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Summary

Due to colloids potential to bind radionuclides (RN) and even mobilise sorbed RN, colloid transport
of RN should be taken into account when modeling radionuclide transport in the scenario of a leaking
canister in a deep bedrock repository of spent nuclear fuel. Colloids are always present in natural
waters and the concentrations are controlled by the groundwater chemistry where specifically the
ionic strength is of major importance. In many deep bedrock groundwaters, the ionic strength is fairly
high (above the Critical Coagulation Concentration) and therefore colloids are not likely to be stable.
In these types of groundwaters colloid concentrations up to 100 g/l could be expected, and clay
colloids organic degradation products and bacteria and viruses represent can be found.

In a long time perspective cycles of glaciations can be expected in Sweden as in other Nordic coun-
tries. It can not be excluded that glacial melt water can intrude to repository depth with high flows.
In this scenario the groundwater conditions may drastically change. In contact with dilute ground-
water the bentonite barrier can start to propagate a bentonite gel and further release montmorillonite
colloids into water bearing fractures. The concentration of colloids in vicinity of the bentonite barrier
can then increase drastically. In contact with Grimsel groundwater types with [Na] and [Ca] of 0.001
and 0.0001 M respectively a montmorillonite concentration of a maximum of 20 mg/I is expected.
Further, the groundwater chemistry of Grimsel seems to be representative for glacial meltwater when
comparing with the water chemistry data on meltwaters from existing glaciers.

A key to be able to model colloid transport of radionuclides is the sorption strength and the sorption
reversibility. To facilitate this, a compilation of literature K4-values and an inventory of available
sorption kinetic data has been composed for the prioritized elements Pu, Th, Am, Pb, Pa, Ra, Np,
Cm, Ac, Tc, Cs, Nb, Ni, Pd, Se, Sn, Zr and U. Kg-values for colloids and radionuclides are scarce
as well as sorption kinetics. Sorption values were not found for the elements Ra, Nb and Pd, yet
sorption of the analogues Sr, Pu and Ni are instead representing these elements. Since sorption and
desorption kinetic studies are scarce, recommendations on the reversibility have been based on the
elements sorption mechanisms and from their K4-values.
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1 Background

Colloids are particles with at least one dimension in the size range 1-1,000 nm /[IUPAC 1997/. Because
of their small size, Brownian motion can keep them in suspension over geological time scales. The
importance of colloids in the environment is linked to their surface properties, whereas the bulk
properties are of less importance. Their large specific area gives high surface charge density per unit
mass, with a strong affinity for pollutants. Multivalent metal ion sorption occurs by way of electro-
static association and covalent bonding with surface sorption sites of opposite charge. Clays possess
a net negative charge at all reasonable groundwater pH values as with positively charged edges in
neutral pH, whereas organic degradation products usually only exhibit negative charge in neutral to
alkaline pH ranges. Therefore these types of colloids have a tendency to bind ions, in particular posi-
tively charged metal ions in natural waters, and as a consequence metals are often bound to colloids.
Depending upon particle density, smaller colloids remain in stable suspension for a very long time
because Brownian motion prevails over gravitational forces. Stability against aggregation in combi-
nation with high sorption capacity gives colloids an important role in the transport of contaminants,
particularly those with low solubility. A well known example is the colloid-facilitated Pu (plutonium)
migration at the Nevada Test Site /Kersting et al. 1999/, where the Pu has been transported further
from the source than predicted without taking the colloid phase into account. However, the Pu

most certainly travelled as true colloids, but the enhancement of the migration of Co (cobalt), Cs
(cesium) and Eu (europium) at the same site was attributed to their association to clay colloids. In a
deep bedrock repository there are different classes of colloids that could be present. In groundwater,
the erosion of rock minerals and alteration products, the precipitation of mineral oxides and the
degradation of organic material form natural colloids. A special group of colloids includes viruses
(2 to 80 nm) and bacteria (200 nm to several microns). The montmorillonite component of bentonite
is of colloid size and can under certain conditions be a colloid source. The bentonite also contains

a small amount of organic material, which under can release colloids in the contacted groundwater.
True colloids formed by precipitation of RN (radionuclides) can be expected in close proximity to
the fuel inside a failed canister. Metal ions with higher charge, such as AI**, Fe*, Pu*" Th*' etc, are
strongly hydrolysed at the pH values prevailing in groundwater. The hydrolysis products contain
several metal ions (polynuclear) and by aggregation they can form colloidal particles. In the case of
Pu** the formation of colloids is practically irreversible. For colloids to contribute to contaminant
transport, they have to be present in sufficiently high concentrations, be mobile and remain in stable
suspension for longer periods of time.

The compacted bentonite barrier is believed to act as a filter for colloids released from the waste
package/Kurosawa and Ueta 2001/. Hence, in the case of a leaking canister and formation of true
colloids, these will be efficiently filtered out in an intact bentonite barrier. Strongly sorbing radio-
nuclides will also be immobilised in the compacted saturated bentonite.

With climate change, the hydrological conditions may change, with the potential to significantly
affect groundwater chemistry. In Sweden, as in the other Nordic countries, glacial cycles can be
expected, with the first predicted on the order of 10,000 years from now. The possibility of rapid
glacial melt water intrusion down to repository depth cannot be excluded /SKB 2007a/, displacing the
existing saline groundwater. If no mixing occurs the glacial water will flow in a front and press away
the old saline groundwater. A very long time will be needed to increase the salinity back to higher
concentrations by diffusive mixing of the dilute water with relict saline water in the rock matrix along
with upconing from greater depth, and/or equilibration of the mineral surfaces with the passing water.
Since montmorillonite colloids are known to be stable in dilute waters, bentonite-based barriers may
start to erode, followed by bentonite colloid transport away from the barrier /Missana et al. 2003/.
This erosion may lead to significant material loss, and endanger the functionality of the bentonite
barrier.

Strongly sorbed RN, which under ordinary conditions can be considered to be practically immobile,
might be transported rapidly to the biosphere by eroded colloids if these are stable. If the uptake of
RN on colloidal particles is reversible, radionuclide transport by colloids will most probably be neg-
ligible due to the fracture surface available, which provides an enormous surface on which to sorb
compared with the colloid surface. In addition, the composition of the inorganic colloids is similar
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to that of the surface mineral, so the sorption strength is most probably very similar. If radionuclides
adhere irreversibly, on the other hand, the situation will be different. In this case, radionuclides

that will be transported mainly with the particles and, at worst, not be delayed by either sorption

on fracture walls or by matrix diffusion in the rock. Irreversibility is problematic when results from
shorter-term experiments are extrapolated to longer time scale. In short term experiments sorption
might appear to be irreversible due to a faster rate of uptake than desorption. When studied over a
longer period of time, desorption might eventually be seen thereby implying reversibility. The revers-
ibility of RN can also change with varying groundwater conditions, in particular fro RN sorbing by
cationic exchange. Colloids have been observed to travel even faster than conservative tracers, e.g.
in the Colloid and Radionuclide Retardation experiment at the Grimsel test site /Geckeis et al. 2004/.
Early breakthrough for Am sorbed to bentonite colloids compared with the non-sorbing tracer *'I is
explained by hydrodynamic chromatography effects, i.e. the colloids taking the fast track through the
middle of the fracture, whereas the tracers are transported in the whole flow profile, even close to the
walls /Kurosawa et al. 2006/. The sorption properties of actinides, fission products and activation
products on bentonite and minerals have been well studied. However, few data on desorption are
available, and also very few on sorption/desorption to the colloidal fraction, particularly on longer
time scales relevant for modeling of the transport processes in the geosphere. This information is
essential for knowing whether or not sorption should be treated as a reversible process when modeling
the effect of colloids on radionuclide transport. Changing the groundwater conditions in the experi-
ments should also test the reversibility. If the Ky-values for bulk materials were normalized with
regard to specific surface area rather than mass, comparison of K¢-values for the bulk material and
colloid fraction would be more straightforward. However, in the literature the majority of sorption
data relating to, for example, montmorillonite are normalized by mass. The aims of this desktop
study were to:

» Present K4-values for the sorption of Pu, Th, Am, Pb, Pa, Ra, Np, Cm, Ac,Tc , Cs, Nb, Ni, Pd, Se,
Sn, Zr and U on /montmorillonite colloids.

* Present sorption and desorption rates for Pu, Th, Am, Pb, Pa, Ra, Np, Cm, Ac, Tc ,Cs, Nb, Ni, Pd,
Se, Sn, Zr and U on montmorillonite colloids. Where data are lacking, recommended sorption/
desorption rates based on estimations from sorption data, where approximate rate constants can
be derived from the K4-values with the knowledge of sorption times and the solid to volume
ratios used.

» Discuss the uncertainties in the literature data and in the recommended Ky-values for Pu, Th, Am,
Pb, Pa, Ra, Np, Cm, Ac,Tc, Cs, Nb, Ni, Pd, Se, Sn, Zr and U on /montmorillonite colloids and
their sorption kinetics.

* Summarize existing data on natural colloids at the Forsmark and Laxemar sites and examine how
the concentrations of natural and bentonite colloids can vary with groundwater composition when
salinity, pH and temperature are changed, for example due to climate change.

* Provide a value with uncertainty limits for the bentonite colloid concentration that can be expected
outside the bentonite buffer in a situation with intruding dilute glacial melt water.
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2 Colloid transport

2.1 Conditions to be fulfilled

For colloid transport in general and colloid-enhanced transport of RN in particular to be an important

process necessary for inclusion in safety assessment modeling, a number of conditions have to be
fulfilled:

» The colloids have to be present in concentrations high enough to compete for sorption of RN
with fracture surfaces and fracture fillings and the affinity for binding RN has to be substantial.
A special case is bentonite erosion where RN sorbed to montmorillonite colloids in the bentonite
can migrate out from the barrier as it is eroded.

* The colloids have to be stable in the groundwater for a sufficiently long time to transport RN
long distances.

* The colloids have to be mobile to have any impact on the transport rate of RN.

» The affinity for RN to the colloids has to be sufficiently strong to have an impact on the overall
RN transport. A strong affinity could be considered as having a higher K4 for the colloid compared
to the rock, and/or irreversible sorption over the time scale of interest.

» To have any impact on RN transport in water-bearing fractures, from the bentonite barrier, all of
the above conditions have to be fulfilled.

It is difficult to establish proper quantitative criteria, based upon the above list of conditions, to
determine whether colloid transport will be an important process or not. The affinity of elements to
the colloids is a crucial parameter. Sorption is frequently represented by a K4-value, which is simply
the ratio of sorbed and dissolved solute. It is an empirical parameter that is specific to the system
being studied and can be regarded as an equilibrium constant for the sorption process. For the sorp-
tion of metals on natural minerals the measured value of the K4 can be misleading since it implies
an equilibrium state, which is rarely achievable on the timescales characterizing a typical sorption
experiment. Modeling is necessary in order to vary the conditions and determine when colloid
transport will have an impact on RN transport or not.

The colloid concentration is determined by the balance between the rate of production and con-
sumption of colloids (i.e. removal from suspension) in the fracture water. For colloids to be present
there must be a source of production. In natural waters there is a constant production of colloids by
mineral weathering, mineral-oxide precipitation, degradation of organic material and the growth of
bacteria and viruses. Since the montmorillonite in the bentonite in itself is colloidal, the bentonite
barrier can be seen as an additional source of colloid production that could be infinite. However, the
ability to produce and further release colloids is strongly linked to the groundwater conditions and
will only be significant under specific conditions.

The consumption of colloids is linked to their stability in solution and to fracture and colloid interactions.

2.1.1 Colloid stability — Removal of colloids from solution by aggregation
followed by sedimentation

The stability of colloids is determined mainly by groundwater composition, where ionic strength
and pH are the most dominant factors, in that order /Garcia Garcia et al. 2006, 2007/. Increasing
ionic strength decreases the width of the electrical double layers around the colloids, leading to
lower repulsion and even lower stability. An increase in pH gives a higher surface potential and
higher repulsion, resulting in increased stability for montmorillonite colloids. Temperature and expo-
sure to irradiation have been shown to influence bentonite colloidal stability /Holmboe et al. 2009/,
with irradiated montmorillonite colloids having higher stability. Montmorillonite colloids appear to
be more stable at higher temperatures than at room temperature at ionic strength of 0.001 M. This is
counter intuitive, since collision theory states that increasing temperature results in more collisions
between colloids, giving a higher frequency of aggregation and sedimentation. From an examination
of DLVO theory, it is obvious that the temperature dependence is included in many terms, and the
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outcome is therefore not immediately transparent. Due to different properties, the dependence is
colloid-specific. The critical coagulation concentration (CCC) is a measure of colloid stability that is
often used to estimate the potential of a given groundwater to carry significant amounts of colloids. A
total cation concentration value that is greater than or equal to the CCC represents unfavorable condi-
tions for colloid stability, i.e. the aggregation is diffusion-controlled and sedimentation appears to be
an instantaneous process. CCC values in the magnitude of 0.01-0.1 M Na* for Na-montmorillonite
and 0.0001-0.001 M Ca?* for Ca-montmorillonite have been reported /Garcia Garcia et al. 2007/.
Groundwater colloids are particularly unstable in the presence of divalent ions such as Ca* and
Mg?*". /Degueldre et al. 1996/. The CCC values in the literature confirm the general finding that
natural colloid concentrations are in the range of pg/L in e.g. Aspd groundwater, which is saline
/Laaksoharju and Wold 2005/. The low measured natural colloid concentrations certify the existence
of unfavorable conditions for colloidal stability.

