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LE RÔLE DES COLLOÏDES ET DES PARTICULES EN SUSPENSION DANS LA
MIGRATION DES RADIONUCLÉIDES DU POINT DE VUE DU CONCEPT CANADIEN
DE STOCKAGE PERMANENT DES DÉCHETS DE COMBUSTIBLE NUCLÉAIRE

par

EACL Recherche développe un concept de stockage permanent des déchets de
combustible nucléaire dans une enceinte ouvragée construite à grande profondeur dans la roche plutonique du Bouclier canadien et réalise une Etude
d'impact sur l'environnement (EIE) pour documenter ses arguments en faveur
de l'acceptabilité du concept de stockage permanent. Ce rapport, dans
lequel on examine le rôle des particules dans la migration des radionucléides, fait partie d'une série de documents de soutien de l'EIE. Il
résume nos études intéressant les particules naturelles des eaux souterraines et présente les arguments servant à justifier l'omission de la
migration facilitée par les particules, dans le modèle de géosphère, basé
sur l'Aire de Recherches de Whiteshell (ARW) et appliqué pour l'étude de
cas de l'évaluation de post-fermeture.
Comme les radionuclides qui se forment dans l'enceinte ne pourront pas
migrer à travers lé tampon d'argile, la formation de radiocolloïdes dans la
géosphère sera déterminée par la sorption des radionucléides sur des particules des eaux souterraines. Ces particules sont composées de minéraux
typiques de revêtement de fractures comme les argiles, les micas et les
quartz et de particules précipitées, comme la silice colloïdale et les
oxyhydroxides de Fe-Si et les particules organiques. Dans les eaux souterraines de l'ARV, les concentrations moyennes de colloïdes et de particules
en suspension s'élèvent respectivement à 0,34 et 1,4 mg/L. Le modèle ne
comporte pas la migration facilitée par les particules parce que les concentrations de particules des eaux souterraines de l'ARW sont trop faibles
pour avoir un effet important sur la migration des radionucléides.
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by
Peter Vilks
ABSTRACT
AECL Research is developing a concept for the permanent disposal of nuclear
fuel waste in a deep engineered vault in plutonic rock of the Canadian
Shield and is preparing an Environmental Impact Statement (EIS) to document
its case for the acceptability of the disposal concept. This report, one
in a series of supporting documents for the EIS, addresses the role of
particles in radionuclide transport It summarizes our studies of natural
particles in groundvater and presents the arguments used to justify the
omission of particle-facilitated transport in the geosphere model that is
based on the Vhiteshell Research Area (VRA) and used in the postclosure
assessment study case.
Because radiocolloids formed in the vault will not be able to migrate
through the clay buffer, radiocolloid formation in the geosphere vill be
determined by the sorption of radionuclides onto particles in groundwater.
These particles consist of typical fracture-lining minerals, such as clays,
micas and quartz; precipitated particles, such as colloidal silica and
Fe-Si oxyhydroxides; and organic particles. In groundwater from the WRA,
the average concentrations of colloids and suspended particles are 0.34 and
1.4 mg/L respectively. Particle-facilitated transport is not included in
the geosphere model because the concentrations of particles in groundwater
from the WRA are too low to have a significant impact on radionuclide
transport.
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1.

1.1

INTRODUCTION

THE NUCLEAR FUEL VASTE MANAGEMENT PROGRAM

In 1978, the governments of Canada and Ontario established the Nuclear Fuel
Vaste Management Program (NFVMP) to ensure the safe and permanent disposal
of nuclear fuel vaste. AECL Research vas made responsible for researching
and developing the concept of deep underground disposal of nuclear fuel
vaste in plutonic rock of the Canadian Shield (Hancox et al. 1986, Dormuth
and Nuttall 1987). The disposal concept is based on a multibarrier system,
consisting of the natural barrier provided by the host rock supplemented by
a series of engineered barriers. The engineered barriers include the
nuclear fuel vaste itself, corrosion-resistant containers for the fuel
vaste, and sealing materials emplaced around the containers and in the
rooms, tunnels and shafts of the disposal facility. The engineered
barriers vill not last indefinitely because the containers vill eventually
corrode, and groundvater vill slovly dissolve the nuclear fuel vaste. The
NFWMP has focused mainly on the disposal of nuclear fuel vaste that is in
the form of used fuel. The sealing material surrounding the used-fuel
containers vould retard the migration of dissolved radionuclides, but
eventually the radionuclides vould diffuse to the geosphere, the main
natural barrier to migration. The geosphere is considered to be a very
important barrier because of the long distance through it to the biosphere
(500 to 1000 m), and because hydrodynamic dispersion, matrix diffusion and
sorption onto fracture surfaces in the geosphere vould retard radionuclide
migration.
In 1981, the governments of Canada and Ontario announced that "no disposal
site selection vill be undertaken until after the concept has been
accepted" (Minister of Energy, Mines and Resources, Canada and Minister of
Energy, Ontario 1981). An Environmental Assessment Panel vas appointed by
the Minister of the Environment in 1989 to reviev the acceptability of the
disposal concept (Minister of the Environment, Canada 1989). After
consulting vith the public in a series of scoping meetings, the Panel
issued guidelines to identify the information that AECL, the proponent of
the disposal concept, should provide for the reviev (Federal Environmental
Assessment Reviev Panel 1992).
AECL is preparing an Environmental Impact Statement (EIS) to provide the
information required by the Panel and to present its case for the acceptability of the disposal concept. This report is one in a series of documents that supports the concept and the case study presented in the EIS to
demonstrate the application of the assessment methodologies.
To evaluate the acceptability of the disposal concept, it is necessary to
predict both the concentrations of radionuclides and other chemical species
that vould be released to the environment and the resulting impacts on
humans and other biota. Because the long-term impacts cannot be measured
directly, they must be predicted vith the help of assessment models. The
SYsterns Variability Analysis Code (SYVAC) has been developed for carrying
out probabilistic postclosure assessments (Dormuth and Sherman 1981). This
computer code traces the migration of radionuclides from the vault to the
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biosphere using coupled, but distinct, vault, geosphere and biosphere
models.
Instead of using a generic geosphere model for the Canadian Shield, a more
realistic model was developed and tested for a specific site within the
Canadian Shield. The geosphere model in the EIS postclosure assessment
case study is based on studies of the geology and groundwater flow in the
Whiteshell Research Area (WRA), located in southern Manitoba (Davison et
al. 1994), and on an understanding of the important geochemical processes
affecting radionuclide transport in granite rock. The transport of radionuclides through natural groundwater systems is based on a model of groundwater flow.wherein radionuclides are partitioned between a mobile fluid
phase and an immobile solid phase (Freeze and Cherry 1979). On this basis,
one would expect that elements whose concentrations in the fluid phase are
very low because they have low solubilities, or because they are strongly
sorbed by mineral surfaces, would be partitioned mainly into the immobile
phase. Because only a very small fraction of these elements is in the
mobile phase, the migration of these elements would be so slow that they
could be considered to be essentially immobile (Freeze and Cherry 1979).
However, if radionuclides precipitated or sorbed onto solid particles, such
as colloids, that could move with groundwater, then the mobility of insoluble radionuclides would be enhanced. There is concern that particle
transport in the subsurface could occur and might affect the rates of
contaminant migration in some cases (Vilks and Drew 1986, Neretnieks 1978,
Kim et al, 1984, Airey 1983, McDowell-Boyer et al. 1986, Champlin and
Eichholz 1968, Penrose et al. 1990).
The objective of this report is to describe the research that has been
carried out by AECL to justify the omission of colloid-facilitated transport in the EIS case study. This report addresses the impact of colloid
formation within both the vault and the geosphere. The conclusions reached
are derived from the literature and the data from colloid studies carried
out by AECL.
Chapter 2 reviews the potential for radiocolloid formation in the conceptual vault and geosphere and describes why the impact of colloidfacilitated transport would depend on radiocolloid formation in the
geosphere. Chapter 3 describes the research carried out to characterize
natural particles in groundwater. The present understanding of radionuclide sorption onto colloids is reviewed in Chapter 4, and the important
aspects of particle migration are reviewed in Chapter 5. Chapter 6 uses
the conclusions from the previous sections to evaluate the impact of
colloids on radionuclide transport in the geosphere and to present the
justifications for omitting colloid-facilitated transport in the postclosure assessuent case study based on the WRA.
1.2

