 
conditions the V oxidation state becomes more important resulting in 
solution species such as Np02 + (e.g. Ames and Rai, 1978; Skytte 
Jensen, 1982) or complexed species such as Np 02 HC03 0 
(Schweingruber, 1983). 

A large number of Np sorption measurements have been reported but most 
were made under oxidising conditions where Rd values generally range 
from about 0.001 - 1 m3/kg for the pH range of interest (Ames and Rai, 
1978; Rochon et al., 1980; Isherwood, 1981; Vandergraaf, 1982; 
Allard, 1982; Keimers et al., 1984). Under anoxic (but not 
particularly reducing) conditions Rd values may increase by a factor 
of about x2 (Wolfsberg et al., 1982; MacKenzie et al., 1983). The 
lower end of the sorption range involved is consistent with the 
observed high mobility of Np relative to other actinides in the 
surface environment (e.g. Watters et al., 1983) although the 
potential perturbations due to the generally high availability of 
"organic carbon" must be acknowledged. For more reducing systems 
controlled by a hydrazine redox buffer (Salter et al., 1981) or 
metallic Fe (Torstenfeit and Allard, 1984) an increase in Rd relative 
to the oxidising case of about 1-2 orders of magnitude is observed. 
For both oxidising and reducing systems the sorption of Np is noted to 
be concentration dependent and irreversible (Barney, 1984). 

For the reducing groundwater a Kd = 1 m3/kg is probably realistic for 
both rock types while a value of 0.1 m3/kg is probably very 
conservative. For a more oxidising surface water values of 0.1 m3/kg 
as "realistic" and 0.001 m3/kg as conservative are probably 
reasonable. 
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Nickel (Ni) 

Ni is present In aqueous solution entirely in the 2+ oxidation state 
but may be extensively complexed with, for example, amines or organic 
ligands (Cotton and Wilkinson, 1972; Pourbaix, 1974; Andersson and 
Allard, 1983). Its environmental chemistry has been relatively little 
studied but data suggest that it is present in surface waters as N12+ 
but is predominately associated with particulates, colloids and 
organic material (Coughtrey and Thome, 1982b). 

Sorption data for Ni are very sparse and Rd values generally fall in 
the range 0.005 - 0.4 m3/kg (Serne and Relyea, 1982; Andersson and 
Allard, 1983; Andersson et al., 1983). The similarity between the 
chemistry of Co and Ni was used as the basis of assuming 
Rd »0.2 m3/kg to be reasonably conservative for the KBS programme 
(Andersson et al., 1983) but it should be noted that Co sorption has 
been observed to be show a complex variation with nuclide 
concentration (eg. McKinley and West, 1983) which may also be the case 
with Ni (Meyer, 1980). Because of this uncertainty, Kd is taken 
as 0.2 m3/kg as a realistic estimate for all rock/groundwater systems 
while Kd s C.005 is taken to ensure conservatism. 
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Palladium (Pd) 

The aqueous chemistry of Pd is dominated by complexation reactions but 
has been relatively little studied (Cotton and Wilkinson, 1972). In 
the absence of complexing agents, the aqueous species expected under 
both oxidising and reducing conditions would be anionic (e.g. Pd02 
2-) but, in natural waters, a wide range of anionic, cationic and 
neutral complexes would be possible (Pourbaix, 1974). 

Very few sorption data for Pd were found. Values of Rd * 0.01 - 0.05 
m3/kg were measured under oxic conditions (crushed granite or basalt, 
batch sorption - Seme and Relyea, 1982; Vandergraaf, 1982). 
Accepting Kd - 0.01 m3/kg would seem reasonable for all rock/water 
combinations given the expected chemistry but, as dominantly anionic 
nature is possible for the reference conditions, Kd = 0 must be chosen 
to ensure conservatism. 
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Plutonium (Pu) 

The aqueous chemistry of Pu is horrendously complicated, even by 
comparison with the actinides, and in fact, four oxidation states 
(111, IV, V, VI) can coexist at appreciable concentrations (Cotton and 
Wilkinson, 1972). Possible thermodynamically stable species in 
natural groundwaters include anionic, cationic and neutral complexes 
but analysis is complicated by uncertainties in many important 
background data (Schweingruber, 1983). 

It should be noted that, in the subsequent analysis, colloidal Pu 
polymers (e.g. Wolfsberg et al., 1982) are assumed either not to form 
or to be contained within the near-field (McKinley, 1984). 

A very large amount of sorption data has been reported for Pu with Rd 
for relevant rock/water systems ranging from 0.1 to > 100 m3/kg (Ames 
and Rai, 1978; Rochon et al., 1980; Isherwood, 1981; Allard, 1982; 
Allard et al., 1983). Some of the values reported are so enormously 
high (e.g. > 5000 m3/kg) that precipitation is probably the major 
mechanism involved, as its solubility is very pH sensitive. The 
observed environmental behaviour of Pu is nevertheless consistent with 
extremely high sorption, especially in reducing environments. For 
reducing groundwater, Kd » 5 m3/kg is reasonable for both of the rocks 
considered while 0.5 m3/kg would be conservative. As Pu sorption is 
generally observed to decrease with increasingly oxidising conditions, 
Kd values of 1 and 0.1 m3/kg are selected for the sediment/surface 
water system. 
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Protactinium (Pa) 

The chemistry of Pa is very poorly understood and, while species such 
as Pa02 + might be expected in aqueous solution, the tendency of Pa 
towards hydrolysis and complexation would result in a wide range of 
possible anionic, cationic and neutral species in natural groundwaters 
eg. Pa0(0H)2+, PaO(OH)+, PaO OH (Cotton and Wilkinson. 1972, Pourbaix, 
1974; Gillberg-Wickman, 1983). 