Until recently it was believed that as long as the groundwater composition is such that the ionic
strength is high, with a high content of divalent ions such as Ca?* or Mg?, it is unlikely that colloidal
transport will be significant since the colloids are simply not stable. For example, in colloid migra-
tion tests in a fracture with an aperture of mm-size, injected bentonite colloids readily aggregated
and fell out of solution in synthetic Aspd groundwater /Vilks et al. 2008/. The claim regarding
high ionic strength and low colloid transport is most probably correct as regards natural colloids

in groundwater. However, if the bentonite barrier is the colloid source the relationship is far more
complex.

The SKB Bentonite Erosion project lead by Professor Ivars Neretnieks, investigated the ability

of the bentonite buffer to generate a gel and progress further through the sol state, releasing mont-
morillonite colloids. The work has shown that there is a complex connection between the bentonite
type (Ca or Na) and the groundwater composition, especially in terms of the ions Ca and Na. As long
as the bentonite stays with 90% Ca and 10% Na in the exchange positions, it will remain stable and
not form a sol that starts to release colloids. However, if ionic exchange increases the Na content

of the clay, the bentonite will have a tendency to form a sol from which colloids can be released
/Birgersson et al. 2009/. This means that phase diagrams for sol formation for bentonite are specific for
different types of montmorillonite. If the bentonite is set, the question is what type of groundwater
composition can be expected in the early and long-term lifetime of the repository.

2.1.2 Interactions between fracture and colloid — Removal of colloids from
solution by physical filtration or attachment to fracture surfaces

If the colloids are present in sufficiently high concentrations and remain stable for a long time, they
can be transported with or without sorbed RN out from the bentonite barrier. The transport and the
retention in the water-bearing fractures are then determined by:

* Flow velocity.

» Aperture distribution.

*  Whether fracture-filling minerals are present in the fractures.

» Fracture surface characteristics such as roughness and mineralogy and mineral distribution.

» Colloid characteristics such as size distribution, surface charge density, density and structure.

At higher flow velocities and in larger apertures, interactions between colloids and the fracture

will be insignificant. However, decreasing the flow and the aperture width will increase the chance
of interactions. The presence of fracture-filling minerals will give the colloids a longer transport
pathway and may also trap colloids, removing parts of the initial colloid size distribution. In colloid
transport in fractures, the retention is explained by colloids being trapped in cavities due to rough-
ness on the surface and to electrostatic interactions between the mineral and the colloid surfaces.
However, in most natural waters colloid interactions and deposition are inhibited by the repulsive
forces between the overall negatively charged mineral and colloid surfaces /Johnson et al. 1996/.

Even in unfavorable conditions for sorption, deposition of colloids on surfaces has been observed,
with considerably higher magnitude than can be predicted theoretically. The explanation for this
unexpectedly high deposition can be cavities, dislocations and geochemical impurities /Ryan and
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Elimelech 1996/. At neutral pH most minerals carry a negative charge, although there are examples
of oxides of iron, aluminium and manganese that are positively charged in the neutral pH range.
The impact of such positive islands in an otherwise negatively charged surface has been tested in
transport experiments on silica colloids with a mean diameter of 300 nm in columns packed with
clean sand and grains coated with 0—-16% iron oxyhydroxide. The porosity was found to be around
39% and the flow velocity 1.02-10~* m/s /Johnson et al. 1996/. The experiment clearly showed the
influence of the positive mineral surfaces, with retardation of the colloids significantly increasing
with increasing amount of coated particles. Furthermore, the authors concluded that their results
demonstrated that the rate of deposition is controlled by the positively charged surfaces and that
the overall deposition can be explained by deposition on these favorable sites.

The interaction of latex colloids (mean size 25 nm) with mineral surfaces and Grimsel granodiorite,
as well as with several single minerals, in static conditions has been studied in the pH range 2-10,
where the colloids were analyzed by fluorescence microscopy and the adsorbing mineral phases was
detected with SEM/EDX /Filby et al. 2008/. The sorption of colloids on single minerals was found to
take place below the pH for point of zero charge, for the different individual minerals in granodiorite.
In neutral conditions, pH 6—8, no sorption/attachment of the latex colloids could be detected. For the
interactions of colloids with the granodiorite surface, in lower pH:s, attachment of colloids could

be detected on surface areas with a distinct morphology including holes, cavities or micro-fissures.
Montmorillonite colloids can adhere to mineral surfaces even in unfavorable conditions with a higher
sorption to less charged minerals in the overall negatively charged matrix /Garcia Garcia 2010/.

In colloid transport, characteristics such as size distribution, surface charge density, density and
structure will affect the interactions between colloids and the fracture. In a transport experiment
through a fracture of relatively small aperture (183 pum) in chalk stone with 1 um latex microspheres
and 1.34 pm montmorillonite colloids, it was clear that the montmorillonite colloids experienced
higher retention in the fracture than the latex colloids /Zvikelsky et al. 2008/. The theory is that even
if on a macroscopic level the artificial and natural colloids appear to be the same, the montmorillonite
colloids have a density almost twice that of the latex, the size distribution for the montmorillonite

is broad and that for the latex is sharp, the charge is evenly distributed on the latex but variable

on montmorillonite and the latex colloid shape is uniform and spherical, whereas montmorillonite
colloids may have a more heterogeneous structure.

In the SKB Colloid Dipole and Transport projects in collaboration with Nuclear Waste Management
Organisation (NWMO) /Vilks et al. 2008/, a set of experiments was performed on latex and ben-
tonite colloid transport in a clean granite fracture with a mean aperture of 2.45 mm. The experiments
studied bentonite colloid transport in a well-characterized fracture to obtain information on the
impact of: flow velocity, travel path, colloid size distribution, monodispersity/polydispersity, colloid
structure and water chemistry. The experiments were first performed using bentonite and 100 nm
latex colloids under conditions of different flow rates in order to identify the flow rates that favour
bentonite colloid transport. The tracer experiments were later expanded to include experiments with
different colloid sizes and longer transport distances. The main objectives of the experiments were
to improve the understanding of retention processes that affect colloid mobility, and to provide addi-
tional information that cannot be obtained in field-scale tests concerning transport of bentonite and
latex sphere colloids.

The data were further modeled to identify retention processes that affect colloid transport and to
estimate the retention parameters /Cheng and Cvetkovic 2009/. Colloid attachment/detachment on
fracture surfaces is described by first-order, linear and reversible kinetics in this modeling. Physical
filtration and sedimentation are characterized by an irreversible first order mass removal rate. The
modeling clearly indicates that the retention in the system in the time frame of the experiments can
be divided into permanent mass loss, which is interpreted as irreversible physical filtration, and
detachment/attachment, which represents sorption and reversible physical filtration. The colloids in
general had lower recovery rates in the test than conservative tracers, implying higher retention for
the colloids. The recovery of smaller colloids (10-20 nm) was slightly lower than the recovery of
medium-sized colloids (100-200 nm), while the lowest recovery rates were found for the largest
colloids (0.5—1 um). Similar trends have been observed in experiments in other rock types /Zvekelsky
et al. 2008/. The explanation for the lower recovery rates for the smaller colloids than for the medium-
sized is that the former travel in the whole flow field, even close to the fracture walls. Any colloids
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coming close to the fracture walls start to interact with the surface. The medium-sized colloids travel
in the middle of the fracture. The largest colloids were presumed to have higher retention parameters,
in particular high mass removal rates. The possible mechanisms for mass removal could be that the
large colloids are relatively less stable and can undergo the process of irreversible filtration/sedimenta-
tion. The tendency for lower recoveries of small colloids have also been seen in transport experiments
through fracture filling minerals /Garcia Garcia 2010/ where the higher retention of smaller latex
colloids can, at least partly be explained by less negatively charged surfaces giving higher sorption
to mineral surfaces than the larger latex colloids.

2.1.3 Measurements of colloids in natural waters

Measuring the background colloid concentrations is problematic, since measurement itself may
disturb the overall conditions. Different sampling and analytical techniques are used and naturally
the question arises as to whether the results are comparable. In filtering techniques that are commonly
used, water is flushed through filters coupled in series. To get reliable results, it is very important to
flush sufficiently high volumes through the filters to produce large numbers of colloids on the filters
and give accurate counts. On the other hand, there is a risk that the filters can become clogged and it
is therefore important not to flush too large volumes through the filters. Laser Induced Breakdown
Detection (LIBD) is a very sensitive technique which, if used on site, probably gives the most reliable
concentrations /Plaschke et al. 2001/. When water is sampled on sites at the ambient pressure and
then analyzed with LIBD in the laboratory, the situation is far more problematic. The pressure drop
before the analysis may induce colloid formation. Single Particle Counting (SPC) is another technique
that is commonly used and is quite a robust technique to use in the field. However, sampling at the
site and analysis in the laboratory give rise to the same uncertainties as when using LIBD, namely
the risk of intrusion of oxygen and colloid formation. Not only are there concerns for colloid stability,
redox changes, and potential precipitation caused by pressure release, but the very presence of the
borehole used for sampling is intrusive. Boreholes need adequate flushing, yet too much flushing
might reduce colloid concentrations to below natural levels due to colloid filtration from flowing
water. Tangential flow ultrafiltration is also a method that is suitable for concentrating colloids in
natural water.
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3 Colloids at the Laxemar and Forsmark sites

3.1  Background colloid concentrations

At the Laxemar and Forsmark sites, colloid concentrations in water samples from boreholes at varying
depth have been analyzed with different methods. Filtration of the groundwater through a series of
connected filters (0.4, 0.2 and 0.05 um) has been used or sometimes a 2.0 um filter connected before
the 0.4 um filter in a system under pressurized argon to avoid precipitation. The elements in the colloids
collected on the filters were analyzed with ICP after dissolution in acid. The metal concentrations
were converted into pug/L values by taking the water flow through the filters and the filtration time
into account. Fractionation using a cut-off membrane filter with filter pore sizes of 1,000 and 5,000 D
has also been used, with complementary LIBD analysis, as well as microfiltration followed by scan-
ning electron microscopy and energy dispersive spectroscopy (SEM/EDS) /Hallbeck and Pedersen
2008a, b/.

The boreholes sampled at both Laxemar and Forsmark were chosen to give a good representation of
the volume to be used for a future nuclear waste repository. The colloid concentrations are therefore
not necessarily representative of the span of groundwater chemistry found at the sites, but rather of
the groundwater found in the proposed volume for the repositories. The colloid concentrations with
depth at Forsmark and Laxemar are not significantly different in the groundwater samples. Most

of the samples analyzed at both sites contain less than 60 pg/L. Three samples, from the boreholes
KFMO01A KFMO03A, KFM10A in Forsmark, exceeded that concentration, with KFMO1A containing
most colloids (164 pg/L determined using the filtration method). In the Laxemar samples the concen-
trations were less than 40 pg/L except in two samples, KLX08 ~44 pg/l and KLX17A, where values
~90 ng/L were analyzed in filter series or with the fractionation method. The concentrations obtained
with the three methods are not completely comparable, but the maximum concentration, taking all
methods into account, can be set to less than 200 pg/L. A method for avoiding as much of the artifacts
as possible was implemented at two bore holes in Forsmark and Laxemar by Nilsson and coworkers
/Nilsson et al. 2008/. Groundwater samples were collected at-line by submicro-filtration at the well
head under in situ conditions. Artifacts induced by pH change du to CO, exchange, forming carbon-
ate particles, or intrusion of O, giving oxyhydroxide colloids could thereby be avoided.

3.2 Colloid stability — Groundwater conditions

In a system in equilibrium, the strongest controlling factor in the groundwater is the ionic strength,
even if the temperature and pH also affect the system. Therefore, it is important to determine the
relationship between salinity and colloid concentration for the two sites.

In the groundwater samples analyzed for colloids, the Cl- concentration ranged from 0.06—0.36 M at
Laxemar and 0.18-0.42 M at Forsmark, which even at the lowest concentrations exceeded the CCC

values (if assuming that Cl- is proportional to monovalent cations) for clay colloids /Degueldre et al.
2000/.

Conditions for colloid stability were not fulfilled in the boreholes sampled at either of the sites in
the present conditions. The concentrations in the boreholes sampled at Laxemar and Forsmark follow
the general trend for natural colloid concentrations, not only in Sweden but also at international sites.