COLLOIDS AND SUSPENDED PARTICLES

The objective of AECL's colloid program has been to evaluate the role of
particles in contaminant transport. A colloid is an inorganic or organic
particle, with a diameter between 1 nm and 1 /im, small enough to be kept in
suspension by Brownian motion. Particles larger than colloids are subject
to sedimentation and require water turbulence to stay in suspension. The
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distinction betveen these suspended particles and colloids is rather
arbitrary and the terms are used inconsistently in the literature.
Thomas Graham, who lived from 1805-1869 (Ross and Morrison 1988), coined
the word colloid for particles having dimensions between 1 nm and 1 /xm.
The word originates from the Greek words Kolla, meaning glue, and eidos,
meaning resemblance. According to the International Union of Pure and
Applied Chemistry (IUPAC) convention, colloidal particles are defined as
particles having one dimension smaller than 1 jum. In natural waters, the
upper-size range of colloids has been considered to be as high as 10 urn.
Particles smaller than 10 /id will remain in suspension because their
terminal gravitational settling velocity will be less than about
10-2 cm.s'1 (Stumm and Morgan 1981). In the geochemical literature,
0.45 iim has been considered as the cutoff between suspended particles and
dissolved substances; colloids are treated as dissolved substances. In
this report, we have defined the boundary between colloids and suspended
particles as 0.45 /xm, to be compatible with the definition of suspended
particles in the geochemical literature.
The lower colloid size limit of 1 to 10 nm, also arbitrary, is often based
on the nominal size limit of the ultrafilter membrane used to isolate the
colloids. The cutoff sizes of ultrafilters are usually given as nominal
molecular weight limit (NMUL) instead of being given in nanometres because
these membranes are calibrated with organic macromolecules. The relationship between NMWL and particle size in nanometres is approximate. A
10 000 NMWL corresponds to a size of approximately 1 nm, whereas a
100 000 NMWL is about 10 nm. With decreasing particle size, the diffusion
properties of small colloids and macromolecules become similar to the
properties of dissolved species.
Although most of the literature on particle-facilitated transport has
focused on colloidal particles, field studies carried out as part of AECL's
program have indicated that suspended particles as large as 20 fan could be
mobilized in the subsurface. Therefore, the effect of suspended particles
on radionuclide transport is also considered. The definition of suspended
particles (>0.45 /im), used in this study, conveniently includes all those
particles excluded from most geochemical studies of groundwater-dissolved
compositions. The particles defined as colloids in this study, i.e., size
range 1 nm to 0.45 jtra, would generally be reported as dissolved species in
the classical literature on groundwater chemistry. Therefore, although the
concentrations of contaminants associated with colloids are included in
measurements of groundwater composition, no consideration is given to the
differences in the migration properties of dissolved and colloidal contaminants in most studies of groundwater chemistry.
A key step in particle-facilitated transport of contaminants is the formation of particles containing the contaminants of interest. Because radionuclides are the main contaminants of interest in the NFWMP, one of the
main objectives of this colloid program has been to evaluate the potential
for the formation of particles containing radionuclides. The term radiocolloid is used to refer to a particle containing a radioactive isotope.
If a radionuclide precipitates as a solid particle in the colloid size
range, the product is referred to as a true or real radiocolloid. If a
radionuclide has sorbed onto an existing colloid or coprecipitated with
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another colloidal material, the product has been called a pseudocolloid or
a pseudoradiocolloid. In modelling radionuclide transport, the distinction
between true radiocolloids and pseudoradiocolloids has implications for
both the mechanism of radiocolloid formation and for colloid migration
properties. True radiocolloid formation will only occur if the solubility
of the radionuclide has been exceeded, with respect to the solid phase
forming the colloid. Pseudoradiocolloid formation is determined by the
presence or formation of colloids that sorb radionuclides. In particle
transport, the surface charge on particles plays an important role in
determining both colloid stability and whether colloids will sorb to
fracture surfaces. Surface charge is determined by the composition and the
crystal structure of the particle. The surface properties of a true radiocolloid are determined by the chemistry of the radionuclide, whereas the
surface properties of the pseudoradiocolloid are determined by the host
colloid that has sorbed the radionuclide. Therefore, for a given radionuclide, its'true radiocolloid may have different migration properties from a
pseudoradiocolloid.
2.

RADIOCOLLOID FORMATION AND POTENTIAL IMPACT

This chapter is a literature review to assess the potential for the type of
radiocolloid formation that may be relevant to the NFtfMP. It includes a
review of radiocolloid formation from actinide elements, which would be
immobile unless colloids were able to enhance their transport. Radiocolloid formation in the vault is discussed, and the requirements for
assessing colloid transport in the geosphere are outlined.
2.1

ACTINIDE RADIOCOLLOID FORMATION

Actinide elements in used fuel have been of particular interest with
respect to radiocolloid formation because certain of their long-lived
isotopes pose a potential risk to man. Because most actinides have low
solubilities and are strongly sorbed by the buffer material (the reference
buffer in the NPWMP is a mixture of bentonite-clay and sand) and the geosphere, they are expected to have very long travel times to the biosphere
and are not expected to pose a radiological risk to man. However, if
actinides formed colloids that could migrate through the geosphere in the
groundwater, their travel time to the biosphere could be shortened.
A great deal of the previous research on actinide colloid formation has
focused on relatively concentrated solutions at low pH for application in
fuel reprocessing studies. The actinide that has received the most attention is Pu. However, there are relatively few studies reporting actinide
trace colloid formation in solutions having very low actinide concentrations (less than 10 nmol/L). Trace colloid formation is more relevant to
the NFWMP because, in the pH range of natural groundwaters, actinide solubility will not exceed /imol/L levels. A large portion of the work on trace
colloid formation is found in East European scientific literature, reviewed
by Kepak (1971, 1981) and Benes and Majer (1980). Other work has been
carried out in Sweden (Olofsson et al. 1982a,b; 1983) and Japan (Ichikawa
1975).
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The formation of trace Th colloids, which may have been true colloids,
from pH 5 to 10 has been reported (Kepak 1971, 1981; Benes and Majer 1980).
The formation of pseudo and true U(IV) colloids in the pH range from 3 to
11 vas also summarized by these authors for solutions vith U concentrations
between 0.1 and 10 nmoI/L. True colloid formation of U(VI) between pH 4
and 8 was observed in solutions containing 0.01 to 100 nmol/L U (Olofsson
et al. 1983). Pseudocolloid formation by U sorption on silica colloids was
reported for 400 nmol/L U(IV) solutions by Davydov and Efrenmenkov (1973).
Mixed U(IV) and U(VI) colloids of hydrated uranium oxide have been formed
by reducing U(VI) with sodium sulfide (Ho and Miller 1986). Very little
colloid formation was observed in Np(V) solutions, with concentrations
ranging from 1 to 100 nmol/L of Np (Olofsson et al. 1983), although some Np
colloid formation was observed when the salt concentration was increased
from 0.01 to 1 mol/L NaCl04 at pH values above 6. Neptunium(V,VI) solutions in groundwater may have formed pseudocolloids by sorpVion onto silica
in groundwater (Thomason et al. 1984). A lot of work has been done on the
existence and formation of Pu colloids, mainly in the IV oxidation state.
At Pu concentrations in the range from 10 nmol/L to 1 /imol/L, Pu colloid
formation has been reported over a wide pH range between 3 and 12 (Kim et
al. 1984; Airey 1983; Champlin and Eichholtz 1968; Kepak 1971, 1981; Benes
and Majer 1980; Olofsson et al. 1982a,b). Americium(III) colloid formation
(Kepak 1971, Olofsson et al. 1983) has been observed between pH 5 and 12 in
solutions with Am concentrations ranging from 0.01 to 100 nmol/L.
Some aspects of actinide radiocolloid formation are evident from the literature cited in the previous paragraph. Colloid formation generally occurs
in the pH range from 6 to 8; for Pu(IV) and Am(III), colloid formation
persists at pH around 12. This relationship with pH is analogous to the
effect of pH on precipitation or sorption, which often increase in the mid
pH range. The rate of detectable colloid formation also increases with
ionic strength. For example, at an ionic strength of 1.0, Am colloid
formation was much faster than at an ionic strength of 0.01 (Olofsson et
al. 1983).
2.2

RADIOCOLLOID FORMATION IN A VAULT

Since the nuclear fuel waste in a disposal vault would be the source of
radionuclides, it might also be a point of origin for radiocolloids. The
conceptual vault near-field includes the waste form, the waste container,
the clay-based buffer, and the backfill materials used to seal the vault
after the waste has been emplaced. In the reference vault design
considered in the NFWMP, used-fuel bundles are placed in titanium
containers with 1-mm glass beads packed in the remaining volume to internally support the container against the hydrostatic pressure in the vault.
Each container is placed in a borehole in the floor of the vault and separated from the crystalline rock by a 25-cm-thick layer of compacted buffer
material—a 1:1 mixture (by dry mass) of bentonite clay and silica sand. A
thin layer of sand separates the titanium container from the clay.
Some evidence of colloid formation has been noted during studies of usedfuel leachng: the leaching of used CANDU* fuel by deionized water released
CANDU (CANada Deuterium Uranium) is a registered trademark of AECL.
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241

Am and 244Cm colloids in the 80- to 220-nm size range (S. StroesGascoyne, unpublished data 1984); Am colloids were formed during the
leaching of pressurized-water reactor (PWR) fuels by a reference tuff
repository groundwater (Wilson and Overby 1985).
In other countries, efforts to study radiocolloid formation from vaste
forms have concentrated on colloid formation caused by the leaching of
vitrified reprocessing vaste by vater. Although colloids generated from a
glass vaste form should be different from particles released from used
fuel, both vaste forms represent a relatively concentrated source of radionuclides and, therefore, provide an increased potential for true radiocolloid formation compared vith the geosphere. In experiments vith a synthetic groundvater and a brine solution floving through a column of crushed
borosilicate glass containing Np, Pu and Am, both Pu and Am colloids, vith
a broad size range, were observed (Âvogadro et al. 1980, Bidoglio et al.
1984). Negligib3.e colloid formation vas observed vith Np. Other studies
of glass leaching have also reported actinide colloid formation (Nash et
al. 1982, Bonniaud et al. 1980).
Possible mechanisms of radiocolloid formation during waste-form leaching
include
1.

non-uniform etching of the vaste-form surface, causing the
release of unaltered vaste-form particles;

2.

the sorption of radionuclides released from the vaste form onto
groundvater colloids and other colloids formed near the vaste;

3.

the formation of a surface alteration layer on the vaste form
that may.liberate pseudoradiocolloids; or

4.

the precipitation of true radiocolloids from solution.