Few sorption data for Pa were found (Rd 0.1 m3/kg, batch sorption on 
crushed Tuff, Basalt, Granite - Serne and Relyea, 1982) but it is 
probably reasonable to accept Np as an analogue for this element as It 
shows a similar, relatively high stability of the V oxidation state 
(Cotton and Wilkinson, 1972). Realistic Kd values are thus taken as 1 
m3/kg for reducing water and 0.1 m3/kg for the more oxidising surface 
water which seem to be reasonable as, geochemically, Pa is regarded as 
fairly immobile. Conservative Kd's two orders of magnitude lower in 
reducing water and Kd » 0 in oxidising water would seem to be 
reasonable bearing in mind the uncertainty of this extrapolation. 
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Radium (Ra) 

Ra is expected to occur in aqueous solution as the Ra 2+ ion with very 
similar chemistry to Sr and, in particular, Ba (Cotton and Wilkinson, 
1972; Pourbaix, 1974). A significant percentage of dissolved Ra can, 
however, exist as RaS04 ion-pair in natural waters (Benes, 1980). 

In the few cases where Ra sorption has been measured, it tends to be 
equal to or greater than that of Sr (e.g. AHard et al., 1977; 
Benes, 1982; Salter et al., 1981) which mirrors the trend from Sr to 
Ba (e.g. Wolfsberg et al., 1982) although differences in spike 
concentration and solubility of sulphates, carbonates etc. must be 
borne in mind. Like Sr, Ra tends to show 'ideal' 
concentration-independent sorption but such sorption may be fairly 
irreversible (Barney, 1984). By reference to the extensive 
compilations of Sr sorption data (e.g. Ames and Rai, 1978; 
Isherwood, 1981; Andersson and Allard, 1983; Laske et al., 1983), a 
realistic Kd for all rock/water combinations would be 1 m3/kg and a 
value of 0.05 m3/kg would be conservative. These values are in 
agreement with values derived from in-situ geochemistry of Ra (e.g. 
King et al., 1982; Krishnaswami et al., 1982). 
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Radon 

Rn, as a noble gas, is unreactive in water and will dissolve only to a 
limited extent. While physical absorption of such dissolved gas is 
possible, no chemical sorption will occur. In natural groundwaters 
the Kd of Rn cannot be realistically expected to be significantly 
greater than 0, especially in the light of its very high natural 
mobility (Rama and Moore, 1984). In unsaturated formations 
additional, gas phase transport is quite likely. 
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Samarium (Sm) 

Sm chemistry has not been investigated in great detail but is expected 
to be fairly typical of a lanthanide. In mildly oxidising solutions 
its chemistry will be dominated by the III oxidation state although, 
like Ce and Eu for exaaple, the ion will be strongly complexed by OH 
or other ligands in natural groundwaters (Cotton and Wilkinson). In 
very reducing conditions there is some possibility of formation of the 
divalent state in which case aqueous chemistry would be much more 
similar to Eu than Ce (Pourbaix, 1974). 

Although very few sorption data for Sm have been reported, Rd values 
measured are very similar to those of other lanthanides (e.g. Beall 
et al., 1979; Rochon et al., 1980; Serne and Relyea, 1982). Based 
on the more extensive Ce and Eu sorption data (e.g. Allard et al., 
1979; Salter et al, 1981; Vandergraaf, 1982), however, It Is 
reasonable to assume Kd - 2.5 m3/kg with Kd - 0.25 m3/kg being very 
conservative for all the rock/water systems considered. 
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Selenium (Se) 

Se is found in natural waters in both IV and VI oxidation states, 
primarily as Se03 2- and Se04 2-, but the relative proportions of 
these species varies widely and is very dependent on salinity, pH, 
iron content and biological activity (Pourbaix, 1974; Coughtrey et 
al., 1983). 

Se will probably be present in groundwater in an exclusively anionic 
form and hence little sorption would be expected. Experimental 
measurements, however, indicate somewhat greater sorption of Se than 
of other anionic species such as I- or Tc04 - (e.g. Bird and 
Lopata, 1980; Salter et al., 1981; Vandergraaf, 1982; Walton et 
al., 1982). A realistic Kd for Se in all rock/water systems is thus 
0.005 m3/kg while 0 must again be taken as conservative for such an 
anionic species. 
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Technetium (Tc) 

In oxidising conditions the environmental chemistry of Tc is dominated 
by the Tc04- species. In reducing groundwaters Tc0(0H)2 0 may be 
dominant but species such as TcO+ may be important at low Eh and pH < 
7 (e.g. Coughtrey et al., 1983; Schweingruber, 1984; Vandergraaf et 
al-, 1984). 