The uncertainty in the data in Figure 3-1 can mainly be attributed to the use of different analytical
techniques, while the overall trend is consistent. Note that the colloid concentrations are not given
for different size classes. Since larger colloids have a much higher mass than small ones, consequently
the concentration of particles/ml can vary a lot even though the mass/ml stays the same. The Grimsel
groundwater samples analyzed contained lower amounts of colloids than would be predicted by

the general trend. The turnover of the water in the bedrock is fast, while the water that infiltrates is
rainwater and does not bring many colloids into the bedrock. The fractures in the bedrock are also
quite fine, which prevents colloid transport. According to /Degueldre et al. 2001/, the groundwater
colloids in a granitic system are mainly phyllosilicates and silica originating. As long as the
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a) Colloids concentration in Forsmark and Laxemar versus [CI-]
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Figure 3-1. a) Colloid concentrations from sampled groundwaters from Forsmark and Laxemar boreholes
as a function of the chloride concentration. b) Correlation between background colloid concentration and
ionic strength of the groundwater at different sites.

hydrochemical conditions remain constant, the background concentrations will not change and

are further controlled by [Ca] and [Na] in the water. In groundwater with [Ca] > 10~ M and [Na]

> 1072, the colloid concentration will never exceed 100 pg/L. This is in accordance with reported
CCC values /Garcia Garcia et al. 2007/. However, three sampled boreholes at Forsmark contain
higher concentrations than 100 pg/L but less than 200 pg/L. Nevertheless, the uncertainties in these
analyzes in low concentrations are very high.
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3.3 Colloid characteristics

Various element analyzes have been performed on the colloids sampled at Laxemar and Forsmark.
According to the filtration and fractionation method, the colloids at both sites are iron and sulphur.
The LIBD and EDX analyzes indicate that the colloids are mainly composed of aluminium, silica
and iron. Most of the colloids were collected on the 50 and 200 nm filters, which suggest that the
colloids are not microbes, since they are preferentially in the pm size window. When the colloid con-
centration is very low in the groundwater it is hard to collect enough samples to perform a credible
analysis and characterization. The concentrations are here so low that artifacts and contamination
can contribute significantly and affect the results making it in principle impossible to analyze the
colloids in terms of surface properties or structure. The composition of the Laxemar and Forsmark
colloids is not significantly different, judging from the characterizations performed.

3.4 Conditions for colloid transport at present

In order to compare the conditions for colloid transport at the sites, different criteria have to be
evaluated at establishment of the repositories, and then in terms of factors that could change condi-
tions at the sites.

* The background colloid concentrations: These are less than 200 pg/L at both sites.

* Colloid stability — Groundwater conditions: The salinity in the groundwater in sample boreholes
is far higher than the critical coagulation concentration (CCC) and therefore the stability of col-
loids in the groundwater is very low at present at both sites. In a scenario with intrusion of glacial
meltwater the groundwater chemistry can change drastically at both sites.

» Colloid characteristics: From the analyzes of samples from the boreholes at Laxemar and Forsmark
it is not possible to determine the exact type of colloids present and colloid characteristics such as
surface charge density, size distributions and structure.

* Colloid transport: In order to have any colloid transport and further colloid transport of RN, there
has to be water-conducting fractures in direct contact with the bentonite barrier surface. The aperture
distribution and the mineralogy of the fracture walls are important in giving rise to retention of
transported colloids through filtration and sorption. However, detailed description of these factors
lay outside the scope of this report.

The mineral surfaces on the fractures are enormous compared with the colloid surfaces in the current
case of low concentrations of natural colloids. Scoping calculations have been performed to compare
the available sorption areas on the colloid and the bedrock for a 1-metre long fracture with an aperture
of 1 mm to 1 pm, colloid concentrations of 1-100 pg/L (representing the spread in background con-
centrations in Laxemar and Forsmark) and a theoretical montmorillonite colloid specific surface area
of around 754 m*/g /Holmboe 2009/. The fractures are seen as as tubes with a certain diameter (here
the aperture) with a specific length with, and the colloids as to be spherical. Then the smooth surface
is simply the length times the circumference of the inlet of the “tube”. Even when the fracture surfaces
in these calculations are not attributed any roughness, there is an enormous difference between

the colloid and fracture surface, especially in finer fractures with an estimated aperture of 1 um

(Table 3-1). The specific surface area is directly proportional to the sorption sites and the colloids
and the minerals are of the same types of materials. Reported K4-values for strongly sorbing species
on natural colloids and fracture-filling minerals are of the same order of magnitude. For example
Am(II), which is an analogue of Eu(Ill), has reported K4-values for granitic rock in the range of
10°em?/g /Liu and Neretnieks 2006/, while that for Eu(III) is 105% c¢cm?/gon Febex bentonite colloids
/Missana et al. 2008/. With similar K4-values, the fraction sorbed onto the mineral surface will be
directly proportional to the fraction of mineral surface to colloid surface. Nevertheless, this type of
comparison is only valid if the elements reach the water bearing fracture on their own i.e not sorbed
to montmorillonite colloids. For elements sorbing by reversible cation exchange it is reasonable to
believe that the competition between colloid and fracture surface will result in a sorption preference to
the fracture surface since the surface area is so much higher. For elements sorbing to montmorillonite
colloids by surface complexation where the sorption rate in general are very fast and the desorption
rate slow, it is likely that the elements will stick to the colloids through the transport in the fracture if
they came into the fracture as sorbed to montmorillonite colloids.
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Table 3-1. Comparison of smooth fracture surfaces and colloid surfaces in a 1 m long fracture

of varying aperture. Note that fracture roughness has not been accounted for and therefore the
fracture surfaces are underestimated. Also the fracture is assumed to be a tube, with no extension
in the longitudinal direction, which is highly unrealistic.

Fracture Volume Smooth Natural Colloid Area Ratio
aperture (m) in fracture (m®)  surface area (m?)  Concentration (g/m®)  Colloid (m?) Mineral,rea/Colloidarea

0.001 0.000000785 0.00314 0.001 5.9189-10~ 5,305
0.0001 7.85-107° 0.000314 0.001 5.9189-10-° 53,050
0.00001 7.8510" 0.0000314 0.001 5.9189-10" 530,504
0.000001 7.85-10°" 0.00000314 0.001 5.9189:10-"® 5,305,040
0.001 0.000000785 0.00314 0.01 5.9189-10°¢ 531
0.0001 7.85-107° 0.000314 0.01 5.9189-10% 5,305
0.00001 7.85-10" 0.0000314 0.01 5.9189-10-"° 53,050
0.000001 7.85-10-" 0.00000314 0.01 5.9189-10-"2 530,504
0.001 0.000000785 0.00314 0.1 0.000059189 53
0.0001 7.85-107° 0.000314 0.1 5.9189-107 531
0.00001 7.8510" 0.0000314 0.1 5.9189-10°° 5,305
0.000001 7.85-10°% 0.00000314 0.1 5.9189-10-" 53,050

3.5 Conditions for colloid transport with time

The conditions for colloid transport of RN can change if the colloid production rate increases, or if
colloid consumption decreases. With climate change the flow in the fracture can change, as can the
groundwater chemistry. Predictions for future climate change are associated with very high uncertainty.
Nevertheless, two main scenarios for climate change during the life span of the repository have been
identified for safety assessment analysis /SKB 2007/.

In the first scenario, glacial cycles occur periodically, which could have severe consequences for the
repository through:

* Formation of permafrost.
* Changes in the mechanical stress on the bedrock.
* Intrusion of dilute glacial meltwater.

 Intrusion of oxygen during short periods of higher groundwater flow due to intrusion of glacial
meltwater.

In the second scenario, the greenhouse effect with associated temperature increase will not have
any severe impact on the repository according to predictions. In the colloid transport perspective,

a temperature increase could induce a higher production rate of organic colloids. The degradation
of organic material in the biosphere may add to humic and fulvic concentrations in the groundwater,
but these would have to be transported from the surface down to repository depth. Organic colloid
sampling today reveals a clear trend for the organic colloid concentration to decline drastically with
depth /Nilsson and Degueldre 2007/.

In the glacial cycle climate scenario, dilute meltwater may intrude with such high flows to repository
depth that the older saline groundwater will be pressed away, where the older groundwater and the
meltwater will not mix. Also the release of pressure may induce new and fractures with larger aperture.
This change in water chemistry overall conditions may result in favorable conditions for colloid
stability and higher probability of colloid transport of RN. Under these conditions the bentonite barrier
can release colloids, and with a high flow the potential for a high withdrawal rate is also high /Liu
and Neretnieks 2006/. The risk is that the mass loss of the bentonite barrier will be significant, which
will further endanger buffer functionality.

It is uncertain whether high mass loss is plausible and this is still under consideration in transport
and modeling studies /Cheng and Cvetkovic 2009/. In a long-term perspective, the attachment and
filtration of colloids in the fracture system may be significant in sealing the fractures, giving a
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self-healing system. For strongly sorbing RN with low reversibility, the RN will stay on the colloids
for a very long time, if they are released into the fracture already sorbed on a colloid. In dilute
waters, such as glacial melt water, the concentration of colloids in solution can certainly be higher
than 10-200 pg/L range measured in the present conditions of rather saline waters at Laxemar

and Forsmark. The diagrams in Figure 3-1 show that it is reasonable for the groundwater to have
colloid concentrations in the mg/L range if intruding meltwater has an ionic strength of 0.001 M.
The changes in conditions that could give an impact, especially on bentonite colloid stability in the
groundwater at Laxemar and Forsmark, are changes in ionic strength, pH, temperature or exposure
to irradiation, with a higher stability for irradiated montmorillonite colloids than the colloids that had
not been exposed to radiation /Holmboe et al. 2009/.

3.5.1 Expected montmorillonite colloid concentrations outside the bentonite
buffer in the glacial scenario

Bentonite colloid generation and sedimentation tests

A number of articles have investigated bentonite colloid generation and sedimentation /Bessho and
Degueldre 2009, Degueldre et al. 2009, Garcia Garcia et al. 2009a/. Static tests under no-flow condi-
tions have been initiated to increase understanding of the processes behind the release of colloids
from a bentonite bed, without adapting a flow to the system. It is well known that flow can be the
driving force for colloid release from a colloidal source. However, a number of processes occur in
the vicinity of a colloid bed, such as generation of colloids, diffusion, aggregation, fragmentation
and sedimentation of larger aggregates. Sedimentation tests have been run in parallel to investigate
whether the same concentration profiles of colloids outside the bed are achieved over time. Since the
colloid concentration and size distribution are not intrinsic in the system but rather dependent on the
distance to the colloid bed, the term pseudo equilibrium is used, which means that a concentration
profile is adapted outside the barrier with the highest concentration closest to the bentonite surface.
The published values can be seen as the concentration that could be expected at a certain distance
from the bentonite barrier under different conditions. Addition of flow would give transport of
colloids away from the bed and new colloids would be released at the bed to achieve equilibrium in
the system. The results of all the tests are in general agreement and show that the pseudo equilibrium
concentrations as well as the size distribution of colloids will be dependent on the type of bentonite
used and the groundwater chemistry. Colloid populations are formed rapidly and the concentra-
tions in numbers of different size classes of colloids are orders of magnitude lower in 0.01 M NaCl
than in 0.001 M NaCl solutions. Equilibrium in colloid size distribution takes longer to achieve
(100-1,000 h), possibly due to the aggregation of smaller colloids and diffusion from the bed.
Similar concentration profiles and colloid size distributions have been achieved in sedimentation
and generation tests. According to Bessho and Degueldre /Bessho and Degueldre 2009/, the results
indicate that the pseudo-equilibrium states of colloidal dispersion are governed by the final colloid
composition and the stability of colloid dispersions in the saline solutions.

Colloid generation and sedimentation test with Na and Ca-montmorillonite

/Garcia Garcia et al. 2009b/, performed generation and sedimentation experiments to study the effects
of ionic strength, cationic form and elevation on montmorillonite colloid concentration out in suspen-
sion. In the generation tests the compacted bentonite were placed in the test tubes, where after water
was poured carefully into the test tubes, to avoid to disturb the bentonite surface. In the case of sedi-
mentation, bentonite and water was shaken initially in the test tube and then the bentonite was let

to settle. Samples were taken from the middle of the vessels except for the experiments designed to
investigate colloid concentration as a function of altitude, where the sampling was performed at 3, 5,
7,9, 11, 13, and 15 cm from the colloid source. Colloid concentrations were measured with SPC in
the size channels 50-100, 150-200, 150-200, 200-300, 300, 500, 500-700, 700-1,000, 1,000-1,500,
1,500-2,000 and 2,000—5,000 nm. From these tests, expected montmorillonite colloid concentrations
(7 cm from the bed surface) in mg/L were roughly estimated (Table 3-2). The results show that con-
centrations of 10 mg/L can be expected in groundwater with an ionic strength of > 0.001 M in contact
with the bentonite barrier. The concentration drastically decreases with distance and ionic strength,
so 10 mg/L can be seen as a rather conservative value. In the case of Ca-montmorillonite, the value
is expected to be a factor of 10 lower for an ionic strength of 0.001 M, and too low to be detected by
SPC for an ionic strength of 0.01 and 0.1 M.
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Table 3-2. Estimated pseudo-equilibrium concentrations of montmorillonite colloids at a distance
of 7 cm from the colloid bed.