In the case of glass vaste forms, the formation of surface alteration
layers may play a role in colloid formation. Because the concentrations of
Np, Pu and Am in particles leached from borosilicate glass (Âvogadro et al.
1980) vere different from the original glass, it vas suggested that these
particles came from an alteration product of the glass. Surface analysis
of leached glass indicates the formation of surface alteration zones,
(Malov 1982, Pickering and Walker 1982, Lanza and Parnisari 1981), vhich
may be enriched in Am, Np, Pu and U. Since these alteration zones may
produce loosely attached particles, these surface layers could release
pseudoradiocolloids. There is no evidence for the precipitation of true
radiocolloids during the leaching of glass vaste forms.
Because used-fuel contains a relatively high concentration of U and other
radionuclides, under certain conditions, the radionuclide concentration in
groundvater in close contact vith the fuel may be high enough to precipitate true radiocolloids. However, for this to happen there must be a
mechanism for releasing concentrated levels of radionuclides to solution
and a mechanism for causing radionuclides to precipitate. For example, if
radiolysis oxidizes U(IV) at the surface of the used fuel to the more
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soluble U(VI), uraniuE will dissolve. As the U(VI) diffuses away from the
surface of the used fuel, the U(VI) vill encounter core reducing conditions
and become reduced to U(IV). Since U(IV) is very insoluble, U colloids
will precipitate, as demonstrated by Ho and Miller (1986). If the U that
diffuses away from the fuel does not encounter more reducing conditions or
a change in pH leading to reduced solubility, it is unlikely that true
radiocolloids will precipitate.
In addition to their formation by precipitation, radiocolloids may be
formed by'the release of particles from the used-fuel surface. Preferential dissolution along used-fuel grain boundaries may lead to the release
of U02 particles. The mechanism of particle formation from used fuel will
be determined by the dissolution behaviour of the fuel, which depends upon
the composition and redox conditions of groundwater (Stroes-Gascoyne et al.
1989, Johnson et al. 1988, Tait et al. 1991).
Radionuclides may also be sorbed by colloids generated by the corrosion of
the titanium container for the used fuel. For example, the TiOJ generated
within a corrosion crevice, where the pH may be less than 2, will precipitate TiOj-HjO when it diffuses out of the crevice and encounters normal
groundwater pH (Ikeda et al. 1989). This hydrated titanium oxide could
form colloids that sorb radionuclides.
The thermal evolution of the vault after closure might also play a role in
colloid formation. After emplacement of fuel waste in the vault, heat from
radioactive decay would cause the temperature at the skin of the titanium
containers to increase to about 100°C after 30 a, and a thermal gradient
might surround the vault for about 10 000 a (Baumgartner et al., in preparation). If groundwater penetrated the waste container while the temperature was elevated, the solubility of various components in the waste
package might be higher than at temperatures found in normal groundwater.
As the radioactivity decayed with time, the vault temperature would
decrease, and certain elements in solution might precipitate and form
colloids that adsorb radionuclides. For example, silica colloids, formed
during the cooling of waters that have leached glass at 50 to 70°C
(Thomason et al. 1982), could sorb radionuclides leached from the waste
form. After the first 30 a following emplacement of the used fuel,
temperature differences as high as 20°C may occur within a A-m radius of a
container's centre (Baumgartner et al., in preparation). As elements
migrate down this thermal gradient, colloid precipitation could occur in
the geosphere close to the vault.
The clay buffer surrounding the containers would sorb, to some degree, most
radionuclides leached from thé waste form. If clay particles were released
from the buffer to groundwater contacting the buffer, these particles could
become mobile radiocolloids.
Bentonite has been shown to release clay
particles to distilled water (LeBel 1978). However, as the concentration
of calcium chloride in the contacting solution is raised to 1 mol/L, the
release of clay particles becomes negligible. Saline groundwaters
(0.1 mol/L NaCl) found at depths greater than 300 m at the WRA may also
contain too much salt to mobilize significant amounts of colloids from the
buffer.
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If radiocolloids formed in the vault can migrate, they could enhance radionuclide nigration and contribute to the radionuclide flux to the geosphere.
However, within the vault, there are a number of barriers to colloid transport. At the compaction densities specified for the reference buffer
(bentonite clay and silica sand), groundwater flow through the vault is
expected to be negligible, and colloids would migrate by diffusion and not
advection. Given that the rate of diffusion is inversely related to molecular or particle size, the migration of colloidal particles by diffusion
would be 1 to 3 orders of magnitude slower than for dissolved radionuclides. Unless the pore spaces between the glass beads in the reference
container design became cemented by silica, the beads would act as a porous
media filter to retard the migration of colloids formed near the fuel
elements. The container itself could also be a very effective barrier to
colloid migration, allowing colloids to escape only through small penetrations caused by corrosion. Colloids that did escape from the container
would have to pass through a layer of sand, and then a layer of compacted
buffer that has a very low permeability. Unless compacted clay is
fractured, colloid migration through it is negligible (Neretnieks 1978,
Eriksen and Jacobsson 1984, Nowak 1983). The fuel containers and buffer
would be emplaced in sections of granite containing minimal amounts of open
fractures. To reach an open fracture where migration could occur by advection, colloids released from the buffer would have to diffuse through the
microfractures found in unfractured granite. Experiments with latex
spheres have shown that colloids are not likely to diffuse through unfractured granite (Bradbury and Green 1985).
In summary, radiocolloids could form within the container and the nearfield of the disposal vault by a number of potential mechanisms. The rate
of radiocolloid production is not known and the exact mechanism(s) of
colloid formation have not been experimentally identified. However,
because the hydraulic conductivity of the buffer is expected to be very low
and because the containers would be emplaced away from open fractures in
the granite, any colloids formed within the container or the buffer are
unlikely to migrate to the geosphere. Therefore, radiocolloids formed
within the near-field regime are expected to be physically contained and
would not significantly contribute to radionuclide transport in the geosphere. Consequently, the main emphasis of AECL's colloid program has been
to evaluate the potential for colloid formation and transport within the
geosphere.
2.3

RADIOCOLLOID FORMATION IN THE GEOSPHERE

It is unlikely that true radiocolloids would form in the geosphere because
the concentration of dissolved radionuclides entering the geosphere would
be limited by solubility constraints determined by the groundwater chemistry in the near-field.. Moreover, the radionuclide concentrations in
waters migrating from the vault to the geosphere would be further reduced
by sorption onto the clay buffer. A spatial variation in pH or Eh could
induce precipitation in the geosphere; however, as the solubility limit is
approached, sorption reactions are likely to reduce radionuclide concentrations in water, because of the large rock surface area available for sorption, and to prevent the precipitation of a true radiocolloid precipitate.
The most probable mechanism of radiocolloid formation in the geosphere is
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by the sorption of dissolved radionuclides in groundwater onto natural
groundvater colloids.
To predict the effect of colloids on radionuclide transport in the geosphere, it is necessary to first determine the extent of radiocolloid formation, and then establish whether or not groundvater particles are mobile
to any significant extent. Since colloid migration is discussed in
Chapter 5, this section deals.with the information required for predicting
radiocolloid formation in the geosphere. To calculate the amount of radionuclides sorbed onto particles in groundwater, information on the composition and concentration of colloids and suspended particles in groundwater
is required. Particle size distribution is also needed because size
affects particle mobility. Finally, one needs to characterize the magnitude and reversibility of radionuclide sorption onto colloidal material.
Previously, natural colloids.in groundwater have received very little
attention in-the literature; however, some information is now becoming
available. Finnsjon groundvater in Sweden vas found to have a colloid
concentration of 0.6 ng/L, with the largest particles having a 600-nm
diameter (Neretnieks 1978). Groundwater from a continuously flowing
fracture"in a granite-granodiorite at the Grimsel Test Site, Switzerland,
contained 1010 particles per litre of colloids in the 40- to 1000-nm size
range (Degueldre et al. 1987, 1989). When expressed in terms of mass, the
concentrations of colloids (10 to 450 nm) and suspended particles (>450 nm)
in this water ranged.from 20 to 50 /ig/L and from
50 to 100 ng/L respectively (Vilks and Degueldre 1991). These particles
consisted of organics, aluminosilicates and spherical silica. In an extensive study of Naberlek uranium mine groundwater in Australia, Airey (1983)
showed that particulate matter (>450 nm) consisted of quartz, kaolinite,
muscovite, smectite, chlorite, vermiculite and iron oxide. About 0.8% of
the total U in solution was attached to colloids, whereas 0.22 to 5.7% of
the Th was associated with colloids. The Am and Th tended to concentrate
in the iron-rich phases. The existence of Cs-cpntaining particles was
postulated in groundwater that was leaching waste glass stored at a shallow
depth at the Chalk River Laboratories, Ontario (Walton and Merritt 1980).
Particles >400 nm were found to affect the migration of Cs, Co, Zr, Ru, Sb,
Ce and Eu in groundwaters in the vicinity of a waste plume near Chalk River
(Champ and Robertson 1985). Bacteria were believed to play a role in this
colloid transport. The presence of Pu colloids, of less than 50 nm, was
reported in groundwaters in Kentucky and Idaho (Rees and Cleveland 1982).
In the Nevada test site, significant amounts of radionuclides, resulting
from underground bomb tests, were found to be associated with colloids
ranging in size from 6 to 450 nm (Buddemeier and Hunt 1988). In Mortland
Canyon, within the site of Los Alamos National Laboratory, New Mexico, a
small aquifer was found to contain 25- to 400-nm colloids, which may have
contributed to Am and Pu transport over a distance of 3 km (Penrose et al.
1990). These colloids were believed to consist of clays, hydroxy- and
fluoroapatites, and precipitated silicon, aluminum, and iron oxides.
In summary, there is appreciable evidence for the existence of colloids and
suspended particles in groundwater systems. In some cases, radionuclide
transport by groundwater colloids has been observed or inferred. However,
very little information has been reported on colloids in groundwater from
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granite rocks. Data in the existing literature are not adequate to assess
the potential for radiocolloid fornation in groundvaters of the Canadian
Shield and to determine whether the observed colloid transport in Mortland
Canyon is relevant to the Canadian disposal concept.
FIELD STUDIES IN THE CANADIAN PROGRAM