Generally, in oxidising conditions, sorption of Tc is very limited 
except for the case of minerals containing available reducing agents 
such as Fe 2+ on which precipitation of Tc02(s) may occur (e.g. 
Palmer and Meyer, 1981; Andersson and Allard, 1983; Keimers et al., 
1984; Erikson, 1984; Torstenfeit and Allard, 1984; Vandergraaf et 
al., 1984). Sorption measurements under reducing conditions have been 
greatly complicated by possible simultaneous precipitation (Salter et 
al., 1981). For the rocks considered, Kd values of 0.25 m3/kg and 
0.005 m3/kg are probably reasonable for reducing and oxidising waters 
respectively. For these two redox conditions conservative values of 
0.005 m3/kg and 0 respectively are assumed. 
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Thorium (Th) 

In aqueous solution Th occurs exclusively in the IV oxidation state 
but undergoes hydrolysis and complexation very readily (Cotton and 
Wilkinson, 1972; Pourbaix, 1974). In the absence of stronger 
complexing ligands Th(0H)4 0 would probably be the major solution 
species but, for example, in the presence of (HP0A)2-, species such as 
Th(HP04)3 2- may become significant (Langmuir and Herman, 1980; 
Schweingruber, 1983). 

The rather limited sorption data available (e.g. Allard et al., 1979; 
1983a; Langmuir and Herman, 1980; Serne and Relyea, 1982; 
NRC, 1983) indicate strong sorption onto both granite and clay at 
pH > 3. From the available data, Kd • 1 m3/kg seems realistic for all 
rock/water combinations considered but, in view of its sparsity, a 
conservative Kd = 0.01 m3/kg is chosen. The selected data appear to 
be very conservative in the light of the observed geochemical 
behaviour of Th (e.g. Eisenbud et al., 1982). 
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Tin (Sn) 

The aqueous chemistry of Sn is not well known and, while IV and II 
oxidation states are expected under oxidising and reducing conditions 
respectively, possible important species include Sn03 2-, HSn02 - and 
complexes such as SnCl -I-, SnC13 -, SnC13 +, SnC15 - etc. (Cotton and 
Wilkinson, 1972, Pourbaix, 1974). In natural, oxic environments Sn is 
thought to be present both as "Sn I V (possibly Sn04H3) and a 
selection of organic, principally methylated, forms (Coughtry et al., 
1983). 

The limited sorption data available (e.g. Walton et al., 1982; 
NRC, 1983) indicate that Sn is very strongly sorbed on granite (or 
granitic alteration products) under oxidising conditions, but 
interpretation of these results Is somewhat complex as lower values 
have been reported - particularly under reducing conditions (Serne and 
Relyea, 1982). Due to the lack of data, Kd - 0.05 m3/kg will be taken 
as realistic for the rock/water systems considered but, in view of the 
possible predominance of anionic complexes in the reference waters, a 
conservative Kd - 0 is assumed. 
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Uranium (U) 

The main U oxidation states are IV and VI in reducing and oxidising 
conditions respectively but these aqueous species (formally U 4+, U02 
2+) are known to be extensively complexed in nature (Cotton and 
Wilkinson, 1972; Pourbaix, 1974). Evaluation of such complexation is 
difficult due to the uncertainties associated with background data and 
many of the species predicted to be dominant by thermodynamic models 
(e.g. free U02(C03}3 4-) are probably artifacts of the calculational 
process involved (Schwelngruber, 1983). 

Under oxidising conditions, Rd data generally show a range of about 
0.005 - 0.1 m3/kg for relevant rock/water systems (Allard et al., 
1979; Silva et al., 1979; Salter et al., 1981a; b; Vandergraaf, 
1982; Allard et al., 1983). Specific data for U02 2+sorption on 
Böttstein granite yield Rd values in the range 0.003 - 0.015 m3/kg 
(Wernli et al., 1984). Sorption in oxic conditions appears to be 
greatest in the pH range 5 - 8 . 5 (Langmuir, 1978; Allard et 
al., 1983) and to show some concentration dependence under both 
oxidising and reducing conditions (Salter et al., 1981a; b; 
Barney, 1984). For sorption onto sedimentary rocks in oxidising 
conditions a Kd = 0.02 m3/kg is probably reasonable and 0.002 m3/kg 
will be conservative. Evidence from the laboratory and knowledge of 
the geochemistry of U suggests that sorption of U is significantly 
greater under reducing conditions (e.g. Watters et al., 1983). 
Although Kd = 1 m3/kg is probably reasonable, a value of 0.05 m3/kg 
will be taken to ensure conservatism in the absence of relevant hard 
data for both the rocks considered. 



- 72 -

Zirconium (Zr) 

Zr is present in solution in the IV oxidation state and, although 
species such as ZrO 2+ and HZr03 - can be formally considered to be 
present under acidic and basic conditions respectively, these species 
would be dominated by the products of incomplete hydrolysis and 
complexation in natural waters (Cotton and Wilkinson, 1972; Pourbaix, 
1974). In the natural environment only a small percentage of "aqueous 
Zr" is actually found in true solution and little is known about its 
detailed speciation (Coughtry and Thorne, 1982a). 