Na 0.001 (M) 0.01 (M) 0.1 (M)

Na-montmorillonite 5.2+0.5mg/L 05+0.1mg/L  0.2+0.1 mg/L
Ca-montmorillonite 0.4 £0.2 mg/L - -

Bentonite swelling experiments

In the SKB Bentonite Erosion project lead by Professor Ivars Neretnieks, investigations on gel for-
mation and subsequent colloid release have been performed whereas all the studies were performed
in deionised water. Swelling experiments have been performed with 0.2 g Na-montmorillonite in
contact with deionised water in 45 mL bottles. The water very close to the surface of the bottles was
collected in 2.5 mL fractions after 41 days. The samples were analyzed with Photon Correlation
Spectroscopy (PCS) using a calibration from signal size to concentration /Jansson 2009/. The
colloid concentration was found to be fairly constant at 80—100 mg/L for the first 2.5-15 mL of
supernatant, after which the concentration started to increase drastically with decreasing distance to
the Na-montmorillonite material in the base of the bottles.

Bentonite gel propagation tests

To mimic compacted bentonite in contact with groundwater in water-bearing fractures, an artificial
fracture in Plexiglas with an aperture of 1 mm was constructed in the same project /Birgersson et al.
2009/. The bentonite was placed in one end of the slabs and saturated. After the bentonite had been
fully saturated, deionized water was pumped through the bentonite container with a flow rate of
roughly 0.4-0.6 mL/h. In the first test a bentonite with high montmorillonite content was used, with
no attempt made to have any cation exchange of the clay. In the second test a bentonite that had been
washed twice to remove soluble minerals such as gypsum was used. The dry density in both tests
was 1,000 kg/m?. The clay dispersed into the fracture in both tests and a clay concentration gradient
could be seen in both cases. Downstream samples were collected for colloid concentration analyzes
with PCS and SPC. The montmorillonite colloid concentrations throughout the two tests and sample
channels were found to be fairly uniform, with concentrations < 200 mg/L.

Other experiments in artificial Plexiglas fractures were set up in the SKB Colloid Transport project
in collaboration with NWMO /Vilks and Miller 2009/. A specific objective was to acquire data on
the effect of flow rate, bentonite type and groundwater composition on bentonite gel propagation and
bentonite colloid erosion. Deionized water and synthetic Grimsel groundwater were used throughout
the experimental series. The Grimsel groundwater contained 0.001 M Na*and 0.0001 Ca*". In some
of the tests the pH was adjusted to 9.6 while in others the pH was not controlled since pH was not
expected to give any impact on the bentonite erosion in the specific pH range 8.2-9.6. Na-exchanged,
Ca-exchanged and MX-80 bentonite was used, which were mixed with latex colloids. Plugs of a

dry density of 2 g/cm® with a diameter of roughly 38 mm and a thickness of 10 mm were produced.
Latex colloids of different sizes, representative for bentonite colloids, were mixed in with the bentonite.
Flouroscent latex colloids are easier to detect than bentonite colloids and will tell in what direction
the colloids from the plug have travelled. The clay plugs were installed within a transparent Lexan
tube (38 mm inner diameter) intended to simulate a borehole (Figure 3-2). The transparent synthetic
fracture had the dimensions of 22x22 cm. To stabilize the bentonite and prevent it from expanding
upwards, A rubber packer was installed to keep the bentonite in place and to avoid it from swelling
up, out from the fracture. In two tests the fracture was given an incline of 15° to mimic the slope to
study the effect of gravity on gel propagation and further colloid release.

Initially, the fracture was filled with water and bentonite saturation and further swelling were
visually monitored for no-flow periods of 23 to 430 h. After that, a low flow of 6 mL/h was applied
for 72 to 170 h. The flow was increased to 44 mL/h for a 24 to 50 h period to test for flow velocity
effects on bentonite erosion and transport. Finally, the flow was stopped and the artificial fracture
was opened and the bentonite deposits examined.
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Figure 3-2. Schematic diagram of the synthetic fracture and bentonite placement.

Photos from on the clay plugs in the different condition show that the gel propagation and colloid
release have distinct appearances in the different experimental conditions (Figure 3-3). The gel
propagation and colloid release is strongly connected to bentonite type, flow rate, aperture width,
groundwater composition and gravity. As expected, the Ca-montmorillonite did not expand extensively
in the gel phase in comparison to the MX-80 and the Na-montmorillonite because of the only mecha-
nisms of crystalline swelling and the lack of osmotic swelling (or at least the osmotic swelling is
marginal). The flow rate had a significant impact as expected, with the higher colloid release at

of high

July 29 8:0

15 deg dip’

Sept 25 10:57

Figure 3-3. Bentonite gel propagation and further erosion under varying conditions.

Upper left: MX-80, DIW, 5 mm aperture.

Upper right: MX-80, synthetic Grimsel groundwater, 5 mm aperture.

Lower left: Ca-montmorillonite, synthetic Grimsel groundwater, 1 mm aperture.

Lower right: MX-80, synthetic Grimsel groundwater, 1 mm aperture, fracture incline 15. The montmorillo-
nite colloid concentrations were sampled in the water outlet over time, with the reported concentrations
obtained at steady state (Table 3-3).
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higher flows. In the wider aperture (5 mm), the bentonite gel expanded faster than in the aperture

of 1 mm. The gel propagation and further colloid release is attributed strongly to the groundwater
chemistry. Interesting to note that even the low ionic strength of the synthetic Grimsel groundwater
gave a significant impact with a low gel propagation compared with the tests performed in deionized
water. Gravity had a major impact, with colloids released in the direction of the slope (Figure 3-3,
lower right photo). Note that the outlet for sampling was not in the direction of the slope and elevated
concentrations would most likely have been found in the direction of the slope, whereas the samples
from the outlet contained colloid concentrations in the same range as was found in the parallel test
without a fracture incline.

As can be seen in Table 3-3, the colloid concentrations at steady state never exceeded 20 mg/L when
Grimsel GW was used in the set-up. Furthermore, the colloid concentrations were the same in the
outlets for low and high flow, except in the test with a 5 mm aperture using deionized water.

Glacial water composition

It is hard to predict the ionic composition of a future glacial meltwater intruding to repository depth.
Nevertheless, the chemical composition with glacial meltwaters from now existing glaciers can be
used as standards. G.H Brown 2002 has published data on the chemical composition of meltwaters
from eighteen existing glaciers (Table 3-4.). These meltwaters have not been in contact with the ground.
This means that exceeding concentrations than the ones reported in the table could be expected if this
kind of water reaches repository depth since glacial meltwaters enrich in chemistry over the distance
from the ice and snowmelt to the emergence in the glacier portal /Brown 2002/.

Table 3-3. Montmorillonite colloid concentrations sampled in the outlet at steady state.

Test Parameters Montmorillonite Colloids (mg/L) Latex Colloids (mg/L)
6 mL/h 44 mL/h 6 mL/h 44 mL/h
2 Wyoming bentonite 20t0200 150 to 480 0.02 t0 0.04 0.04 to 0.55
DIW

5 mm aperture
1 um blue latex

4 Wyoming bentonite 410 16 Oto9 0.48 to 0.65 0.30t0 0.70
Grimsel water
5 mm aperture
220 nm YG latex

5 Wyoming bentonite 03to7 20to4.7 0.10 to 0.43 0.25t0 0.38
Grimsel water reached steady-state at 3
1 mm aperture
220 nm YG latex

6 Ca montmorillonite 0.2t02.2 0.2t0 0.6 0.02 to 0.06 0.04 to 0.08
Grimsel water reached steady-state at 0.5
1 mm aperture
220 nm YG latex

7 Wyoming bentonite 02t03.7 05t01.0 0.01to 0.11 0.02 to 0.04
Grimsel water reached steady-state at 1
1 mm aperture
220 nm YG latex fracture dips 15°

8 Na montmorillonite 0to 1.8 0to 0.15 0.07 t0 0.12 0.04 to 0.07
Grimsel water
1 mm aperture
220 nm YG latex fracture dips 15°
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Table 3-4. Ca?* and Na*concentrations in glacial meltwaters from existing glaciers /Brown 2002/.

Ca * Na * Divalent * Monovalent *
mM mM mM mM
Bench Glacier (Alaska) 0.28 0.01 0.03 0.00 0.29 0.01 0.09 0.00
Haut Glacier d’Arolla (Switzerland) 0.16 0.16 0.02 0.03 0.17 0.16 0.03 0.03
Nigardsbreen (Norway) 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.02
Gornergletscher (Switzerland) 0.12 0.10 0.03 0.03 0.17 0.13 0.04 0.05
Walcott Glacier (Antarctica) 0.38 0.53 0.06 0.08 0.43 0.54 0.07 0.09
Koettlitz Glacier (Antarctica) 0.04 0.01 0.02 0.02 0.04 0.01 0.03 0.02
Howchin Glacier (Antarctica) 0.60 0.14 0.49 0.25 0.68 0.14 0.54 0.25
Ward Glacier (Antarctica) 0.39 0.05 1.16 0.56 0.54 0.06 1.26 0.56
Berendon (Canada) 0.21 0.34 0.00 0.01 0.22 0.34 0.01 0.01
Tsanfleuron (Switzerland) 0.32 0.02 0.00 0.00 0.37 0.02 0.01 0.00
Chhota-Shigri (India) 0.08 0.09 0.05 0.04 0.10 0.09 0.08 0.05
Scott Turnerbreen (Svalbard) 0.1 0.09 0.43 0.63 0.20 0.13 0.44 0.63
Fjallsjokull (Iceland) 0.12 0.03 0.08 0.09 0.14 0.04 0.08 0.09
Chamberlain (USA) 0.09 0.11 0.01 0.00 0.13 0.13 0.01 0.01
Engabreen (Norway) 0.18 0.27 0.11 0.20 0.19 0.27 0.13 0.20
Grimsvotn (lceland) 0.18 0.01 0.48 0.02 0.24 0.01 0.49 0.02
Austre Okstindbreen (Norway) 0.17 0.07 0.08 0.12 0.19 0.07 0.09 0.12
Argentiere (France) 0.13 0.23 0.05 0.08 0.14 0.23 0.06 0.08

The glacial meltwater from these eighteen sites has Ca*" concentrations in the range of 0.01 to 0.60 mM
and Na" concentrations ranging from 0 to 1.6 mM. Assumingly Mg?" and K" have the same effect on
bentonite gel propagation and further colloid release as Ca** and Na* and should therefore also be
taken into account. Relating these values to CCC-values for Ca?" (0.0001 M) and Na* (0.001) M on
montmorillonite colloids, it is two of the eighteen specific cases with concentrations below the CCC
values.

In the different studies presented, the montmorillonite colloid concentrations outside the barrier

are strictly coupled to the groundwater chemistry and in particular the concentrations of the
dominating cations Ca**and Na*. The difference in expected concentration in a groundwater with

the composition of deionized water and a Grimsel type of groundwater is a magnitude of 10, i.e 200
mg/l instead of 20 mg/l. According to inventories of existing glacier meltwaters, the Grimsel type

is more representative than deionized water, and it is more likely that glacier meltwaters will have a
Ca and Na concentration that will not favor montmorillonite colloid stability. The pH in the Grimsel
water is fairly high (9.6), however the difference in pH from neutral to Grimsel pH is not expected to
give any effect on colloid stability /Garcia Garcia et al. 2010/. However, the expected concentrations
outside the bentonite barrier for the case with deionized water serves as a conservative case.
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4 Sorption of the prioritized elements
montmorillonite colloids

In the early lifetime of the repository, colloid transport of radionuclides appears to be unlikely

since the natural background colloid concentrations are low, in the magnitude of pg/L, and due to
the rather high salinity colloids will not stay stable in solution for a long time. As already mentioned,
the conditions may drastically change in the event of intrusion of dilute glacial meltwater to reposi-
tory depth, with higher flow velocities than at present. The functionality of the bentonite barrier can
be jeopardised if bentonite colloids are released and transported away from the buffer. In the event
of a leaking canister, radionuclides that are strongly sorbed to the bentonite might be mobilised with
released colloids. The strength of sorption to the colloids is crucial, as the sorption and desorption
rates. If the sorption is strong and fast and desorption slow, the RN may travel long distances quite
rapidly with the colloids. If, on the other hand, the sorption is weak and desorption is rather fast, it

is more likely that the RN will sorb to the fracture surfaces instead. Therefore K4-values and sorption
kinetics are needed as input in modeling colloid transport of RN.

4.1 Definition and restrictions in K4-values

A Ky4-value is a measure of sorption and is defined as the ratio between the element sorbed per unit
of absorbent to the amount of element in solution.

The distribution coefficient K4, can be calculated from experimental data from sorption experiments
using the equation:

Kq = (Co—C.)/Ce'V/m (4-1)

Co = initial concentration of sorbent out in solution.