3.1

OBJECTIVES AND STUDY AREAS

Because basic data on natural colloids in deep groundwaters is lacking in
the literature, colloid studies were initiated at the WRA near Pinawa,
Manitoba, and at the Cigar Lake uranium deposit in Saskatchewan (Vilks et
al. 1988, 1991a). The objective of these programs was to characterize the
concentrations and compositions of groundwater particles so that the potential for radiocolloid formation in deep groundwaters could be assessed.
Colloid studies were carried out at the WRA because the geology there has
some of the general characteristics likely to be found in plutonic rock
bodies in the Canadian Shield. Furthermore, the extensive network of over
130 boreholes, drilled to depths up to 1000 m, provided a database of background geological information and permitted groundwater sampling from
various locations. As part of an interlaboratory comparison exercise,
organized by the Colloid and Complexes Club (COCO Club) and sponsored by
the Commission of European Communities (CEC), colloids were also sampled at
the Grimsel Test Site in Switzerland. The Grimsel colloids were useful
because they came from a granite-granodiorite and were studied by several
laboratories. Groundwaters from several deep and shallow boreholes at
AECL's Atikokan Research Area in northwestern Ontario have also been
characterized to obtain data on groundwater colloids from another granite
pluton in the Canadian Shield. The data from the WRA, Atikokan Research
Area and Grimsel have been used to determine whether naturally occurring
colloids in granite groundwater can significantly affect radionuclide
transport.
The Cigar Lake site was chosen for colloid studies because of the availability of previously installed piezometers allowing access to a variety of
well-documented rock types, including porous sandstone, clay, a silica-rich
alteration zone, and uranium ore. Colloids sampled from the ore zone may
provide a natural analog to some of the colloid formation processes that
might occur in a disposal vault. The presence of a clay-rich zone around
the uranium ore also provides information relevant to the formation and
transport of colloids through the clay-based buffer in the reference disposal vault design (Vilks et al. 1993).
3.2

SAMPLING APPROACH

At Cigar Lake and in the WRA, groundwater samples were pumped from piezometers that isolated water from known depths. Before sample collection,
piezometers were flushed extensively to remove drilling impurities such as
rock flour. To minimize the oxidation of Fe(II), the water was collected
in 50-L nitrogen-flushed carboys and filtered under a nitrogen atmosphere.

- 11 The concentrations of colloids in granitic groundvaters are often very low,
and conventional dead-end ultrafiltration can only process small groundwater volumes. Consequently, only microgram quantities of colloidal
material can be collected on membranes by conventional filtration. This
material can be characterized only by microscopic techniques, such as
scanning electron microscopy with energy dispersive X-ray (SEM/EDX) analysis. Therefore, to collect enough colloidal material for a more comprehensive characterization, Hillipore tangential-flow ultrafiltration systems
were used to produce particle concentrates from 50-L groundwater samples.
These particle concentrates contained enough material for colloid concentration and size analysis as well as X-ray diffraction (XRD) analysis.
Chemical and radiochemical analyses of particle concentrates and filtered
water provided information on the distribution of various elements and
radionuclides between dissolved species, colloids, and suspended particles.
The filtration scheme used to produce particle concentrates has evolved
over time. Beginning in 1986, groundwater samples were filtered with a
Pellicon system equipped with a 10 000-NMWL membrane, which concentrated
all particles greater than approximately 1 nm (Vilks et al. 1988). No
prefiltration was done to avoid loss of colloids and suspended particles.
Since 1988, the concentration procedure has been improved to produce
several concentrates with different ranges of particle size, to minimize
salt retention during ultrafiltration, and to eliminate problems due to
irreversible membrane fouling by suspended particles. For the new procedure (Figure 1), groundwater was first filtered through a Pellicon system,
equipped with polysulfone 100 000-NMWL (about 10 nm cutoff) membrane
packets, separated by retentate screens. Unlike the single-unit membrane
cassettes used in the original method, the membrane packets can be disassembled for easy cleaning. The 100 000-NMWL membrane is less affected by
salt retention than the 10 000-NMWL membranes. The concentrate (retentate)
produced by the 100 000-NMWL filter was filtered with the Hinitan
tangential-flow filtration system (Millipore), equipped with a 450-nm
cutoff Durapore membrane, which produced a filtrate containing colloids
between 10 and 450 nm and a concentrate enriched in suspended particles
greater than 450 nm. Ten litres of filtrate produced by the initial
100 000-NMWL filtration were filtered through another Pellicon system,
equipped with a polysulfone 10 000-NMWL filter cassette. This produced a
sample of filtered water containing only dissolved species and a concentrate enriched in colloids with a size range between about 1 and 10 nm.
The filtrate and concentrate samples to be used for chemical and radiochemical analysis were preserved by acidifying to pH = 1 with HCl.
Particle concentrations and size distributions were measured by pressurefiltering 20 to 50 mL of particle concentrates through a series of 25-mra
Nuclepore polycarbonate filters with cutoff sizes of 10 000, 5000, 400,
100, 50, and 10 nm. Particle concentrations were determined by the weight
of material deposited on the filters. Samples from saline waters required
a rinse with 5 to 10 mL of deionized water to eliminate salt deposits. The
composition of colloidal material in the 1- to 10-nm size range was determined by chemical analysis of the colloid concentrates. The material
deposited on Nuclepore membranes was examined by SEM/EDX analysis to
identify particle compositions and to evaluate the effectiveness of the
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particle size separation. Samples for XRD analysis were prepared by
filtering particle concentrates through a 450-nia silver membrane.
The major and trace element compositions of particle concentrates and
filtered water were determined by atomic absorption (AA) and inductively
coupled plasma (ICP) spectrometry. Inorganic and organic C were measured
by an Astro 2001 carbon analyzer. Uranium was measured by fluorometry
using a Scintrex system. Uranium, Th and Ra isotopes were determined by
chemical separation and alpha spectrometry.
3.3

NATURAL COLLOIDS IN GRANITE GROUNDVATER

The most extensive data set of particle concentrations in granitic groundwater was obtained from VRÂ groundwaters and is summarized in Table 1. The
groundwater samples are classified as being either saline or Na-Ca-HC03
waters on the basis of groundwater chemistry (Vilks et al. 1991a). Typical
size distributions for groundwater particles are illustrated in Figure 2,
which shows the variation in particle concentrations with time observed in
borehole HC-8, located at the 240-m Level of the Underground Research
Laboratory (URL). This borehole intersects Fracture Zone 2 in the GC-3
basin, whose hydrologie dimensions have been defined by extensive pumping
tests from borehole GC-3 (Davison and Kozak 1989). The size distributions
and concentrations of particles have varied considerably over time. The
various hydrologie pumping tests carried out in Fracture Zone 2 may have
contributed to the reduction in the size and concentration of suspended
particles. Unlike suspended particles, the concentrations of colloids
increased in 1987 and declined slightly by 1989.
From Table 1, it is apparent that there was a broad range of suspended
particle concentrations in VRA groundwater samples, from 0.04 to 14 mg/L.
Colloid concentrations were usually less than 1 mg/L, with an average of
0.34 ± 0.06 mg/L. The average colloid concentration from the deeper saline
waters (0.46 ± 0.09 mg/L) was not significantly different from the average
concentration in the shallower Na-Ca-HC03 waters (0.27 ± 0.09 mg/L).
However, the range of suspended particle concentrations in the shallower
waters (0.05 to 14 mg/L) was much greater than that observed in saline
water (0.04 to 1.4 mg/L). The lower concentrations of suspended particles
found in deep groundwater may have been the result of the long distances
required to pump water to the surface, causing larger particles to sink
before reaching the pump intake. Also, the decrease in fracture density
and hydraulic conductivity with depth may have made conditions less favourable for particle generation. Although the higher salinity at depth should
have promoted lower particle concentrations because of enhanced coagulation, this was not observed in the measured colloid concentrations. The
average colloid concentration at Atikokan (2.4 ± 0.3 mg/L) was higher than
at the WRA, possibly as a result of the more highly fractured rock at
Atikokan (Vilks et al. 1991b). Rock with more fractures is often more
altered and tends to produce higher particle concentrations because of the
larger fracture surface area.
Analysis by SEH/EDX and XRD showed that the suspended particles consisted
mainly of the low- and high-temperature alteration minerals expected in
fractures controlling groundwater movement. The observed particles
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TABLE 1
PARTICLE AND COLLOID CONCENTRATIONS IN
GROUNDWATER SAMPLES FROM BOREHOLES IN THE WHITESHELL RESEARCH AREA

Sample

M2A-3
M2B
M7A
M7
M10-3A
M10-3
HC-8
HC-8
HC-8
HC-8
HC-9
HC-16
HC-26
HC-31
WAI
VB1
WB1-1
WB1-2
VB1-5
WD3-895
VN1-8-12
WN4-6
VN8
WN11-17A
WN11-17B
URL10
URL12
URL12
URL15

Date

Groundwater Source

03-Jun-86
08-Apr-86
19-Aug-86
04-Sep-86
ll-Apr-86
17-Apr-86
26-Oct-86
H-Dec-87
27-Jan-88
24-Jan-89
17-Jan-89
26-Oct-86
16-Jan-89
17-Jan-89
24-Oct-86
24-Oct-86
05-Jun-87
04-Jun-87
06-Oct-87
ll-Sep-88
21-May-87
08-May-87
19-Hay-88
09-Dec-86
10-Dec-86
12-May-86
16-Sep-86
ll-Apr-89
25-Sep-87