Only a few sorption data for Zr sorption have been reported but in all 
cases Rd values were very high (> 1 m3/kg), both in absolute terms and 
in relation to other nuclides (e.g. Duursma and Eisma, 1973; Allard 
et al., 1979; Rochon et al., 1980; Serne and Relyea, 1982; 
NRC, 1983). A Kd - 5 m3/kg is probably realistic for all the 
rock/water systems considered and 0.1 m3/kg should be very 
conservative despite the limited data available. 
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6.0 CONCLUSIONS 

In preceding sections the modelling of radionuclide transport through 
geological formations, derivation of various sorption functions, 
measurement of sorption and the uncertainties involved in the use of 
simple sorption data to describe retardation have been discussed. On 
the basis of a literature search "realistic" sorption data (Kd) for 
incorporation into migration models have been selected for both 
weathered crystalline rock and sediments in contact with a reducing 
reference groundwater. Data were also selected for sediments in 
contact with a less reducing groundwater. Both these "realistic" 
values and more "conservative" data, taken to represent minimum 
reasonable values, are summarised on Table 3. For the reference case 
of a 1 mm thick "alteration" layer around each crystalline fissure 
being available for sorption, Ka (m) = 2.7 x Kd (m3/kg). In the case 
of 'matrix diffusion' into kakirites or the intact crystalline rock, 
sorption will take place on a suite of mineral surfaces similar to 
those in the fissure infill. Due to the lower porosity of the intact 
rock relative to the damaged zone around the fissure, a Kd for the 
former a factor of X0.05 lower will be assumed. Ka values for infill 
and Kd for intact 'granite' are listed on table 4. 

It should be re-emphasised that the Kd values are derived for use in a 
very simple migration model and although they should conservatively 
quantify retardation for such an approach they do not imply that 
simple sorption mechanisms occur in real life or that these values are 
representative of the data which would be derived from equivalent 
laboratory experiments. The extent of conservatism incorporated in 
even the "realistic" Kd values varies between different nuclides and 
is generally greatest for elements for which aqueous speciation is 
very redox sensitive or has not been investigated under reducing 
conditions. Even bearing in mind the uncertainties involved, however, 
it is difficult to visualise retardation in the rock/water systeirs 
considered being less than that derived from the conservative values 
of Kd quoted unless perturbing processes such as those considered in 
section 2c are involved. 

Although the data contained herein are probably sufficient for the 
needs of project "Gewaehr", they probably greatly underestimate the 
capacity of the geological barrier as a retardant. The only way in 
which retardation could be more realistically modelled, however, would 
involve both direct measurement of sorption/retardation for the 
reference rock/water systems considered (cf Appendix 3) and refinement 
of the transport models utilised to,more realistically model sorption 
(e.g. incorporating Freundlich or "empirical" sorption equations). 
Bearing in mind the complexity of the processes grouped under the 
general heading of retardation, validation of final transport models 
is very important and hence more detailed investigation of "natural 
analogue" systems for this purpose would also be necessary. 
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Table 3: Summary of Recommended Sorption Data * 

Element 

Ac 
Am 
Cs 
C 
C 
Cm 
I 
Pb 
Mo 
Np 
Ni 
Pd 
Pu 
Pa 
Ra 
Rn 
Sm 
Se 
Tc 
Th 
Sn 
U 
Zr 

(1) 
(2) 
(3) 

Reference deep groundvater 
Weathered 
crystalline 

5 (0.25) 
5 (0.5) 
0.25 (0.05) 
0.005 (0) 

0 
5 (0.5) 
0.001 (0) 
1 (0) 
0.005 (0) 
1 (0.1) 
0.2 (0.005) 
0.01 (0) 
5 (0.5) 
1 (0.01) 
1 (0.05) 

0 
2.5 (0.25) 
0.005 (0) 
0.25 (0.005) 
1 (0.01) 
0.05 (0) 
1 (0.05) 
5 (0.1) 

Sediments 

5 (0.25) 
5 (0.5) 
1 (0.1) 
0.05 (0) 

0 
5 (0.5) 
0.001 (0) 
1 (0) 
0.005 (0) 
1 (0.1) 
0.2 (0.005) 
0.01 (0) 
5 (0.5) 
1 (0.01) 
1 (0.05) 

0 
2.5 (0.25) 
0.005 (0) 
0.25 (0.005) 
1 (0.01) 
0.05 (0) 
1 (0.05) 
5 (0.1) 

Surface water 
Sediments 

5 (0.25) 
5 (0.5) 
2- (0.2) 
0.05 (0) 

0 
5 (0.5) 
0.001 (0) 
1 (0) 
0.005 (0) 
0.1 (0.001) 
0.2 (0.005) 
0.01 (0) 
1 (0.1) 
0.1 (0) 
1 (0.05) 

0 
2.5 (0.25) 
0.005 (0) 
0.005 (0) 
1 (0.01) 
0.05 (0) 
0.02 (0.002) 
5 (0.1) 

* Kd values given as realistic (conservative) in m3/kg. 