C. = concentration of sorbent at equilibrium out in solution.
V = volume of solution.

m = weight of solid/colloid.

The units are given in m*/kg or cm’/g.

For deriving an accurate K4-value the surface sorption sites, A, has to be in excess to avoid saturation
effects. The derived K4-values have to be independent of the element concentration and the reaction
should be reversible.

The rate constant forward for sorption is k; (second order kinetics since RN has to collide with a
colloid) and rate constant backward for desorption is k_;(first order kinetics since it is the complex
releasing RN),

K =Kqg=(ko/ k) (4-2)

When k, >> k_j, as often the case in natural systems the reaction can be seen as irreversible (depending
on appointed time scale). Although in the case of a very high K4 and the reverse rate is very slow,

it does not mean that the attachment of the RN to the colloid is not reversible. A change in RN con-
centration, pH or ionic strength can shift the equilibrium. The ability of the sorbed RN to respond

to the change in equilibrium is the measure of reversibility. In cases where desorption is slow it is
difficult to perform experiments to observe desorption in reasonable time periods. This is of course
especially crucial in a system as the repository of spent nuclear fuel, where transport of radionuclides
are important for very long time scales and these data are needed for safety assessment calculations.
However, if the Ky and the rate constant for sorption are given the rate of desorption can be derived
from Equation 4-2. The desorption rate constant can be neglected when it is very small compared to
the sorption rate.
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The conditional Kg4-value is specific to the particular experimental conditions as pH, temperature,
ionic strength with one type of adsorption site and one type of sorbant. In practice the K4-values
obtained come from a system with mixed minerals and sites. The sensitivity to these parameters is
coupled to the sorption mechanism, where elements sorbing by cationic exchange are very sensitive
to for example the ionic strength and will react on that accordingly. Drastic changes in pH from
neutral to acid pH ranges can change the sorption mechanism for elements sorbing by surface com-
plexation to cationic exchange. However, small changes in the neutral pH range will not affect the
system.

Uncertainties on different levels will be attached to the Kg4-values using them in transport calcula-
tions. In the case of K4-values for colloids the following uncertainties can be identified:

The experimental error accounting for deficiencies in the measurement method itself and additional
processes not fully quantified in the experimental evaluation is most often attached to the Ky literature
value. A representative error is for example Pu(V) sorption to montmorillonite 10°37%18 at pH 9.5
/Missana et al. 2008/.

The conditional nature of K4 requires different estimates of this parameter for each set of geochemical
conditions of potential relevance along the potential migration path for a radionuclide. As is not feasible
to measure sorption for every set of conditions, the derivation of K4 must rely on data derived from
representative model systems. /Ochs et al. 2006/. The pH affects mainly sorption by surface complex-
ation (except for its effect in determining surface charge), while ionic strength affects sorption by

ion exchange. Also the Eh is important, especially then considering the speciation of the elements
sorbing.

The Kg-value is colloid specific. The data are scarce, and K4-values are not available for different
types of montmorillonite, as Ca- and Na-montmorillonite. Especially this will be important for
elements sorbing by ionic exchange.

The size distributions of the colloids will affect the specific size and the number of sorption sites.
Smaller sized colloids with higher specific area will contain a larger number of sorption sites per
mass than the larger colloids. This is certainly problematic since K4-values are normalized per mass
and not to surface area. Using a K4-value obtained for one size distribution applying it on another
will introduce a large error in the predicted sorptivity. Due to the lack of data concerning surface
areas and size distributions for which Ky data in the literature are available, conversion of mass
normalized to surface area normalized values is not feasible. This error is identified as the largest
error attached to the Ky-value.

The range of the Kg4-values for the different elements in Table 4-1 will give an estimate of the spread
due to varying colloid size distributions, varying chemical conditions, different montmorillonites and
varying analysis techniques. The Ky-values are not normally distributed why median number and not
the mean in this range will represent the best estimate.

In literature data Ry is often used instead of K4 and is used to indicate that it is not known if experi-
ments feeding the data managed to reach equilibrium.

4.2 Prioritized elements

A list of prioritized elements for which data on Ky4-values and sorption kinetics are needed has been
drawn up by SKB. The criteria used in its ranking were the yearly dose to the near zone based on the
spent fuel inventory, radiotoxicity and half-life. The list is as follows, in descending order of priority:

Pu, Th, Am, Pb, Pa, Ra, Np, Cm, Ac, Tc, Cs, Nb, Ni, Pd, Se, Sn, Zr and U.
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4.3 Chemical characteristics of the prioritized elements

The oxidation state of the RN naturally governs sorption onto colloids. The groundwater will be
reducing for the majority of the lifetime of the repository. However, in the construction phase of the
repository, oxygen will be introduced into the system and will be consumed in hundreds of years
according to calculations. In the climate scenario with glacial cycles, it cannot be excluded that
oxygen might penetrate the repository environment. These transient periods of oxidizing conditions
are particularly interesting, since colloid transport of RN in this scenario is considered to be associ-
ated with the highest risk. Therefore, the sorption data for redox-sensitive elements are presented
in this report for both the oxidative and reductive species where data are available. The chemical
characteristics for the priority elements are presented below. The characteristics have been taken
from /Carbol and Engkvist 1997/ if not stated otherwise.

Plutonium (Pu)

Actinide

Half-life: 2%Pu 87.74 y, 2*°Pu 2.411-10* y, >*Pu 6,563 y, **'Pu 13.2 y**’Pu 3.763-10° y
Oxidation state under reducing conditions: Pu(IIl) /Allard et al. 1983/ and Pu(IV)
Oxidation state under oxidizing conditions: Pu(IV), Pu(V) and Pu(VI)

Pu(IV) has a tendency to form true colloids, which will influence the sorption values from
experiments.

Thorium (Th)

Actinide

Half-life: 2°Th 7,340 y, 2°Th 7.54-10% y, »2Th 1.405-10"° y
Oxidation state under reducing and oxidizing conditions: Th(IV)

Americium (Am)

Actinide

Half-life: >'Am 432.7 y, **™Am 141 y, >*Am 7,380 y

Oxidation state under reducing and oxidizing conditions: Am(III)

Lead (Pb)

Post-transition element

Half-life: 22Pb 10*” y, 2%Pb 1.4-10"" y

Oxidation state under oxidizing and reducing conditions: Pb(II)

Radium (Ra)
Alkaline earth metal

Half-life: 2°Ra 1,602 y, *®Ra 5.75 y
Oxidation state under reducing and oxidizing conditions: Ra(II)

Protactinium (Pa)
Actinide

Half-life: #'Pa 3.276-10* y
Oxidation state under reducing and oxidizing conditions: Pa(V)

The chemistry of Pa is not well known. However sorption onto quartz and aluminium oxide is
reported to be very strong above pH 6, between 1 and 10 m3/kg /Allard et al. 1979/.
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Neptunium (Np)

Actinide

Half-life: 2’Np 1.55-10° y

Oxidation state under reducing conditions: Np(IV), Np(V)
Oxidation state under oxidizing conditions: Np(V), Np(VI), Np(VII)

Curium (Cm)

Actinide

Half-life: ’Cm 1.56-107, 2*Cm 3.4-10°, 2*Cm 18.11 y,%*°Cm 8,500 y, *Cm 4,730 y, >°Cm 9,700 y
Oxidation state under reducing and oxidizing conditions: Cm(III)

Actinium (Ac)

Actinide

Half-life: *’Ac 21.77 y

Oxidation state under reducing and oxidizing conditions: Ac(I1I)

There are very few chemical data on Actinium, but its analogue in the lanthanides can be used to
assess chemical properties.

Technetium (Tc)

Transition metal

Half-life: ¥Tc 2.13-10° y

Oxidation state under reducing conditions: Tc(IV), probably in the form TcO(OH),H,Oxqq,
Oxidation state under oxidizing conditions: Tc(VII) in the form of TcO4~

Cesium (Cs)
Alkali metal

Half-life: ¥°Cs3-10%y, ¥7Cs 30 y
Oxidation state under reducing and oxidizing conditions: Cs(I)

Zirconium (Zr)

Transition metal

Half-life: #Zr 1.53-10° y

It is not well known in what species Zr will exist in reducing groundwater. However in reducing

conditions and oxidizing conditions Zr(IV) is believed to be the existing oxidation state. Zr can also
form true colloids.

Nickel (Ni)

Transition metal

Half-life: *Ni 7.5-10%y, ©Ni 10% y

Oxidation state under reducing and oxidizing conditions: Ni(II)

Ni is an analogue to Co because of the similarities in the ionic radius and charge. Ni sorption is
dominated by surface complexation with a minor part sorbing by cationic exchange.
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Uranium (U)
Actinide

Half-life: >U 1.59-10%y, >*U 2.45-10%y, >U 7.04-10%y, >U 2.34-107, >*U 4.47-10°y

Oxidation state under reducing conditions: U(IV, VI), UIV) dominate in highly reducing conditions
as U(OH), and in oxidizing to mildly reducing conditions the U(VI) is dominating. There are very
few data available on sorption of U(IV), but Th(IV) can here be used as an analogue.

Tin (Sn)
Metal
Half-life: 126Sn 1-10° y

The aqueous speciation of Sn is not well known. In oxidizing conditions the Sn(IV) is the major
oxidation state. In reducing condition Sn will reduce from Sn(IV) to Sn(II).

Selenium (Se)

Non metal

Half-life: The determination of the half life give disparate values in different sources. The half-life
ranges from for Se varies in 10*%-~10% years.

The aqueous chemistry of Se is rather complex known, but most probably Se will exist as SeO3> or
SeO4* in reducing conditions, which indicates that Se sorption will be marginal. True colloids can
most plausible form.

Palladium (Pd)

Transition metal

Half-life: 17Pd 6.5-10° y

Oxidation state under reducing and oxidizing conditions: Pd(II)

Nb (Niobium)

Transition metal

Half-life: **Nb 2.03-10* y

Oxidation state under reducing and oxidizing conditions: Nb(V), Nb(IlI and IV) also exist.

44 Kqg-values for the prioritized elements

In the table below Ky-values for the prioritized elements are listed with the experimental conditions
in the sorption experiments from which the Kg4-values are derived.
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Table 4-1. Ky-values listed for the prioritized elements.

Elements Colloid pH IS (M) Redox sensitive Eh Kg-value (cm?g) Reference
Pu Yes
Pu(IV) Febex (Ca dominated bentonite) mean size 9.2-9.6 0.001 Anaerobic 108 /Geckeis et al. 2004/
200-250 nm
Pu(V) Smectite (92% 100-200 nm), (natural water) 8.2 0.005 - 6.4:10° /Lu et al. 1998/
Pu(V) Smectite (92% 100-200 nm), (synthetic water) 8.5 0.005 3.8-10* /Lu et al. 1998/
Pu(lV) (true colloid) Smectite (92% 100-200 nm), (natural water) 8.2 0.005 - 3.5-10° /Lu et al. 1998/
Pu(1V) (true colloid) Smectite (92% 100-200 nm), 8.5 0.005 1.4-10° /Lu et al. 1998/
(synthetic water)
Pu(V) or Pu(lV) not known  Ca-montmorillonite colloids 8.3 7:10° /Lu et al. 2003/
in what form
Pu (V) Febex (Ca dominated bentonite) mean size 9.5 0.001 —200 mV 10597 /Missana et al. 2008/
200-250 nm
Recommended value Sorption of Pu(lV) as true colloid not included in the Range 10%°-105%
Pu(lV) sorption recommended value Best estimate 1052
Recommended value Range 103801048
Pu(V) sorption Best estimate 1044
Th No
Th(IV) MX-80 in solution. Not specific colloid fractions. 7 ~0.1 Anoxicand red  ~10°%3(taken from plot) /Grambow et al. 2006/
However performed in such a way that it is colloid 8 ~10%3(taken from plot) /Grambow et al. 2006/
sorption observed.
Sorption between pH 2-11. 9 ~10%3(taken from plot) /Grambow et al. 2006/
Recommended value Range 1053
Th(IV) sorption Best estimate 1053
Am No
Am(lIT) Kunipel bentonite (Na-bentonite). Used bulkbentonite. 9.4 Deionized A1.2:10* /Baston et al. 1999/
(60°C) B 1.0-10°
C 1.1-10°
Centrifuged the solution before analyzing A and filtered 9.4 Deionized A 3.0-10* /Baston et al. 1999/
through 450 nm B and 10,000 MW filter C. (60°C) B 4.6-10*
C 3.0-10*
Kunipia,Na-bentonite, 4-450 nm 8 0.001 No-atm 4-100-9-107 /lijima et al. 2008/
Kunipia,Na-bentonite, 4-450 nm 10 0.001 No-atm 5-10-2-108 /lijima et al. 2008/
Marl. 5-500 nm. 8.6 0.02 310 mV (1-3)-10¢ /Degueldre et al. 1994a/
Montmorillonite 8 0.01 ? (0.5-5)-10° /Degueldre et al. 1994b/
Febex. Ca-montmorillonite. mean size 200-250 nm. 9.2-9.6 0.001 Anaerobic 2:10°¢ /Geckeis et al. 2004/
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Elements

Kg-value (cm?/g)

Reference

Recommended value
Am(IIl) sorption

Pa
Pa(V)

Recommended value
Pa(V) sorption

Recommended value
Np(IV) sorption

Recommended value
Np(V) sorption

Colloid pH IS (M) Redox sensitive Eh

MX-80 in solution. Not specific colloid fractions. 7 0.1 Anoxic and red
however performed in such a way that it is 8

colloid sorption observed.