250 m
Zone 3, 110-150 m
350-400 m
350-400 m
341-450 m
341-450 m
Fracture Zone 2**
Fracture Zone 2**
Fracture Zone 2**
Fracture Zone 2**
Fracture Zone 2**
Fracture Zone 2**
Fracture Zone 2**
Fracture Zone 2**
open, 0-1089 m
open, 0-1204 m
0-210 m
210-300 m
680-860 m
895 m
Zone 8, 381-402 m
Zone 6, 390 m
312 m
1098-1201 m
1098-1201 m
Zone 3, 54-121 m
350 m
600 m
0-293 m

Mean
Standard Deviation of Mean

Water
Particles Colloids
>450 nm 10 to 450 nm Class*
(mg/L)*
(mg/L)*
0.3
0.17
0.65
0.2
0.48
0.37
2.85
0.73
0.88
0.05
0.09
9.45
0.2
0.18
0.08
14
1.53
1.11
0.8
1.4
0.54
0.9
0.05
0.47
0.2
0.41
0.6
0.04
0.05

1.37
0.52

0.04
0.06
0.62
1.0
0.36
0.56
0.006
0.89
0.7
0.2
0.033
0.032
0.39
0.32
0.12
1.1
0.05
0,09
0.06
0.47
0.12
0.51
0.06
0.24
0.98
0.04
0.68
0.11
0.08
0.34
0.06

The errors in particle concentrations range from I to 13Z
Water composition: D - dilute Na-Ca-HC03
S - saline (total dissolved solids >10 g/L)
Fracture Zone 2 is a major subhorizontal fracture zone located at
a depth between 250 and 300 m at the URL site

D
D
S
S
S
S
D
D
D
D
D
D
D
D
D
D
D
D
S
S
S
S
D
S
S
D
D
S
D
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included carbonate, clays, Fe-Si oxides, quartz, potassium feldspar, and
albite. Gypsum vas found only in deep groundwater samples. Organic
particles and bacteria were observed in samples from all depths.
An example of particle compositions obtained from chemical analysis of
particle concentrates is given in Table 2. The element concentrations are
presented as milligrams per litre of oxides in order to make a comparison
with particle concentrations determined by filtering with Nuclepore filters
(Table 1). Nuclepore polycarbonate filters cannot be used to measure
colloids smaller than 10 nm. These were detected by chemical analysis of
concentrates. Table 3 summarizes the types of particles detected in
various size fractions by chemical analyses. In Na-Ca-HC03 waters colloids
in the 1- to 10-nm size range were dominated by organic C, with some
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TABLE 2
. AN EXAMPLE SHOVING PARTICLE COMPOSITIONS
FROM BOREHOLE HC-31 AT THE WHITESHELL RESEARCH AREA

Colloid
Colloid
Suspended Particles
(1 to 10 nm) (10 to 450 nm)
(>450 nm)
(mg/L)
(mg/L)
(mg/L)

Oxide

Na20
K20
MgO
CaO
Fe203
Si02
C03
Organic C

0.002

0.34
0.004

0.04
0.002

0.08

0.001
0.006
0.34

Sum

Amount Deposited
on Nuclepore
Filters (mg)

0.03

0.01

0.032

0.434

0.389

0.32

0.18

TABLE 3
SUMMARY OF PARTICLE TYPES POUND IN
SHALLOW AND IN DEEP GROUNDVATER AT THE VHITESHELL RESEARCH AREA

Colloids
(1 to 10 nm)

Colloids
(10 to 450 nm)

Suspended Particles
(>450 nm)

Shallow Na-Ca-HC03 Waters (see D in Table 1)
organic carbon
some carbonate
Fe oxide

aluminosilicate
carbonate
organic carbon
Fe oxide

aluminosilicate
carbonate
Fe oxide

Deeper Saline Waters (see S in Table 1)
aluminosilicate
Fe oxide
carbonate

aluminosilicate
Fe oxide
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carbonate and Fe oxide. Colloids in the 10- to 450-nm range also included
aluminosilicates (probably clay) and a more common occurrence of carbonate.
The composition of suspended particles is similar, except colloidal organic
C vas not observed.
In Grimsel waters, particle concentrations vere very low, but still within
the range observed in VRA groundwater (Vilks and Degueldre 1991). The
concentrations of colloids (1 to 450 nm) and particles (>450 nm) were 0.020
to 0.050 mg/L, and 0.050 to 0.100 mg/L respectively. Analysis by EDX
showed that particles larger than 500 nm consisted of organic material,
spherical silica particles, and various aluminosilicates. Electron
spectroscopy, for chemical analysis (ESCA) studies, revealed the presence
of C, 0, N and smaller amounts of Si, Ça, Cl, S, Sn, F, Na, K and V
(Degueldre et al. 1989). The X-ray diffraction powder patterns of filtered
colloids were consistent with either illite or muscovite. The presence of
organic and silica colloids was confirmed by the chemical analysis of
colloid concentrates. As would be expected from the observed colloid
compositions, microelectrophoresis measurements of the Grimsel colloids
showed a range in the magnitude of surface charges, which were all negative
(Vilks and Degueldre 1991). Because most mineral surfaces are also negatively charged, these colloids are expected to be mobile. Modelling the
effect of surface charge on particle transport will be difficult because of
the variation in particle composition and in the magnitude of particle
surface charge.
In groundwater, a fraction of the naturally occurring radionuclides is
found to be associated with particles. In VRA groundwaters, particulate U
made up only 0.5 to 15% of the total U in the groundwater. Because Th is
very insoluble, the fraction of particulate Th had a much greater variation, from 0226to 68%. Particulate 226Ra varied from 0 to 20% of the total
groundwater Ra concentration. In Grimsel waters, IOZ of the U and 226Ra
was associated with particles.
3.4

ANALOGS OF COLLOIDS FORMED IN THE VAULT AND THE BUFFER

The Cigar Lake uranium deposit is a useful natural analog to a used-fuel
disposal vault because the ore body, at a depth of 400 m, contains up to
55 wt.% U and is surrounded by a clay-rich zone with 30 to 80 vol.% illite
and kaolinite (Vilks et al. 1988). Average particle concentrations for key
parts of the deposit (Figure 3), including groundwaters flowing toward and
away from the deposit above the unconformity, are shown in Table 4 (Vilks
et al. 1993). Most boreholes have been sampled several times to evaluate
the effects of borehole flushing on particle concentrations and groundwater
chemistry. Often, suspended particle concentrations dropped significantly
after the first several hundred litres had been pumped from a new borehole.
These high initial suspended particle concentrations were not included in
the calculation of average particle concentrations in Table 4 because the
initial concentrations may have represented drilling artifacts. Boreholes
shown without calculated errors have been sampled only once for colloids.
The results indicate that suspended particle concentrations are determined
more by the integrity of the local rock than by geological formation. For
example, in the basement, particle concentrations are much higher in
hole 199, which is in friable rock near a major fault core, than in
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FIGURE 3: Cross Section of the Cigar Lake Deposit Showing the Principal
Geological Features and Location of Piezometer Intake Screens
For the Holes in Table 4(USS—upper sandstone, LSS—lower
sandstone)
well-consolidated basement rock (hole 137). In the clay zone, only
borehole 91, which is connected to a fracture zone, has high concentrations
of suspended particles compared with other locations in clay-rich rock
(134, 197). With the exception of holes 137 and 199 from the basement,
colloid concentrations are fairly uniform throughout the deposit. The
particle concentrations in shallow overburden waters can be much higher
than in the deep groundwaters.
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TABLE 4
AVERAGE PARTICLE CONCENTRATIONS IN CIGAR LAKE GROUNDffATBRS (1986-1991)

Hole

Suspended
Particles
(mg/L)

75
71
80
67
81
211
91
134
197
79
198
220
128
137
199
139
219
. 83
122
P3.12
P3.8
P3.7

0.63
1.76
1.42
1.90
9.20
1.89
4.92
0.61
0.64
2.23
8.40
1.87
0.74
0.81
106
1.16
0.83
1.27
1.00
1.75
18.1
20.5

± 0.14*
± 0.42
±
±
±
±

0.21
2.48
0.49
1.48

±
±
±
±

0.13
0.67
5.02
0.41

±
±
±
±
±
±
±
±

2.3
0.25
0.05
0.41
0.19
0.08
1.4
3.8

Colloids
(mg/L)

0.83
0.73
0.77
1.33
1.77
0.81
0.46
0.94
0.72
0.78
1.52
1.47
2.21
0.03
7.78
0.67
0.95
1.11
1.37
0.91
13.0
10.3

± 0.26
± 0.16
±
±
±
±

0.30
0.63
0.17
0.09

±
±
±
±

0.19
0.15
0.29
0.42

±
±
±
±
±
±
±
±

4.14
0.17
0.06
0.36
0.35
0.24
4.9
2.7

Sampled
Zone Depth
(m)
154-159
243-245
203-205
346-348
438
416-418
407
415-417
416-421
432
424-426
433-439
463-465
473-475
446-452
437
414-426
18-477
0-200
4-7
10-22
10-23

Comment

upper sandstone
lover sandstone
lover sandstone
altered sandstone
altered sandstone*
altered sandstone
clay zone**
clay zone
ore/clay contact
ore
ore
ore
basement
basement
altered basement
inflow south,***
outflow north****
artesian (uncased)
artesian (uncased)
overburden
overburden
overburden

* The error values are given for boreholes for which more than one
sample was taken and are given by the standard deviation divided
by the square root of the number of data points.
*

Located just above the unconformity, near the clay zone. From
the core log, the piezometer is set in altered sandstone, near a
fracture.