(1) for concentration about 10 (-7 )M 
(2) 'inorganic' 
(3) 'organic' 
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Table 4: Derived Sorption Data * 

Element Ka Weathered crystalline (m) Kd Intact granite (m3/kg) 

Ac 
Am 
Cs 
C 
C 
Cm 
I 
Pb 
Mo 
Np 
Ni 
Pd 
Pu 
Pa 
Ra 
Rn 
Sm 
Se 
Tc 
Th 
Sn 
Ü 
Zr 

(I) 
(2) 
(3) 

13.5 
13.5 
0.68 
0.014 
0 
13.5 
0.027 
2.7 
0.014 
2.7 
0.54 
0.054 
13.5 
2.7 
2.7 
0 
6.8 
0.014 
0.68 
2.7 
0.135 
2.7 
13.5 

(0.68) 
(1-35) 
(0.135) 
(0) 

(0) 
(0) 
(0) 
(0.27) 
(0.014) 
(0) 
(1.35) 
(0.027) 
(0.135) 

(0.68) 
(0) 
(0.014) 
(0.027) 
(0) 
(0.135) 
(0.27) 

0.25 
0.25 
0.0125 
0.0003 
0 
0.25 
0.0001 
0.05 
0.0003 
0.05 
0.01 
0.0005 
0.25 
0.05 
0.05 
0 
0.125 
0.0003 
0.0125 
0.05 
0.0025 
0.05 
0.25 

(0.0125) 
(0.025) 
(0.0025) 
(0) 

(0.025) 
(0) 
(0) 
(0) 
(0.005) 
(0.0003) 
(0) 
(0.025) 
(0.0005) 
(0.0025) 

(0.0125) 
(0) 
(0.0003) 
(0.0005) 
(0) 
0.0025 
0.005 

* values given as realistic (conservative) 

(1) for concentration about 10(-7) M 
(2) 'inorganic' 
(3) ' organic' 
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APPENDIX 1 

Half-lives for members of the actinide decay chains (from General 
Electric Chart of the Nuclides, 12th edition, 1977) 
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Appendix 2 

Sorption data for bentonite backfill 

Introduction 

Following canister failure and commencement of leaching of the waste 
•atrix, radionuclides will begin to diffuse through the surrounding 
bentonite (Sodium montmorlllorite) backfill. At this time a chemical 
gradient will exist over the backfill between the "waste leachate" and 
the "undisturbed groundwater" which will evolve through tiae in a very 
complicated manner as species with different mobilities "breakthrough" 
and then reach steady-state concentration profiles. Rigorous 
calculation of the transport of any particular species through this 
barrier would require analysis of the inherent diffusivity of a 
totally unreactive tracer (which may itself be time dependent as the 
physical structure of the bentonite evolves) and the extent of 
retardation caused by physical or chemical interactions between the 
migrating species and the bentonite. To reduce the problem to a 
practicable level, the retardation factor is commonly regarded as a 
constant for any particular rock/nuclide system and, although this 
approach is obviously extremely simplistic in itself, the retardation 
factor is further assumed to be directly related to a sorption 
coefficient (or Kd) of the type derived from batch sorption 
measurements. A number of technical limitations to '.his approach have 
been discussed in detail in the main text of this report and include 

a) Sorption processes are generally dependent on a large number of 
variables, including Eh, pH, nuclide concentration and 
concentration of competing ions, which vary in space and time 
along the bentonite migration path. 

b) Some retardation processes, e.g. molecular filtration and anion 
exclusion, are inherently imnesurable by batch sorption techniques 
and hence a "non-sorbed" tracer is not necessarily "non-retarded". 

Both of these points are extremely important in the case of bentonite 
backfill. The chemical differences between HLW leachate inside the 
bentonite and the groundwater flowing around it could be sufficient to 
alter the extent of sorption of particular nuclides by orders of 
magnitude (eg. Delegard et al., 1984; McKinley and West, 1984). In 
addition, the pore structure of bentonite is very complicated and 
depends, to some extent, on both the bulk density of emplacement 
(degree of compaction) and its hydrothermal history (eg. Pusch, 1980, 
Pusch and Forsberg, 1983). 

Overview of the literature 

Although several sorption/retardation studies of bentonite or similar 
minerals have been reported (cf teviews by Onishi et al., 1981; 
Andersson and Allard, 1983), none of the data presented are directly 
applicable for at least one of the following reasons: 

a) Inappropriate aqueous chemistry. Experiments are commonly 
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performed with distilled/deionised water (eg. Wolfsberg, 1978; 
Billon, 1982; Shade et al., 1984) or simulated groundwater 
(eg. Allard et al, 1979; 1983; Torstenfeit et al., 1983; 
Torstenfeit and Allard, 1984) neither of which would be 
representative of the water chemistry expected in the near-field 
(McKinley, 1984; McKinley and West, 1984). 

b) Inappropriate redox conditions. The near-field is expected to be 
very reducing (McKinley, 1984) but most measurements have been 
performed under oxidising conditions (Wolfsberg, 1978; 
Billon, 1982; Allard et al., 1983; Andersson et al., 1983; 
Shade et al., 1984). Even when Fe or ferrous minerals have been 
added to the bentonite in order to simulate reducing conditions 
(Torstenfeit et al., 1983; Torstenfeit and Allard, 1984), it is 
difficult to determine whether the retardation observed in 
diffusion experiments is due to 'sorption' on bentonite, 
'sorption' by iron minerals or precipitation effects. 

c) Inappropriate pore structure. Although some diffusion experiments 
have been performed under confining pressure or on pre-compressed 
samples (eg. Eriksen et al., 1981; Eriksen and Jacobsson, 1982; 
Torstenfeit et al., 1983; Allard and Torstenfeit, 1984), the slow 
build-up in pressure due to the swelling of bentonite as it 
saturated with groundwater cannot be realistically simulated (and, 
in fact, is poorly understood at present). Diffusion rates of all 
nuclides are dependent on this pore structure but it may be 
particularly important for anionic or colloidal species. 