Sorption between pH 2-11 9

Natural colloids. Constist mainly of organics. (Not 8.3 0.013

included in the range of values which the median Ky
is estimated from)

Yes
Kunipel bentonite 10.1 DI (21°C)
(Na-bentonite). Used bulk bentonite.
Centrifuged the solution before analyzing and filtered 10.1 DI (21°C)
through 450 nm and 10,000 MW filter. Denoted A. B. C
9.4 DI (60°C)
9.4 DI (60°C)
Separation of the < 0.5 pm size of the bulk bentonite.
Yes
Febex. Ca-montmorillonite. mean size 200-250 nm. 9.2-9.6 0.001 Anaerobic
Kunipelbentonite. (Na-bentonite). mean size 450 nm. 8 0.01 Anaerobic
Ca-montmorillonite. mean size 100 nm. 8.2-8.9 0.003 430 mV

~10*7(taken from plot)
~10°%2(taken from plot)

~10%"(taken from plot)
6.8-10-1.2:10°

Range 104081083
Best estimate 105!

>2.110°
>2.6-10°
> 3.5-10°
>1.9-10°
>1.9-10°
>2.6-10°
7.6-10°
8.1-10°
>2.9-10°
9.9-10°
B. > 3.2:10°
C.>3.3:10°
1048

> om» ow» Ow>

Range (21°C)
10481054

Best estimate (21°C) 1053

<510°
2.7-10*
10-100

Range —
(only one value)
Best estimate 1044

Range 10-10%7°
Best estimate 1034

/Grambow et al. 2006/
/Grambow et al. 2006/

/Grambow et al. 2006/
/Vilks and Baik 2001/

/Baston et al. 1999/

/Baston et al. 1999/

/Baston et al. 1999/

/Baston et al. 1999/

/Bradbury and Baeyens
2006/

/Geckeis et al. 2004/
/Nagasaki et al. 1999/
/Runde et al. 2002/
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Elements Colloid pH IS (M) Redox sensitive Eh Kg-value (cm?/g) Reference
Cm No
Cm(lll) MX-80 in solution. Not specific colloid fractions 7 ~0 and 0.008 Anoxic and red 1042 /Grambow et al. 2006/
however performed in such a way that it is colloid 8 1042 /Grambow et al. 2006/
sorption observed.
Sorption between pH 2—-11. 8.5 1044 /Grambow et al. 2006/
Ca-montmorillonite. < 2 mm. Sorption on bentonite. 7 0.1 ~1063 /Rabung et al. 2005/
yet performed in such way that the sorption on colloids
observerd
Recommended value Range 1042-10653
Cm(lll) sorption Best estimate 10%3
Ac No
Ac(lll) MX-80 in solution. Not specific colloid fractions 7 ~0.03 Anoxicandred 1036 /Grambow et al. 2006/
however performed in such a way that it is colloid 8 1044 /Grambow et al. 2006/
sorption observed.
Sorption between pH 2-11. 9 10%4 /Grambow et al. 2006/
Kunipel bentonite (Na-bentonite). Used bulkbentonite. 10.1 DI (21°C) No A 5.4-10* /Baston et al. 1999/
B-5.8-10*
C 9.4-10*
Centrifuged the solution before analyzing and filtered 10.1 DI (21°C) A 3.4-10% /Baston et al. 1999/
through 450 nm and 10,000 MW filter. B 5.9-10*
C 13:10*
9.4 DI (60°C) A 1.1x10% /Baston et al. 1999/
B 3.1-10*
C 16-10*
9.4 DI (60°C) A2.1-10° /Baston et al. 1999/
B 5.0-10*
C 9.3-10*
Recommended value Range (20°C) 10361054
Ac(l11) sorption Best estimate (20°C) 1048
Pb Yes
Pb(Il) MX-80 in solution. Not specific colloid fractions 7 ~0.03 Anoxicandred  ~10%° (taken from plot) /Grambow et al. 2006/
however performed in such a way that it is colloid 8 ~10%5(taken from plot) /Grambow et al. 2006/
sorption observed.
Sorption between pH 2-11. 9 ~105(taken from plot) /Grambow et al. 2006/

Recommended value
Pb(ll) sorption

Range104-10°
Best estimate 1047
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Elements Colloid pH IS (M) Redox sensitive Eh Kg-value (cm?g) Reference

Ra, Sr No

(used as analog for Ra)

Ra(ll) (Sr(I1)) Natural groundwater colloids. Size distribution 9.6 0.001 0.6-10° /Vilks and Degueldre
40-1,000 nm. 1991/
Natural groundwater colloids. mainly organic. Size 8.3 0.013 4.4-10%-1.2-10° /Vilks and Baik 2001/
distribution 1-450 nm.
Na- montmorillonite colloids from Avanlea bentonite. 8.3 0.013 1.2-10% /Vilks and Baik 2001/
Two mixed size fractions with mean sizes 54 to 310 nm.

Recommended value Range —only one value

Ra(ll) sorption from montmorillonite

Best estimate 10*"

Tc Yes

Te(lV) MX-80 in solution. Not specific colloid fractions 7 ~0.03 Anoxic and red 104 /Grambow et al. 2006/
however performed in such a way that it is colloid 8 1042 /Grambow et al. 2006/
sorption observed.
Sorption between pH 2-11 9 1038 /Grambow et al. 2006/

Recommended value Range10%8-10%2

Tc(lV) sorption Best estimate 10*

Cs No

Cs(l) Febex. Ca-montmorillonite. mean size 200—250 nm. 9.2-9.6 0.001 Anaerobic 10394 /Geckeis et al. 2004/

Cs(l) Febex. Ca-montmorillonite. mean size 250 + 50 nm. 9.5 0.001 Anaerobic 10394 /Missana et al. 2004/

Eh (-200 mV)

Cs(l) MX-80 in solution. Not specific colloid fractions, 7-9? ~0.03 Anoxic and red ~10%5(taken from plot) /Grambow et al. 2006/
however performed in such a way that it is colloid ~10%2(taken from plot)
sorption observed.

Recommended value Range 10%2-103%

Cs(l) sorption Best estimate 1037

Zr No

Zr(OH)3* MX-80 in solution. Not specific colloid fractions, 8 ~0.05 Anoxic and red 1087 /Grambow et al. 2006/
however performed in such a way that it is colloid Large spread in the data
sorption observed. set. At pH 8 values from

104°-10°

Recommended value Range 10%3-108

Zr(1V) sorption 1087— Best estimate

Ni No

Ni(ll) MX-80 in solution. Not specific colloid fractions, 8 0.03 pH 8 and Anoxic and red 1038 (pH 8) /Grambow et al. 2006/
however performed in such a way that it is colloid pH 9 (experi- 10*2(pH 9)
sorption observed. mental data

from pH 3-11)
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Elements

Colloid

pH IS (M) Redox sensitive

Eh

Kg-value (cm?g)

Reference

Recommended value
Ni (II) sorption

Range 103%8-10%2
Best estimate 10*°

0C-0l-dL

u Yes

u(Ilv) MX-80 in solution. Not specific colloid fractions, 8 Anoxic and red 10*5(pH 8) /Grambow et al. 2006/
however performed in such a way that it is colloid 10*(pH 9)
sorption observed.

Recommended value Range104-10%5

U(IV) sorption Best estimate 10%3

U(Vvl) Febex. Ca-montmorillonite. mean size 250 + 50 nm. 9.5 0.001 Anaerobic 10291-3:21 /Missana et al. 2004/

Eh (-200 mV) *CaC0319.5-23.6

1) Febex. Ca-montmorillonite. mean size 200-250 nm. 9.2-9.6 0.001 10291 1029 /Geckeis et al. 2004/

Recommended value Range 102¢1-321

U(VI) sorption Best estimate 102"

Sn Yes

Sn(IV) Na-smectite 0.1 1058 /Bradbury and Baeyens
2004/

No information Range —
Best estimate 1056
Se Yes
Se Selenium would exist as
Se03* or SeO4%and the
sorption is therefore low.

Pd See Ni(ll) Based on the oxidation
state and that Pd i a
transition metal it seems
reasonable to assume the
same sorption mechanism
and the same Kq for Pd(ll)
as Ni(ll).

Recommended value Range 10%8-10%2

Pd(ll) sorption Best estimate 10%°

Nb See Pu(V) Based on the oxidation

state it seems reasonable
to assume the same
sorption mechanism and
the same Ky for Nb(V) as
Pu(V).

Range 105%-1058

Best estimate 1057

Recommended value
Nb(V) sorption




5 Sorption kinetics data from the literature

The Kg-values for elements on colloids only represent the distribution of elements between liquid
and solid phase but reveals no information on the sensitivity of the system. A high Kg4-value repre-
sents a higher tendency for the element to coordinate to the surface than to be out in the solution. It
does not give any information how strong the bond/interaction with the surface is and how easy it
can be released if the conditions in the surroundings change. For colloids to be able to facilitate the
transport of the prioritized elements, fast and strong sorption and slow desorption is the prerequisite,
and therefore the kinetics, rate constants for sorption and desorption are needed. In general terms,
surface complexation is considered as strong sorption, and cation exchange as weaker sorption since
in surface complexation chemical bonds are formed and in cation exchange the cations are bound to
the surface by weaker electrostatic forces. Also, the elements sorbing by surface complexation have
a higher preference to mineral surfaces than elements sorbing by cation exchange. Elements with
higher oxidation states than (II) have a tendency to sorb by surface complexation. Desorption data
are often just available for one point in time. If sorption/desorption tests have reached equilibrium,
and the surface of the sorbent have been in excess to the sorbent, the K4-value is directly related to
the rate sorption and desorption rate through:

K4 = (ko/k_;) (conc™) (5-1)

k, sorption rate constant (conc'time 'when applying second order kinetics)
k| desorption rate constant (time™! when applying first order kinetics )

Knowing the K4-value gives the relation between the rate constant for sorption and desorption. Since
the time to reach sorption equilibrium is roughly known and the solid to volume ratio (conc) given,
k, can be estimated by multiplying conc™ and time™ and the k_; will fall out from the above equation
when the Ky is known. In theory the second order rate constant should not vary with solid to volume
ratio, however they sometimes do reflecting the difficulty to perform an accurate experiment. This
way of deriving the rate constants is very approximate and gives high uncertainties that will be
attached to the rate constants. However, it gives an idea on the magnitudes of the sorption and
desorption rates.

Note that unless otherwise stated experimental conditions for the tests can be found in the table of
Kgy-values (Table 4-1).

Pu(Iv, v)

Pu(IV) and Pu(V) are sorbing to clay colloids by surface complexation with high K4-values. The
sorption of Pu(IV) and Pu(V) is fast and the desorption considerably slower.

The desorption tests were performed by separating the colloids in the end of the sorption tests by
centrifuging the suspensions. Then the colloids were contacted again with Pu-free water. These data
demonstrate that the sorption rate is much faster than the desorption rate, however, the data set is too
small to calculate sorption and desorption rates directly.

From the sorption and desorption data /Lu et al. 1998/ sorption and desorption rate values can be
derived if assuming that sorption equilibrium is reached in 96.7 hours. Still, the rates have to be seen
as rough estimates since the kinetic analysis is performed on only three observations.

Table 5-1. Sorption and desorption of Pu(V) over time /Lu et al. 2003/.

Time (h) % sorbed Time(d) % RN desorbed fraction

4 4-7 1 11-13
476 68-79 32 15-19
489 68-79 293 20-21
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Table 5-2. Sorption and desorption of Pu over time in two different types of groundwater.

Element Time (h) % sorbed Time (days) % desorbed

Pu(V) 8.3 70 2 0.16
pH 8.2 16.7 80 15 0.33
33.3 85 50 0.44

96.7 90 86 0.53

107 0.60

128 0.68

150 0.74

Pu(V) 8.3 72 2 0.45
pH 8.5 16.7 82 15 0.64
33.3 90 50 0.91

96.7 97 86 1.02

107 1.13

128 1.28

150 1.42

Estimated rate constants for the two cases when colloid concentration, i.e S/V-ratio is 0.2 g/l.

Pu(V) pH 8.2
ko~263h"'cm’g™
k 1~4:-10*h!

Pu(V) pH 8.5
ko~247h"'cm3g!
k ~6:-10*h!

For sorption of Pu(IV) a rough estimation has been performed with a Kg4-value and solid to volume
ratio from /Geckeis et al. 2004/.