'*

Hydrologie observations appear to indicate that this piezometer
is set near a major fracture zone.

'*

Located just above the unconformity.

'*

Located just above the unconformity, beyond the quartz cémentai
zone
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Typical particle size distributions obtained by filtration with Nuclepore
filters are illustrated in Figure 4. Scanning electron microscopy investigations have shown that the largest particles are not bigger than
20 000 nm. The results in Figure 4 were determined on groundwater samples
taken after more than 1000 L of groundwater had been pumped from each
piezometer. These particle size distributions do not show the high concentration of particles larger than 5000 nm, which were observed in 1986 and
1987 (Vilks et al. 1988), and they reflect the decrease in suspended
particle concentrations with borehole flushing.
The results of SEM/EDX and XRD analyses showed suspended particles and
colloids larger than about 100 nm, consisting mostly of clay minerals
(illite with chlorite and kaolinite), X-ray amorphous Fe-Si precipitates,
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FIGURE 4: Typical Particle Size Distributions Observed in Cigar Lake
Groundwaters. The samples were taken from an artesian hole
(122), altered sandstone (211), lower sandstone north of the
deposit (219), lower sandstone south of the deposit (139), and
altered sandstone (67).
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quartz, and organic particles. The composition of colloids smaller than
100 nn was inferred from the chemical analysis of colloid concentrates.
Figure 5 summarizes the major oxide-forming element compositions of
colloids and suspended particles for selected samples. Aluminum, observed
in particles larger than 10 nm and which indicates the presence of clay, is
present in higher concentrations in parts of the clay (91) and ore zones
(79, 220). The absence of aluminum in piezometer 197 at the clay/ore
contact is consistent with the presence of stable local rock conditions
that generate only low particle concentrations. Silica concentrations,
usually higher in the suspended particles and larger colloids, indicate the
presence of quartz, clay or Fe-Si hydroxides. Iron is more dominant in
suspended particles and the larger colloids (10 to 450 nm). Since the
concentration of Fe is very low in the 1- to 10-nm colloids compared with
the larger particles, Fe oxyhydroxide colloids that precipitate are metastable and either recrystallize or form coatings on larger particles.
Carbonate is associated with particles in all locations and constitutes a
major fraction of colloids between 1 and 10 nm. Organic carbon is present
in all particle size classes and may include humic materials, bacteria and
organic coatings on particles. Concentrations of organic carbon appear to
be higher in the altered sandstone (not shown in Figure 5) and parts of the
ore body. The latter carbon may have been derived from reaction products
produced by the hydrothermal degradation of graphite beneath the ore body
at the time of ore formation, and it may include bitumens sorbed onto
particles.
The concentrations of particulate radionuclides are compared with the
concentrations of dissolved radionuclides in Figure 6, in which groundwater
sampling locations have been grouped with respect to the major geological
features of the Cigar Lake uranium deposit. Some groundwaters from the ore
zone, clay-rich zone, and the basement contain significant amounts of
particulate U. Waters outside of the clay-rich zone surrounding the
deposit (sandstone and unconformity) contain U mainly in the dissolved
state. Particulate U becomes significant, compared with dissolved U, in
groundwater samples with high concentrations of particles. Particulate Th
and 226Ra also increase with the total particle concentration, confirming
the usefulness of measuring total particle concentrations. In the ore and
clay zones, the ratios between the concentrations of particulate U and Ra
and between the concentrations of dissolved U and Ra are much greater than
observed in granite groundwater because of the lower particle concentrations and higher solubility of U in granite groundwater. Because Th is
very insoluble and occurs in rock-forming minerals, significant association
with particles can still be found in granite groundwater.
The major element compositions are not useful for studying particle migration out of the ore zone because the compositions of particles in the ore
are not significantly different from those in other parts of the deposit.
However, uranium and radium are potential tracers for particle migration
because their concentrations in particles within the ore zone are significantly higher than in other locations (Table 5). Figure 7 shows this
effect for average uranium concentrations for particles in the ore and clay
zones compared with other parts of the deposit. The uranium concentrations
for particles in the outflow from the deposit to the north are not significantly higher than in the sandstones surrounding the deposit, indicating
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FIGURE 7: Average Concentrations of Uranium (jig/g) Associated with
Particles in Various Parts of the Cigar Lake Uranium Deposit.
The error is given as the standard deviation divided by the
square root of the number of sample points.
that there is no measurable plume of uranium-rich particles migrating
beyond the clay. Average 226Ra activities (Bq/g) are also higher in
particles found in the ore and clay zones than in other parts of the
deposit. Although thorium concentrations (Mg/g) are also apparently higher
within the clay and ore, the difference is not significant because of the
low Th concentration within the ore.
3.5

IMPROVEMENTS IN PARTICLE SIZE ANALYSIS

The ability to characterize particle size is important to understanding
particle migration. The increasing emphasis being placed on characterizing
particle migration has created a demand for better methods of particle size
analysis. This section describes the improvements that have been made
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TABLE 5
AVERAGE RADIONUCLIDE CONCENTRATIONS IN GROUNDVATER PARTICLES

Zone

Lower SS*
Upper SS
Altered SS
Artesian (Upper and Lower SS)
Inflow Prom South (Lower SS)
Outflow to North (Lower SS)
Clay
Clay/Ore Contact
Ore
Basement

Uranium
(/*g/g)
183 ±
120 ±
190 ±
67 ±
58 ±
124 ±
470
323
623
80

120
12
35
34
17
98
± 121
± 138
± 126
± 26

Thorium
<^g/g)
11

9 ±1
0
5 ±0
6 ±4
15 ± 8
21 ± 10
11 ± 8

Radium-226
(Bq/g)