It should also be noted that bentonite is thermodynamically unstable 
in a deep granitic groundwater environment and would be slowly 
transformed into illite over a period of millions of years 
(McKinley, 1984). As far as extrapolation from the literature is 
concerned, however, the differences in the sorption properties of 
these two minerals will be less significant than the other 
uncertainties listed above (eg. Rochon et al., 1980; Andersson et 
al., 1983) and hence this conversion can be neglected from a nuclide 
retardation point of view. 

Elemental sorption data 

Sorption data for bentonite under near-field conditions are derived 
for the 22 elements considered in the main report plus six additional 
species (Be, Ca, Ho, Nb, Ag and Sr). As in chapter 5 both 'realistic' 
and 'conservative' Kd values are estimated but, due to the greater 
degree of extrapolation involved relative to far-field values, the 
values derived must be regarded as somewhat speculative but are aimed 
to err on the side of conservatism. The particular data values chosen 
briefly discussed below under various periodic groupings (cf Fig. 2 of 
the main report). 
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Alkalis and Alkaline Earths 

The sorption/migration of Cs and Sr on bentonite has been quite 
extensively studied with Rd values generally falling in the 
range 1-2 m3/kg (Wolfsberg, 1978; Allard et al., 1979; £riksen et 
al., 1981; Eriksen and Jacobsson, 1982; Andersson and Allard, 1983; 
Andersson et al., 1983; Torstenfeit et al., 1983). Even allowing for 
the uncertainties previously discussed, Kd • 0.2 m3/kg should be 
realistic for both these elements while 0.02 «3/kg should be 
conservative. Sr is taken as a direct analogue for both Ca and Ra. 
As Be shows a much greater tendancy towards covalent behaviour than 
the other alkaline earths and no relevant sorption data for this 
species were found, Kd = 0.01 m3/kg was assumed to be realistic but a 
value of 0 is taken to ensure conservatism. 

Transition Metals 

Relevant sorption data for Ni are very limited (Andersson and 
Allard, 1983) but sorption of the chemically similar Co has been 
observed to be quite extensive on Na bentonite with expected 
Rd > 5 m3/kg for an appropriate pH range. A value of Kd * 1 m3/kg is 
thus taken as realistic for near-field conditions but, due to the very 
limited data available, Kd = 0.05 m3/kg is assumed for the 
conservative case. 

Zr is observed to be very strongly sorbed on bentonite and similar 
minerals (Allard et al., 1979; Onishi et al., 1981) and Kd - 5 m3/kg 
in probably a reasonable estimate. Although the available data are 
somewhat limited, due to the consistency of its behaviour 
Kd • 0.25 m3/kg can be taken to be conservative. Nb is generally less 
strongly sorbed than Zr but Kd » 2.5 m3/kg is taken as realistic due 
to its general similarity in sorption behaviour to the lanthanides 
while 0.02 m3/kg should be very conservative (Wolfsberg, 1978). 

No relevant data were found for Mo or Pd but, as both could be present 
as anionic complexes, a low Kd » 0.005 m3/kg is assumed to be 
realistic. For compressed bentonite small but significant retardation 
of anionic species is observed due to both sorption and anion 
exclusion effects and hence Kd - 0.001 m3/kg is taken to be 
conservative. Although mobile in oxidising conditions, Tc would be 
expected to be reasonably strongly sorbed under the reducing 
conditions of the near-field. Kd - 0.25 m3/kg is realistic for this 
case but a value of 0.01 m3/kg is taken as conservative due to the 
uncertainties in reported data (Torstenfeit et al., 1983; Torstenfeit 
and Allard, 1984). No data were found for Ag in relevant systems but 
as Ag+ might be expected in solution in the absence of high CI levels 
(Coughrrey and Thorne, 1983), Kd - 0.5 m3/kg is taken as realistic but 
Kd « 0.01 m3/kg is taken as conservative due to the uncertainties 
involved. 
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P-block elements 

The sorption of C is very much dependent on its speciation which is 
unknown for near-field conditions. Although, for example, HCO- is 
observed not to be sorbed on pure Na montmorillonlte (Andersson et 
al., 1983) some small retardation due to isotope exchange or anion 
exclusion would be expected. While Kd » 0.005 is probably realistic, 
Kd - 0 is taken to ensure conservatism in the case of non-retarded 
species being present (eg. CH4). 

Se and 1 are both expected to be present in solution as anions. 
Although sorption of 1- on bentonite is observed to be very limited 
(Allard et al., 1979; Andersson and Allard, 1983) significant 
retardation is observed in diffusion experiments (Torstenfeit et 
al,. 1983, Torstenfeit and Allard, 1984). For these species (and for 
other anions) Kd » 0.005 m3/kg is reasonable while, due to the 
additional anion exclusion in the pore-structure of compressed 
bentonite Kd » 0.001 m3/kg is conservative. 