Pu(IV) pH 9.6
ko~435 h-lem?g™!
k ;~4.35-10° h!

Th(lV)

No relevant kinetic data found in the literature. Th is expected to sorb by surface complexation and
the reversibility is therefore low. A rough estimation of the sorption rate (k;) and desorption rate(k_;)
is performed through the listed Kq-value of 10°cm?®/g. An often used solid to volume ratio in sorp-
tion experiment is 1:200, and sorption equilibrium is reached very fast in maybe 1 hour.

k»~200h™" h”'em’g™
k ;~2-102 h!

Am(ill)

No accurate kinetic analysis can be performed since there are not complete data sets available. However,
a rough estimation is performed from Kg-values for Am matching with the recommended value 10°¢/cm’
/Geckeis et al. 2004/. With a Ky4-value of 2-10°g/cm’and a solid to volume ratio of 2.3g/I the rough
estimations of rate constants were obtained.

ko~435 hlem’g!
k 1~2-103 h!

Eu(III) can be seen as an analogue to Am(III) and was shown to irreversibly sorb to Al,O3 on
100-200 pm particles at pH 5. Am is sorbing by surface complexation to montmorillonite colloids
and the reversibility is very slow. /Xu et al. 2005/.
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No data were found on Pa sorption kinetics in the literature whereas a rough estimation of the rate
constants has been performed with the Kg-value 1-10°cm?/g and solid to volume ratio 1:200.
ko~20 h'em’g™!

k ;~2:10°h!

Np(V)

No accurate kinetic analysis could be performed since complete sorption data sets are not found
in literature. Rough estimates are performed from Kg4-values and solid to volume ratios. Np(V)
Kg4-value and solid to volume ratio from /Geckeis et al. 2004/.

ko~435 hlemg™!

k ;~4.35-10" h!

Np (IV)

Kg-value and solid to volume ratio from /Nagasaki et al. 1999/
ko~1.0-102 hlem’g!

k 1~4.6107h!

cm(lll)

No data were found on Cm sorption kinetics in the literature. Rough estimations on rate constants
have been performed on data from /Grambow et al. 2006/ at pH 8.

k>~100 h''em’g!

k ;~6:103 h!

Ac(ll)
No data were found on Ac sorption kinetics in the literature. Rough estimations on rate constants
have been performed on data from /Grambow et al. 2006/ (1) and /Baston et al. 1999/ (2).
I. pH8
ko~100 h-'em®g™!
k ;~6-107 h!
2. pH10.1,21°C
ko~20 h'cm’g™!
k ;~3.7-10* h!

Pb(ll)

No information on solid to volume ratio is given in /Grambow et al. 2006/, whereas the assumption
is made that 1 g/l was used. The rate constants derived are:

k>~200 h-'em?g™!
k 1~6-103 h!

Ra(ll)

No data were found on Ra sorption kinetics in the literature and data for Sr were used since Sr is an
analogue of Ra (Table 5-3).

For Sr there is faster sorption and slower desorption on Ca-bentonite than on Na-bentonite. Sorption
tests were carried out in three types of groundwater (Table 5-3) with < 1,000 nm Ca-bentonite. After 1 h.
91-98% sorbed and then remained constant.
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Table 5-3. Desorption of Sr from Ca-bentonite under different conditions.

Time (days) Water 1 Water 2  Water 3

10 3.8 0.6 0.1
30 6.8 1.2 0.4
60 10.2 1.8 0.7
90 16.5 2.9 1.1

Table 5-4. Water conditions in the Sr tests.

Water 1 2 3
pH 7.8 8.0 8.0
Ca?* (ppm) 78.2 13.3 <0.01
Na* (ppm) 156 46 <0.01

/Abd El-Rahman et al. 2006/

Sr and presumably also Ra sorb by cationic exchange and are very sensitive to changes in the
surrounding environment. No data were found on Sr and montmorillonite sorption kinetics in
the literature. Rough estimations on rate constants have been performed on data from /Vilks and
Degueldre 1991/.

Rough rate constants derived are:

k»~333h" h'em’g™
k ;~0.03-10° h!

Te(1V)

Tc sorbs strongly by surface complexation under reducing conditions, however uneder oxidizing
conditions the Tc is most probable more mobile. No data were found on Tc(IV) sorption kinetics

in the literature and rough estimations were therefore calculated from sorption data from /Grambow
et al. 2006/. The solid to volume ratio varied in the experiment why two sets of rate constants are
derived with the highest and the lowest solid to volume ratios used in the experiments.

ko~2.5-10° hlem®g! (S/V 0.004 g/1)
k_1~15 h!

ko~1-10*h"'em’g™ (S/V 0.1 g/l)
k 1~0.63 h™!

Cs(l)

No accurate kinetic analysis could be performed since complete sorption data sets are not found in
literature. Rough estimates are performed from Kgy-values and solid to volume ratios.

Kg-value and solid to volume ratio from /Geckeis et al. 2004/.
ko~435 h''em’g™!
k 1~0.05 h!

Desorption of Cs from Febex bentonite has been performed where the Ky4-values increased, which is
interpreted as that the sorption is not completely reversible. Since Cs is sorbed by cation exchange,
an increase in ionic strength will give a decrease of Cs sorbing to the montmorillonite surfaces.

Kg-value and solid to volume ratio (2g/1) from /Missana et al. 2004/.
k>~500 h'em?g™!
k ;~0.06 h™!
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Kg-value and solid to volume ratio from /Grambow et al. 2006/.
k>~2,000 h! h-'em3g™! (S/V 0.5g/1)
k ~6.3 h!

ko~250 h! h-'em3g™ (S/V 4 g/)
k_1N0.8 h!

Zr(1v)
No accurate kinetic analysis could be performed since complete sorption data sets are not found in
literature. Rough estimates are performed from Ky-values and solid to volume ratios.

Kg-value and solid to volume ratio from /Grambow et al. 2006/.
ko~107 hlem®g! (S/V 0.01g/1)
k_1~2 h!

ko~106 hlem’g™ (S/V 0.1g/1)
lq~0.2 h!

Ni(ll)

No accurate kinetic analysis could be performed since complete sorption data sets are not found in
literature. Rough estimates are performed from Kgy-values and solid to volume ratios.

Kg-value and solid to volume ratio from /Grambow et al. 2006/.

k>~2,000 h~'em’g! (S/V 0.5 g/l)
]L]NO.2 h!

ko~250 h'em’g™! (S/V 4 g/l)
k 1~0.025 h™!

U(Iv,vi)

No accurate kinetic analysis could be performed since complete sorption data sets are not found in
literature. Rough estimates are performed from Ky-values and solid to volume ratios.

Kg-value and solid to volume ratio from /Grambow et al. 2006/.

u@av)
ky~3-105 h-lem’g™! (S/V 0.004 g/1)
]L1~17 h!

ko~1-10* h'em’g ! (S/V 0.1g/1)
1L1~0.5 h!

Kg-value and solid to volume ratio (2 g/l) from /Missana et al. 2004/
U(VI)

ko~3 h''lcm’g™!
k 1~0.003 h!

Sn(1v)
No accurate kinetic analysis could be performed since no complete sorption data sets are found in
literature.
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Se

No accurate kinetic analysis could be performed since complete sorption data sets are not found in
literature. Selenium would most plausibly as SeO3? or SeO4* or selenat and the sorption as anion
will be small.

Pd(ll)
No accurate kinetic analysis could be performed since no sorption data sets are found in literature.
Ni(I) can be seen as an analog for Pd(II)

Nb(V)

No accurate kinetic analysis could be performed since no sorption data sets are found in literature.
Pu(V) can be seen as an analog for Nb(V).

Note that these estimated rate constants for the elements are only rough estimates and a very large
uncertainty is attached to these values.
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6 Concluding remarks

This compilation clearly demonstrates that there is a lack of accurate data on RN sorption to colloids
(in particular montmorillonite colloids). It is obvious that the K4-values for RN sorbing to colloids
should be normalized to specific surface area, and not to mass since the number of colloids greatly
differ in a certain mass if the colloids are large or if they are small. A way to get around that would
be to specify exactly which size ranges of colloids were used in the sorption experiments, however
the size distributions are instead often not well defined or very wide. Further, to see if the sorption
actually has reached equilibrium and how fast equilibrium is reached, more precise experiments are
needed as well as desorption experiments as such. Kinetic data are just not available. In spite of the
fact that there are a lot of pitfalls in the way to get these data, colloid sorption has to be looked upon
in a more precise way to really be able to predict how the colloids can affect RN transport in a deep
geological repository.

TR-10-20 39



References

Abd El-Rahman K M, El-Sourougy M R, Abdel-Monem MN, Ismail M I, 2006. Modeling the
Sorption Kinetics of Cesium and Strontium lons on Zeolite A. Journal of Nuclear and Radiochemical
Sciences. 7(2). 21-27.

Allard B, Kipatsi H, Torstenfelt B, 1979. Technetium; Reduction and sorption in granitic bedrock.
Radiochemical Radioana lytical Letters 37. (4-5). 223-230.

Allard B, Andersson K, Torstenfelt B, 1983. Sorption of radionuclides in geological systems. KBS
Technical report TR-83-63.

Baston N M G, Berry M, Brownsword G T, Heath J D, Ilett J D, 1999. The sorption of polonium.
actinium and protactinium onto geological materials. Material Research Society Proceedings. 556.

Bessho K, Degueldre C, 2009. Generation and sedimentation of colloidal bentonite particle s in
water. Applied Clay Science 43. 253-259.

Birgersson M, Borgesson L, Hedstrom M, Karnland O, Nilsson U, 2009. Bentonite erosion.
Final Report. SKB TR-09-34, Svensk Kérnbrénslehantering AB.

Bradbury H M, Baeyens B, 2004. Modeling the sorption of Mn(II), Co(II), Ni(II), Zn(II), Cd(II),
Eu(III), Am(II), Sn(IV), Th(IV), Np(V) and U(VI) on montmorillonite: Linear free energy relation-
ships and estimates of surface binding constants for some selected heavy metals and actinides.
Geochimica et Cosmochimica Acta, 69, 4, 875-892.

Bradbury M H, Baeyens B, 2006. Modeling Sorption Data for the Actinides Am(IIT), Np(V) and
Pa(V) on Montmorillonite. Radiochimica Acta 94, 619-625.

Brown H G, 2002. Glacier meltwater hydrochemistry. Appl. Geochem. 17. 855-883.

Carbol P, Engkvist I, 1997. Compilation of radionuclide sorption coefficients for performance
assessment. SKB R-97-13, Svensk Kérnbrénslehantering AB.

Cheng H, Cvetkovic V, 2009. Evaluation of Colloid Transport Experiments in a Quarried Block.
Material Research Society Symposium Proceedings. 1124.

Degueldre C, Bilewicz A, Hummel W, Loizeu L J, 1994a. Sorption behaviour of Am on marl
groundwater colloids. Journal of Environmental Radioactivity 55. 241-253.

Degueldre C, Ulrich J H, Silby H, 1994b. Sorption of 241-Am onto montmorillonite. illite and
Hematite colloids. Radiochim. Acta 173—-179.

Degueldre C, Pfeiffer R H, Alexander W R, Wernli B, Bruetsch R, 1996. Colloid properties in
granitic groundwater systems. I: Sampling and characterisation. Applied Geochemistry. 11. 677-695.

Degueldre C, Triay I, Kim J I, Vilks P, Laaksoharju M, Miekeley N, 2000. Groundwater colloid
properties: a global approach. Applied Geochemistry 15. 1043—-1051.

Degueldre C, Aeberhad P, Kunze P, Bessho K, 2009. Colloid generation/elimination dynamic
processes: Toward a pseudo equilibrium. Colloid and Surfaces A: Physicochemical and Engineering
Aspects 337. 117-126.

Filby A, Plaschke M, Geckeis H, Fanghéinel Th, 2008. Interaction of latex colloids with mineral
surfaces and Grimsel granodiorite. Journal of Contaminant Hydrology. 102. 273-278.

Garcia Garcia S, Jonsson M, Wold S, 2006. Temperature effect on the stability of colloidal
montmorillonite particles at different pH and ionic strength. Journal of Colloid and Interface
Science. Volume 298. Issue 2. 15 June 2006. Pages 694—705.

Garcia Garcia S, Wold S, Jonsson M, 2007. Kinetic determination of critical coagulation
concentrations for sodium- and calcium-montmorillonite colloids in NaCl and CaCl, aqueous
solutions. Journal of Colloid and Interface Science. 315. (2).694-705.

TR-10-20 41



Garcia Garcia S, Wold S, Jonsson M, 2009a. Effects of temperature on the stability of colloidal
montmorillonite particles at different pH and ionic strength. Applied Clay Science. Volume 43.
Issue 1. January 2009. Pages 21-26.

Garcia Garcia S, Degueldre C, Wold S, Frick S, 2009b. Determining pseudo-equilibrium of
montmorillonite colloids in generation and sedimentation experiments as a function of ionic strength.
cationic form and elevation. Journal of Colloid and Interface Science 335, 54-61.