1
4 ±1
4
15 ± 8
20 ± 6
57 ± 18
62 ± 12
6 ±4

* SS = sandstone
recently to particle size analysis at AECL Research. These advances will
be used in future studies to improve the size distribution database for
natural particles in groundwater, to evaluate colloid stability, to monitor
particle migration, and to measure changes in particle concentration caused
by groundwater flow in the subsurface.
In the field studies carried out by AECL Research, the basic approach to
determining particle concentrations and size distributions has been a
gravimetric method in which the weight of particles deposited on Nuclepore
filters with different cutoff sizes is measured. The advantages of this
method are that it determines particle size and concentrations (mg/L) over
a wide size range, analysis can be performed in the field under a nitrogen
atmosphere, the method is simple, and the capital equipment costs are
minimal. However, the disadvantages are that the particle size resolution
is coarse, size discrimination becomes a problem when filters are overloaded, analysis time is relatively long, and groundwater particles must be
concentrated by tangential-flow filtration before size analysis. Although
the data produced by gravimetric size analyses are adequate for assessing
particle concentrations and rough size distributions for calculating radiocolloid formation, they do not meet the needs for evaluating particle
transport in the subsurface. Studies of particle transport require a large
number of particle size analyses. In addition, different methods for
particle size analysis measure different physical properties of particles,
such as volume, projected area, lengths, settling velocity, and size of
hole through which a particle will pass. Because these physical properties
may give different results for particles that are not spherical and have
different densities, the characterization of particle size is best obtained
by using more than one method.
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Automated methods of particle size analysis can process large numbers of
samples in a short tine and produce data vith sufficient size resolution to
be suitable for use in migration models. No one automated method of size
analysis can cover the entire size range from nanometre to micrometres.
Therefore, it has been necessary to adopt one method for characterizing
colloid-sized particles and another method for suspended particles.
A high-resolution size distribution of colloid-sized particles (<400 nm)
can be determined by SEM counting of particles retained on a filter or by
measuring the Brovnian motion of particles in suspension. Although SEM can
determine particle concentrations vith very good size resolution (Degueldre
et al. 1989), it is an expensive and time-consuming method. Moreover, the
smallest particles that SEM can detect are about 50 nm; below this the
separation of particles from background is very subjective. Therefore, SEM
is not suitable for carrying out analysis on a large number of samples or
for measuring rapid changes in particle concentration. Because Brownian
motion is inversely related to particle size, a determination of Brownian
motion can be used to calculate hydrodynamic particle radius. Commercially
available equipment exists to determine Brownian motion by photon correlation spectroscopy, also known as dynamic light scattering. Typically, in
this method, the time correlation of the intensity fluctuations in light
scattered by an array of colloidal particles is measured. Computer software is available with this equipment to convert these intensity fluctuations into translational diffusion coefficients, which are used to calculate hydrodynamic particle radii.
Recently, AECL Research has acquired a HICROTRAC Ultrafine Particle Size
Analyser™ (UFA), a laser-based instrument, which determines the size of
particles between 6 nm and 2.5 /jm by dynamic light scattering. The UFA, a
compact unit measuring 10 x 15 x 38 cm, can be transported easily to a
field laboratory. Laser light, introduced into a sample cell through an
optical wave guide, is scattered by particles in the sample solution. In
other instruments, Brownian motion is determined by measuring the time
correlation of the intensity fluctuations of scattered light, whereas the
UFA determines the Doppler shift in the frequency of light scattered from
moving particles by allowing the scattered light to interfere with the
unshifted reflected light.
Although the UFA determines particle size distribution in terms of volume
percent and not concentration, a concentration index (CI) is reported that
is proportional to particle concentration. Colloid concentrations in some
groundwaters are high enough for the UFA to determine size distribution
directly, without particle preconcentration. If colloid concentrations are
too low, it is necessary to concentrate colloids by ultrafiltration and
assume that the filtration has not altered the size distribution. Because
the UFA can determine particle size within 3 to 10 rain, it can be used to
evaluate colloid stability and to measure the kinetics of particle
coagulation.
The size distributions of particles larger than 0.4 fita can be determined by
sedimentation, laser diffraction or particle counting. Particle counting
is an ideal approach for characterizing groundwaters because it gives
particle concentrations, is sensitive to very low particle concentrations,
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and has a very good size resolution. Automated methods of counting particles in suspension include the Coulter principle, forward light scattering
and light obscuration.
When using the Coulter principle, the sample is placed in an electrolytic
media that is drawn through a small aperture between two electrodes.
Vithin the aperture, changes in impedance are produced when particles
displace an amount of electrolyte that is proportional to particle volume.
These changes in impedance are counted and sorted according to magnitude,
which is proportional to particle size.
The CLIMET CI-1000™ particle counter, used at AECL, measures suspended
particles by pumping water through two sensors in series. As water is
pumped through a Russel sensor, particle size (1 to 100 urn) Is determined
by the amount of light blocked off by each particle (light obscuration).
As particles pass through the sample cell in the second sensor (CI-183),
particle size (0.4 to 20 /jm) is measured by forward light scattering. A
computer program takes the data from both sensors to produce an integrated
size distribution of particle counts from 0.4 to 100 /ra. For groundwater
analysis, the advantage of the CLIMET system over a COULTER counter is that
particles can be counted within their own suspending medium, without having
to be placed in an electrolyte that may alter their state of coagulation.
Extensive use of automated techniques for size analysis of groundwater
particles was made in the field at the Cigar Lake, uranium deposit. The
capabilities of these techniques are illustrated in this report on the
basis of a groundwater sample taken from borehole 67 (Table 4), which
collects water from the altered sandstone. Figure 8 summarizes the colloid
size distribution determined by the UFA shortly after sample collection.
The results indicate that colloids in this groundwater have a relatively
narrow size distribution, with an average size of 0.218 /zm. Upon standing
in air, Fe precipitation produced additional colloids with an average size
of 0.156 fim. Precipitated Fe colloids from other Cigar Lake groundwaters
coagulated and settled out of suspension within several days, whereas the
Fe colloids from borehole 67 appeared to be relatively stable, having an
average size of 198 nm after 29 d. These results indicate that in most
groundwaters, Fe colloids are not stable, and hence are not likely to
migrate.
Figure 9 summarizes the results from the CLIMET particle counter for
groundwater from borehole 67 and shows the size distribution both in terms
of particles per millilitre and milligrams per litre. The particles per
millilitre are obtained directly from the counter, whereas the milligrams
per litre are obtained by calculating the volume of each particle (as a
sphere) and multiplying by an assumed density of 2. The shape of the
milligrams-per-litre size distribution is equivalent to the form of a
volume-percent distribution, as determined by the UFA. A comparison of the
two forms of size distribution shows that as particle size increases,
relatively small particle counts produce significant particle concentrations in terms of milligrams.per litre. The milligrams-per-litre distribution is easier to compare with results from gravimetric size analysis and
from the UFA. Also, the milligrams-per-litre distribution is more useful
for calculating the amount of radionuclides sorbed by colloids. The
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FIGURE 8: An Example of a Particle Size Distribution Determined by the
HICROTRAC Ultrafine Particle Size Analyser™ for Groundwater
from the Cigar Lake Uranium Deposit, Sampled from Borehole 67.
The results indicate that colloid-sized particles in this
groundwater are dominated by colloids with an average size of
0.218 urn.
advantage of the particles-per-millilitre distribution is that it is a
direct measurement from the particle counter and contains no assumptions of
particle shape or density. A relationship between Iog10 (particles per
millilitre) and Iog10 (size) may be a convenient way to represent
groundwater particle size distributions for migration models. However,
because particle counts increase exponentially with decreasing particle
size, it is meaningless to report a concentration for groundwater as
particles per millilitre without defining a narrow particle size range.
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Particle counts can also be expressed in terms of particle surface area per
volume of groundwater (Figure 10), which is calculated on the assumption
that particles are spherical. Conceptually, this is a useful expression
because the capacity for sorbing radionuclides is related to particle
surface area. A comparison of Figures 9 and 10 illustrates that, although
a greater mass may be associated with particles larger than 1 pm, the
smaller particles may account for a higher concentration of surface area in
a groundwater sample. This suggests that the .0.218-Aim colloids observed
with the UPA may have a significant surface area for sorption compared with
the suspended particles.
Although particle counting can detect much smaller particle concentrations,
in the region of overlap (0.4 to 2.5 Aim), there is good agreement between
the UPA and particle counting. As shown in Figure 8, the UPA is just able
to detect the shoulder of a peak at 2.5 urn, which corresponds to the
increase in milligrams per litre shown in Figure 9. In Figure 11 the
results of UPA and Climet have been recalculated in milligrams per litre
and recast in the size categories given by gravimetric analysis. Although
the gravimetric technique can detect lower particle concentrations, the
agreement between gravimetric and UPA size analysis is good. Generally,
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the results of particle counting are similar to gravimetric analysis in the
size range between 0.4 and 10 yun. However, above 10 urn, the calculated
milligrams per litre from particle counting are higher than determined by
the gravimetric technique. This may be due to an overestimation of
particle volume or to a loss of larger particles during the production of
particle concentrates, required for gravimetric analysis.
3.6

SUMMARY

Average colloid (10 to 450 nm) concentrations in the WRA and the Atikokan
granite and in the Cigar Lake sandstone, clay zone and ore are similar,
ranging from about 0.3 to 2.4 mg/L. These concentrations depend more on
the amount of local fracturing and alteration than on rock type. Compared
with colloids, the concentrations of suspended particles are more sensitive
to the physical properties of the host rock. Suspended particle concentrations are lowest in granite and increase progressively in sandstone, clayrich rock near fractures, uranium ore and the highly fractured zones of
metamorphic rock. As expected, the highest concentrations are observed in
unconsolidated glacial overburden at Cigar Lake.
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The Si and Al content of suspended particles indicates that these particles
originated as fracture-lining materials. Although drilling will produce
similar particles, extensive flushing experiments at Cigar Lake and within
a granite fracture in a laboratory (unpublished results) have demonstrated
that the particles are formed by erosion from fracture surfaces by groundwater flow. Iron-silica hydroxides and carbonate are the only particles
observed that may have formed in groundwater by chemical precipitation.
However, if a thermal gradient is established around a disposal vault,
particle precipitation could become more important. As elements diffuse
down the thermal gradient, the solubilities of silicates and metal oxides
will be exceeded. Organic colloids were found at Cigar Lake and in the
shallow waters of the URA but not in the deep saline waters of the WRA. At
Cigar Lake, some of the organic carbon may have been derived from reaction
products produced by the hydrothermal degradation of graphite beneath the
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ore body at the time of ore formation, and it may include bitumens sorbsd
onto particles. Organic colloids at the WRA and Cigar Lake may also have
been derived from surface recharge waters.
The data collected at the WRA and at Cigar Lake provide an important
foundation for designing colloid migration experiments. The gravimetric
particle size data indicate that particle migration studies vill have to
address a vide spectrum of particle sizes from about 10 nm to 20 fua. The
never methods of particle size analysis vill provide better size resolution
and focus attention on those particle sizes that are most important for
migration. Colloids vith a distinct negative charge are likely to be
mobile because they vill not coagulate and vill not sorb to negatively
charged surfaces. However, because natural colloids possess a variety of
particle compositions and surface properties that lead to some particles
having positive charges or very low negative charges, natural colloids are
more likely to sorb onto fracture surfaces than if they had a uniform
surface composition vith a distinct negative charge.
4.

RADIONUCLIDE SORPTION ON COLLOIDS

Since natural particles contain a variety of surface structures and compositions, radionuclide uptake by particles vill be controlled by a number of
mechanisms. Therefore, it is unlikely that ve vill be able to predict
radionuclide sorption onto natural colloids from fundamental principles
determined from the characteristics of simple oxide surfaces. Therefore,
ve rely on experimentally determined distribution coefficients (Rd). In
addition to predicting the quantity of a given radionuclide associated vith
particles, it is necessary to understand reversibility. The reversibility
of sorption reactions vill determine the degree to which colloids can
retain radionuclides as these particles migrate through waters in which the
dissolved radionuclide concentrations are decreasing.
4.1

THE USE OF SORPTION DATA WITH GEOLOGICAL MATERIAL

Because a significant fraction of particles in groundvater consists of
rock- forming minerals, it vould be convenient to drav upon the literature
data- base on radionuclide interactions vith geological materials to
describe sorption on colloids. The Nuclear Energy Agency Sorption Data
Base (NEA SDB) contains information on about 32 radionuclides sorbed onto a
variety of solid materials. The sorption database compiled by Vandergraaf
et al. (1992) for the geosphere model of the postclosure assessment case
study contains Rd values describing radionuclide sorption on granite and a
number of fracture-lining minerals. If the Rd database describing radionuclide sorption onto rock vere also appropriate for describing sorption
onto colloids, the data requirements for modelling colloid effects on
radionuclide migration through rock vould be simplified.
Literature sorption data may not be appropriate for describing sorption on
colloids because of the high surface-area-to-mass.ratio of colloids
compared vith the surface-area-to-mass ratio of geological material used in
most sorption experiments. The high surface area of groundvater particles
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is caused by their small size, ranging from 1 to 1000 nm. The particle
size of material (crushed) used in sorption experiments is often in the
millimetre size range. Vith the higher surface area, sorption Rd values on
colloids may be 1 or 2 orders of magnitude higher than that measured on
other geological materials. The literature data also lacks sorption data
for material that closely approximates the composition of natural colloids
being considered for a given groundwater.
Because a significant fraction of colloids in the 1- to 10-nm (10 000 to
100 000 NMVL) size range appears to be composed of organic C, the use of Rd
values measured with inorganic geological materials is clearly not appropriate for describing radionuclide interactions with these colloids. A
more appropriate method to describe radionuclide interactions with this
material is to use data from radionuclide interactions with humic material.
In principle, radionuclide sorption or complexation with humic materials
can be described using stability constants and a complexation capacity,
which are pH-dependent. Some data on actinide and metal complexation with
humic material are available in the literature (Choppin 1988, Moulin et al.
1988, Carlsen 1989).
4.2