The speciation of both Sn and Pb is rather uncertain under near-field 
conditions and no relevant sorption data for either of these species 
have been found. Based on its known geochemical immobility it is 
considered realistic to assume Kd - 1 m3/kg for Pb while a value 
of 0.05 m3/kg is assumed for Sn using Sb as a 'worst case' analogue 
(Wolfsberg, 1978). For both these elements, due to the possibility of 
predominantly anionic speciation, a conservative Kd » 0.001 m3/kg is 
taken. Rn, as a noble gas, cannot be assumed to be significantly 
retarded under any conditions. 
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Lanthanides and Actinides 

Lanthanides Sa and Ho would be sorbed on bentonite to a similar extent 
as Eu for which a range of Rd values of 6-25 a3/kg have been measured 
(Wolfsberg, 1978) and Nd for which Rd Ü- 10 a3/kg would be expected on 
pure bentonite (Allard et al., 1979). In view of the soaewhat larger 
range of Rd values exported by Onishi et al., (1981) and the water 
chemistry extrapolation involved, Kd - 2.5 a3/kg is selected as 
reasonable for both eleaents but a value one order of magnitude less 
is taken for conservatism. 

In reducing systeas all the actinides are expected to be strongly 
sorbed on bentonite. For relevant pH conditions ( 7 - 8.5), values of 
Rd » 10 a3/kg have been reported for Pu and Am and a value of 
Kd * 5 m3/kg would seea realistic for these eleaents (Allard et 
al., 1979; 1983; Torstenfeit et al., 1983) while a value of 1 a /kg 
would be conservative. These values would also apply to analogues of 
Am (Ca, Ac). Sorption of U, Np, Pa and Th is also extensive but 
reported values for U and Np show a soaewhat larger range than those 
for Am and Pa (probably due to greater redox and pH sensitivity) while 
Th and Pa data are very sparse (Allard et al., 1979; Aillon, 1982; 
Torstenfeit et al., 1983; Allard et al., 1983; Allard and 
Torstenfeit, 1984). For all of these nuclides Kd - 1 a3/kg is quite 
realistic while a value of 0.1 m3/kg would be conservative. 

Conclusions 

Recoaaended near-field sorption data for bentonite are summarised in 
Table Al. The values presented may well be soaewhat over-conservative 
but increasing these values does not presently seea justified without 
more extensive laboratory studies under relevant cheaical conditions. 
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Table Ai: Recoaaended sorption data for bentonlte backfill 

Kd (m3/kg) 

Element Realistic Conservative 

Ac 
AB 
Be 
Cs 
Ca 
C 
Cm 
Ho 
I 
Pb 
Mo 
Np 
Ni 
Hb 
Pd 
Pu 
Pa 
Ra 
Rn 
Sa 
Se 
Ag 
Sr 
Tc 
Th 
Sn 
ü 
Zr 

5 
5 
.01 
.2 
.2 
.005 
5 
2.5 
.005 
1 
.005 
1 
1 
2.5 
.005 

e 

1 
.2 

0 
2.5 
.005 
.5 
.2 
.25 
1 
.05 
1 
5 

1 
' 1 
0 
.02 
.02 
0 
1 
.25 
.001 
.001 
.001 
.1 
.0.5 
.02 
.001 
1 
.1 
.02 
0 
.25 
.001 
.01 
.02 
.01 
.1 
.001 
.1 
.25 
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Appendix 3 

Specification of sorption data requirements 

Introduction 

Due to the generic nature of the main report, the resulting database 
is very conservative and may lead to overly-pessimistic predictions of 
release rates for particular nuclides. The only way in which more 
realistic values could be obtained, however, would involve 
site-specific sorption measurements. On the basis of data 
uncertainties identified in this report and modelling of the 
near-field (McKinley, 1984), far-field migration (Hadermann and 
Rb'sel, 1985) and biological uptake (Jiskra, 1984), it is now possible 
to specify the study required to provide a comprehensive sorption data 
set. 

Experimental methodology 

At present it appears extremely unlikely that any mechanistic or 
thermodynamic approach to the quantification of retardation will be 
sufficiently well developed to be usable in safety assessment 
modelling within the next decade. From the modelling viewpoint, 
therefore, the immediate requirement is for a comprehensive set of 
well-defined, empirical data. 

In practice this study would be based on a variant of the batch 
equilibration methodology (eg. Abry et al, 1982) taking into account 
the availability and physical properties of the rock materials used. 
As such work is completely empirical it is important tha:. it should be 
site specific using relevant rock material from the expected flow path 
and realistic (reference) groundwater chemistry. Control of 
temperature, pH and, in particular Eh is critical and reducing 
conditions shouli be maintained in all cases (nat only for those 
nuclides expected to show multiple oxidation states) as the redox 
potential may directly affect both aqueous and rock surface chemistry 
in a complex and presently unpredictable manner. It is essential that 
all materials used are fully characterised and experimental techniques 
and data handling procedures are comprehensively documented. 