Garcia Garcia S, 2010. Generation, stability and migration of montmorillonite colloids in aqueous
systems. Ph. D. thesis. Stockholm: Kungliga Tekniska hogskolan. (TRITA-CHE Report 2010:3)

Geckeis H, Schiifer T, Hauser W, Rabung T, Missana T, Degueldre C, Mori A, Eikenberg J,
Fierz Th, and Alexander R W, 2004. Results of the colloid and radionuclide retention experiment
(CRR) at the Grimsel Test Site (GTS). Switzerland — impact of reaction kinetics and speciation on
radionuclide speciation. Radiochimica Acta 92. 765-774.

Grambow B, Fattahi M, Montavon G, Moisan C, Giffaut E, 2006. Sorption of Cs. Ni. Pb.
Eu(IIl). Am(III). Cm. Ac(III) on MX 80 bentonite: An experimental approach to assess model
uncertainty. Radiochimica Acta 94. 627-636.

Hallbeck L, Pedersen K, 2008a. Explorative analyzes of microbes, colloids, and gases together
with microbial modeling. SDM-Site Laxemar. SKB R-08-109, Svensk Karnbrénslehantering AB.

Hallbeck L, Pedersen K, 2008b. Explorative analyzes of microbes, colloids, and gases together
with microbial modeling. SDN-Site Forsmark. SKB R-08-85, Svensk Karnbrianslehantering AB.

Holmboe M, 2009. The Bentonite Barrier: Microstructural Aspects on Colloid Filtration and
Radiation Effects on Bentonite Colloid Stability. Licenciate Thesis in Chemistry. Stockholm.
Royal Institute of Technology.

Holmboe M, Wold S, Jonsson M, Garcia Garcia S, 2009. Effects of y-irradiation on the stability of
colloidal Na+—Montmorillonite dispersions. Applied Clay Science. 43. Issue 1. 86-90.

Iijima K, Shoji Y, Tomura T, 2008. Sorption behaviour of americium onto bentonite colloid.
Radiochimica Acta 96. 721-730.

IUPAC, 1997. Compendium of Chemical Terminology, 2nd ed. (the “Gold Book™). Compiled by
A.D. McNaught and A. Wilkinson. Blackwell Scientific Publications, Oxford (1997).

Jansson M, 2009. Bentonite erosion. Laboratory studies. SKB TR-09-33, Svensk Kérnbrénsle-
hantering AB.

Johnson R P, Sun N, Elimelech M, 1996. Colloid Transport in Geochemically Heterogenous
Porous Media: Modeling and measurements. Environmental Science and Technology. 30.
3284-3293.

Kersting A, Efurd D, Finnegan D, Rokop D, Thompson J, 1999. Migration of plutonium in the
groundwater at the Nevada Test Site. Nature 397. 56-59.

Kurosawa S, Ueta S, 2001. Effects of colloids on radionuclide migration for performance assessment
of HLW disposal in Japan. Pure Applied Chemistry 73. 12. 2027-2037.

Kurosawa S, James C J, You M, Ibaraki M, 2006. Model analysis of the colloid and radionuclide
retardation experiment at the Grimsel Test Site. Colloid and Interface Science 298. 467—475.

Laaksoharju M, Wold S, 2005. The colloid investigations conducted at the Aspd Hard Rock
Laboratory during 2000-2004. SKB TR-05-20, Svensk Karnbrénslehantering AB.

Liu J, Neretnieks I, 2006. Physical and chemical stability of the bentonite buffer. SKB R-06-103,
Svensk Karnbranslehantering AB.

Lu N, Triay R I, Cotter R C, Kitten D H, Bentley J, 1998. Reversibililty of Sorption of
Plutonium-239 onto Colloids of Hematite. Goethite. Smectite and Silica. LA-UR-09-3057.

Lu N, Reimus W P, Parker R G, Conca LJ, Triay R I, 2003. Sorption kinetics and impact
of temperature. ionic strength and colloid concentration on the adsorption of plutonium-239 by
inorganic colloids. Radiochimica Acta 91. 713-720.

42 TR-10-20


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V8Y-4T262YH-2&_user=4478132&_coverDate=01%2F31%2F2009&_alid=926555477&_rdoc=2&_fmt=high&_orig=search&_cdi=5883&_sort=d&_docanchor=&view=c&_ct=7&_acct=C000034958&_version=1&_urlVersion=0&_userid=4478132&md5=0c423ea4d203972187a72738a58b86b2
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V8Y-4T262YH-2&_user=4478132&_coverDate=01%2F31%2F2009&_alid=926555477&_rdoc=2&_fmt=high&_orig=search&_cdi=5883&_sort=d&_docanchor=&view=c&_ct=7&_acct=C000034958&_version=1&_urlVersion=0&_userid=4478132&md5=0c423ea4d203972187a72738a58b86b2
http://www.skb.se/ppw/document.asp?ppwAutnRef=PUB-1213236&id=3663&prevUrl=%2Fppw%2Fsearch%2Easp%3FppwSearchAction%3Dsearch%26ppwSearchMode%3Dsimple%26ppwSearchText%3DWold%250D%250A%26id%3D3663%26ppwStart%3D0
http://www.skb.se/ppw/document.asp?ppwAutnRef=PUB-1213236&id=3663&prevUrl=%2Fppw%2Fsearch%2Easp%3FppwSearchAction%3Dsearch%26ppwSearchMode%3Dsimple%26ppwSearchText%3DWold%250D%250A%26id%3D3663%26ppwStart%3D0
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V8Y-4SX9FV3-1&_user=4478132&_coverDate=01%2F31%2F2009&_alid=926555477&_rdoc=3&_fmt=high&_orig=search&_cdi=5883&_sort=d&_docanchor=&view=c&_ct=7&_acct=C000034958&_version=1&_urlVersion=0&_userid=4478132&md5=e5402db67c3766f60586b5d28941dfbe
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V8Y-4SX9FV3-1&_user=4478132&_coverDate=01%2F31%2F2009&_alid=926555477&_rdoc=3&_fmt=high&_orig=search&_cdi=5883&_sort=d&_docanchor=&view=c&_ct=7&_acct=C000034958&_version=1&_urlVersion=0&_userid=4478132&md5=e5402db67c3766f60586b5d28941dfbe
http://www.skb.se/ppw/document.asp?ppwAutnRef=PUB-1213236&id=3663&prevUrl=%2Fppw%2Fsearch%2Easp%3FppwSearchAction%3Dsearch%26ppwSearchMode%3Dsimple%26ppwSearchText%3DWold%250D%250A%26id%3D3663%26ppwStart%3D0
http://www.skb.se/ppw/document.asp?ppwAutnRef=PUB-1213236&id=3663&prevUrl=%2Fppw%2Fsearch%2Easp%3FppwSearchAction%3Dsearch%26ppwSearchMode%3Dsimple%26ppwSearchText%3DWold%250D%250A%26id%3D3663%26ppwStart%3D0

Missana T, Alonso U, Turrero J M, 2003. Generation and stability of bentonite colloids at the
bentonite/granite interface of a deep geological radioactive waste repository. Journal of Contaminant
Hydrology 61. 17-31.

Missana T, Garcia-Gutiérrez M, Alonso U, 2004. Kinetics and irreversibility of cesium and
uranium sorption onto bentonite colloids in a deep granitic environment. Applied Clay Science 26.
137-150.

Missana T, Alonso U, Garcia-Gutiérrez M, Mingarro Manuel, 2008. Role of bentonite colloids
on europium and plutonium migration in a granite fracture. Applied Geochemistry 23. 1487-1497.

Nagasaki S, Tanaka S, Suzuki A, 1999. Sorption of neptunium on bentonite and its migration in
geosphere. Colloids and Surfaces. A: Physicochemical and Engineering aspects 155. 137-143.

Nilsson A C, Degueldre C, 2007. Forsmark site investigation Granitic groundwater colloids
sampling and characterisation. SKB P-07-169, Svensk Kérnbrinslehantering AB.

Nilsson A C, Hedqvist I, Degueldre C, 2008. Granitic groundwater colloids sampling and
characterisation: the strategy for artefact elimination. Analytical and Bioanalytical Chemistry 391,
2008, 1327-1333.

Ochs M, Davis A J, Olin M, Payne E T, Tweed J C, Askariech M M, Altmann S, 2006. Use of
thermodynamic sorption models to derive radionuclide K4-values for performance assessment:
selected results and recommendations of the NEA sorption project. Radiochim. Acta 94. 779-785.

Plaschke M, Schiifer T, Bundshuh T, Manh Ngo, Knopp R, Geckeis H, Kim I J, 2001. Size char-
acterization of bentonite colloids by different methods. Analytical Chemistry. 73. (17). 4338-4837.

Rabung Th, Pierret C M, Bauer A, Geckeis H, Bradbury H M, Baeyens B, 2005. Sorption of
Eu(III)/Cm(III) on Ca-montmorillonite and Na-illite. Part 1. Batch sorption and time resolved laser
flouroscence spectroscopy experiments. Geochimica et Cosmochimica Acta 69 (23). 5933-5402.

Runde W, Conradson S D, Efurd D W, Lu N, VanPelt C E, Tait C D, 2002. Solubility and
sorption of redox-sensitive radionuclides (Np. Pu) in J-13 water from the Yucca Mountain Site:
comparison between experiment and theory. Applied Geochemistry 17. 837-853.

Ryan N J, Elimelech M, 1996. Colloid mobilization and transport in groundwater. Colloids and
Surfaces A: Physicochemical and Engineering Aspects. 107. 1-56.

SKB, 2007. Langsiktig sikerhet for slutférvar for anvént karnbrinsle vid Forsmark och Laxemar —
en forsta véardering. Forenklad svensk sammanfattning av sékerhetsanalysen SR-Can. SKB R-07-24,
Svensk Karnbrianslehantering AB.

Vilks P, Degueldre C, 1991. Sorption behavior of 85Sr. 1311 and 137Cs on colloids and suspended
particles from the Grimsel Test Site. Applied Geochemistry 76. 553-563.

Vilks P, Baik M-H, 2001. Laboratory migration experiments with radionuclides and natural colloids
in a granite fracture. Journal of Contaminant Hydrology 47. 197-210.

Vilks P, Miller N H, Vorauer A, 2008. Laboratory bentonite colloid migration experiments to
support the Aspd Colloid Project. Physics and Chemistry of the Earth parts A/B/C. 33. 14-16.
1035-1041.

Vilks P, Miller N H, 2009. Laboratory bentonite erosion experiments in a synthetic and a natural
fracture. NWMO TR-2009-36, Nuclear Waste management Organization.

Xu D, Ning L Q, Zhou X, Chen C L, Tan L X, Wu D A, Wang X, 2005. Sorption and desorption
of Eu(III) on alumina. Journal of Radioanalytical and Nuclear Chemistry. 266(3). 419-424.

Zvikelsky O, Weisbrod N, Dody A, 2008. A comparison of clay colloid and artificial microsphere
transport in natural discrete fractures. Journal of Colloid and Interface Science. 323. 286-292.

TR-10-20 43


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6X1W-4SPC0RC-2&_user=4478132&_coverDate=12%2F31%2F2008&_alid=926565781&_rdoc=1&_fmt=high&_orig=search&_cdi=7253&_sort=d&_docanchor=&view=c&_ct=12&_acct=C000034958&_version=1&_urlVersion=0&_userid=4478132&md5=705ebc6339f25efb39e4000146848dab
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6X1W-4SPC0RC-2&_user=4478132&_coverDate=12%2F31%2F2008&_alid=926565781&_rdoc=1&_fmt=high&_orig=search&_cdi=7253&_sort=d&_docanchor=&view=c&_ct=12&_acct=C000034958&_version=1&_urlVersion=0&_userid=4478132&md5=705ebc6339f25efb39e4000146848dab

ISSN 1404-0344

CM Gruppen AB, Bromma, 2010



	Summary
	Contents
	1	Background
	2	Colloid transport
	2.1	Conditions to be fulfilled
	2.1.1	Colloid stability – Removal of colloids from solution by aggregation followed by sedimentation
	2.1.2	Interactions between fracture and colloid – Removal of colloids from solution by physical filtration or attachment to fracture surfaces
	2.1.3	Measurements of colloids in natural waters


	3	Colloids at the Laxemar and Forsmark sites
	3.1	Background colloid concentrations
	3.2	Colloid stability – Groundwater conditions
	3.3	Colloid characteristics
	3.4	Conditions for colloid transport at present
	3.5	Conditions for colloid transport with time
	3.5.1	Expected montmorillonite colloid concentrations outside the bentonite buffer in the glacial scenario


	4	Sorption of the prioritized elements montmorillonite colloids
	4.1	Definition and restrictions in Kd-values
	4.2	Prioritized elements
	4.3	Chemical characteristics of the prioritized elements
	4.4	Kd-values for the prioritized elements

	5	Sorption kinetics data from the literature 
	6	Concluding remarks 
	References