Sorption is comtonly observed to be dependent on the concentration of 
the sorbing r, .elide and hence isotherms should be measured. As such 
empirical isotherms cannot be extrapolated beyond the range measured, 
it is important that the concentrations chosen span those actually 
expected along the migration path. For rocks in the far field, 
maximum concentrations are set by release limits (either due to the 
rate of waste matrix breakdown or elemental solubility) while minimum 
values can be defined for each nuclide. Bearing in mind the 
uncertainties associated with radiological models (eg. Grogan, 1984), 
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it is probably justifiable to simply define 'negligible' 
concentrations in a fairly arbitrary manner - here taken 
as 10(-2) Bq/1 for beta/gamma emitters and 10(-A) Bq/1 for 
alpha-emitters (it might be noted, however, that natural activity 
due fco K(-40) is 2 x 10(-2)Bq /l while the alpha activity due to 
U-238 is < 10(-3) Bq/ 1 in the granite reference water and hence these 
numbers are not unreasonable). Relevant concentration ranges for 
nuclides of interest are listed in table A2. From coupled 
migraticn/biopath .nodeIs (NAGRA, 1985) key nuclides are identified as 
isotopes of Tc, Ra, Th, Pa, U and Np and these elements should thus be 
studied with highest priority and in greatest detail. For this prime 
group additional investigation of the consequences of changes in Eh/pH 
conditions, mineralogy, rock/water ratio etc. on the sorption 
isotherm should be undertaken which would, initially, not be essential 
for the other elements listed. An additloned group of nuclides give 
rise to relatively large releases for some scenarios due to the 
over-conservatisms discusses in chapter 5 (eg. Pd, Sn, Se) arising 
from lack of relevant data. Provision of a limited amount of 
experimental data would probably show these to be much less 
significant and thus allow these artifacts to be discounted. 
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Table A2 Relevant concentration ranges 

Element Isotopes Limit 
*) 

Max.Cone.(M) 
log 

Min.Cone.(M) Isotope 
log for min. 

calculation 

a) Rock and bentonite 

c 
Ni 
Se 
Zr 
Tc 
Sn 
I 
Cs 
Pb 
Ra 
Ac 
Th 
Pa 
U 
Np 
Pu 
Am 
Cm 

14 
59 
79 
93 
99 
126 
129 
135 
210 

226, 228 
227 

227-234 
231-234 
232-240 
237-240 
236-244 
241-243 
242-248 

b) Bentonite only 

B 
Ca 
Nb 
Mo 
Pa 
Ho 

10 
41 
94 
93 
107 
166 

M 
M 
S 
S 
S 
S 
M 
M 
M 
M 
M 
M 
M 
S 
S 
S 
M 
M 

M 
M 
S 
M 
S 
M 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

_ 

-
-
-
-
-

9.2 
5.2 
7.9 
9.0 
7.5 
1.0 
*..3 
4.2 
12.5 
10.6 
12.8 
8.2 
9.7 
9.0 
8.0 
6.5 
4.1 
6.4 

9.2 
8.6 
8.6 
9.7 
8.6 
9.8 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

^ 

-
-
-
-
-

14.4 
13.8 
14.1 
11.9 
12.8 
13.1 
10.9 
il.8 
18.9 
16.9 
18.9 
15.2 
15.6 
14.7 
13.8 
14.8 
16.3 
12.8 

11.9 
13.0 
13.8 
14.6 
11.3 
15.0 

226 

230 
231 
234 
237 
242 
243 
245 

S - solubility 
M - Matrix dissolution 

+ from McKinley, 1984 
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For all elements, however, desorption isotherms should also be 
determined as the uptake of many species onto rock appears to 
partially, if not completely, irreversible and ignoring this factor, 
while conservative, greatly exaggerates predicted doses. 

Sorption data for bentonite is also required for near-field transport 
models» Batch equilibration measurements could be carried out from 
groundwater and from simulated HLW leachate as representatives of two 
extremes of water chemistry which would be present in the backfill 
region. An additional six nuclides have to be considered in this 
region which are also shown in table A2. The priority nuclides for 
such measurements are Ni, Th, Pa, Am, Cm, Mo and Ho. 

All nuclides which are expected to be solubility limited should have 
isotherms extended beyond the limits given to allow an independent 
estimation of the maximum solubility which can be used to examine the 
degree of conservatism of the derived values presented in table A3. 
This could be particularly important for species which may potentially 
be very mobile eg. Se, Pii. 

Data applicability 

The extent of applicability of the data set produced and, indeed, the 
computer models in which it would be used is not easy to rigorously 
evaluate. For the key nuclides identified above some form of 
laboratory dynamic experiment (based on a natural fissure, for 
example) should be run in parallel to the batch measurements to 
examine the difference between sorption and retardation for these 
species. For the bentonite sorption in particular, diffusion cells 
should be used to compare the mobility of a number of nuclides of 
varying speciation (anionic, cationic a i neutral) with their observed 
sorption properties and external p.ysical conditions (confining 
pressure, hydrothermal history). In the case of fissure flow, 
additional in-situ Lracer tests are required to examine the direct 
applicability (or at least conservatism) of the modelling 
approach/data set to realistic flow conditions (eg. McKinley and 
Grogan, 1984). Where possible such studies should be backed up by 
natural analogue studies which allow models to be tested on more 
realistic timescales which are Inherently inaccessible to field 
experiments (Chapman et al., 1984). 
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