FIELD-DERIVED DISTRIBUTION COEFFICIENTS

In studies of natural colloids, data on the concentrations of dissolved and
particulate radionuclides (U, Th, Ra) have been obtained from the from WRA
and Cigar Lake. From this information, along with the concentration of
natural particles, one can calculate a field-derived distribution coefficient describing the radionuclide distribution between particles and
solution:
[R]c
Rd = y^Tc x 106 (mL/g)

(4.1)

where
[R]c = the concentration of radionuclide in groundwater sorbed on
particles (mol/L),
[R] = total concentration of dissolved radionuclide in groundwater (mol/L),
C
= particle concentration in groundwater (mg/L), and
106 = conversion factor from L/mg to mL/g.
Although the mechanisms of radionuclide association with particles are
usually not identified, the field-derived Rd values do describe radionuclide associations with particles that have occurred under in situ temperatures and pressures and with natural water and particle compositions.
Also, the radionuclide distributions represented by field-derived Rd values
may not have been limited by the relatively short reaction times available
for laboratory experiments. Therefore, it is useful to compare the Rd
values measured in laboratory experiments with the field-derived Rd values
observed in nature. If results from laboratory experiments are not available, field-derived Rd values may be useful to identify the range of Rd
values that may be expected from laboratory experiments.
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Some information on the mechanisms of radionuclide association with natural
particles can be obtained from sequential extraction experinents or from
the isotope ratios associated with particles. If enough particulate
material is available, selective extraction techniques, as described by
Tessier et al. (1979), can be used to determine how strongly radionuclides
are held by particles. These desorption experiments may indicate whether
radionuclides are attached by simple ion exchange or whether they are held
more strongly through specific chemical interactions by carbonate, Fe
oxyhydroxide, organic or residual silicate phases. If the 234 U/ 23a U
isotope ratios in groundwater are different from those in the host rock, a
comparison of particle isotope ratios with the dissolved 234U/238U ratios
in groundwater may indicate whether the U attached to particles was sorbed
from groundwater (Vilks et al. 1991a) or whether particles inherited the U
directly from the rock.
The effect of colloids on radionuclide transport depends upon the reversibility of radionuclide sorption onto particles. If sorption is reversible
(to changes in dissolved radionuclide concentrations) and sorbed radionuclides were in equilibrium with groundwater, one would expect to find a
narrow range of field-derived Rd values for a given radionuclide and
particle type. A wide range of observed Rd values implies a lack of
equilibrium with the solution and suggests that radionuclides may become
permanently fixed to groundwater particles, barring any major changes in
pH.
Tables 6 to 8 summarize the associations of U, Th, and 226Ra with particles
in the WRA groundwaters. In Table 6, the concentrations of dissolved and
particulate forms of U are given as micrograms per litre of groundwater.
To illustrate the relative importance of particulate U, the concentration
of particulate U has been expressed as a percent of the total U concentration (dissolved and particulate) in groundwater. Equation (4.1) was used
to calculate the field-derived distribution coefficients reported in the
last column of Table 6. The data in Table 6 are divided into two groups,
consisting of samples from shallow waters with depths less than about 350 m
and of samples from deeper saline waters that contain more than 10 g/L
dissolved solids. The overall average field-derived Rd value for U was
4 x 104 (mL/g), with a standard deviation of 7 x 104 (mL/g). There is no
clear correlation between Rd value and particle concentration, even though
the sample with the lowest Rd value had the highest particle concentration,
and the sample with the highest Rd value had the lowest particle concentration. A correlation between Rrt value and dissolved U concentration was not
evident.
Table 7 summarizes the concentrations of dissolved and particulate forms of
Th along with the calculated field-derived Rd values. Compared with the
particulate forms of U and Ra, the particulate forms of Th made up a much
larger fraction of the radionuclide's total concentration in groundwater.
The Th Rd values were similar in the shallow and saline waters. No correlations were observed between Ra value and either the dissolved Th concentration or the concentration of suspended particles. The average Rd value
for Th was 2 x 105 mL/g, with a standard deviation of 2 x 105 mL/g.
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TABLE 6
URANIUM ASSOCIATED VITH PARTICLES IN WHITBSHELL RESEARCH AREA GROUNDVATER

Sample

Dissolved
Uranium

Particulate
Uranium

Percent
Particulate
Uranium

Particles
(mg/L)

(mL/g)

Shallow Waters
M2B
URL-10
URL-12A
WB1
HC-8
HC-16
WB1-2
WB1-1

20.2
163
90.7
13.0
7.4
6.9
4.7
19.0

0.15
0,63
1.05
0.14
0.19
0.56
0.02
0.07

0.8
0.4
1.1
1.0
2.6
7.5
0.5
0.4

0.230
0.450
1.280
15.100
2.856
9.482
1.200
1.580

3
9
9
7
9
9
4
2

x
x
x
x
x
x
x
x

104
103
103
102
10s
103
103
103

1.270
0.840
0.710
1.410
0.660
1.180
0.200

4
2
2
2
2
4
2

x
x
x
x
x
x
x

10*
105
10*
103
104
104
10s

Deep Saline Waters*
M7A
M10-3A
VN11-17A
WN4-6
WN1-8-12
VN11-17B
WAI

1.8
0.2
2.3
69.4
19.2
1.7
5.1

0.08
0.04
0.03
0.23
0.25
0.05
0.22

4.3
15.3
1.4
0.3
1.3
3.0
4.2

* Saline waters have more than 10 g/L dissolved solids.
Table 8 summarizes the 226Ra distribution between dissolved and particulate
species. The average 226Ra Rd values observed in shallow groundwaters
(7 x 104 mL/g) was larger than the average Rd value obtained for saline
waters (1 x 104 mL/g). The lower 226Ra Rd values observed in the saline
waters may have been caused by more competition for surface sites resulting
from the high-salt concentration and/or the higher concentration of
dissolved 226Ra. No correlation was observed between 226Ra Ra values and
particle concentrations.
The daughter-to-parent isotope activity ratios of 234U and 238U are summarized in Table 9 for dissolved and particulate U. The 234U/238U ratios in
solution were greater than 1.0 because of the preferential leaching of the
234
U daughter isotope from the host rock. The 234U/238U ratios associated
with particles were also greater than 1.0, and in many samples the isotope
ratios were similar to the isotope ratios of dissolved U. In rock samples,
from the WRA, which have not been altered, the 234U/238U ratios are not
significantly different from 1.0 (Gascoyne and Cramer 1987). Therefore,
the particles in the WRA groundwaters have obtained a significant fraction

- 36 -

TABLE 7
THORIUM ASSOCIATED VITH PARTICLES IN VHITESHELL RESEARCH AREA GROUNDVATER

Sample

Dissolved
Thorium
(Mg/L)

Particulate
Thorium
(Mg/L)

Percent
Particulate
Thorium

Particles
(mg/L)

(mL/g)

Shallov Vaters
H2B
URL-10
URL-12A
WB1
HC-8

HC-16
WB1-2
WB1-1

0.12
0.11
0.11
0.16
0.21
0.39
4.25
0.16

0.009
0.006
0.011
0.336
0.429
0.600
0.000
0.007

7
5
9
68
67
61
0
4

0.230
0.450
1.280
15.1
2.856
9.482
1.200
1.580

3
1
8
2
7
2

x
x
x
x
x
x

105
105
10<
1055
10
105

3 x 10*

Deep Saline Waters*
_

M10-3A
WN11-17A
WN4-6
WN1-8-12
WN11-17B
WA1

0.56
0.33
0.19
0.2
0.56
0.35

0.000
0.034
0.008
0.039
0.000
0.000

0
9
4
16
0
0

0.840
0.710
1.410
0.660
1.180
0.200

1 x 105
3 x 10*
3 x 105
-

Saline waters have more than 10 g/L dissolved solids.
of their U from the groundvater. Those particles with isotope ratios close
to 1.0 probably contain U inherited from the rock matrix, i.e., the U had
resided in these particles while they were still part of the rock matrix.
Because this U was not sorbed recently and is not in equilibrium with the
present-day clay groundwater, particle samples with 234U/238U ratios close
to 1.0 are not useful for obtaining field-derived Rd values.
Table 10 summarizes the field-derived Rd values for U, Th and Ra obtained
from colloid studies at Cigar Lake. The Cigar Lake U Rd values tend to be
higher (average = 3 x 105 mL/g) than the U Ra values in the WRA waters.
The Th Rd values at Cigar Lake (average = 2 x 10s mL/g) were similar to
those found in the WRA waters. The 226Ra Rd values at Cigar Lake
(average = 2 x 105 mL/g) were similar to the Ra Rd values obtained from the
shallow WRA groundwaters. Waters with the higher 226Ra concentrations
(1 to 6 Bq/L), such as holes 79 and 80, had the lowest Ra Rd values. The
low Rd value for sample 199 probably resulted from the high total particle
concentration in ^roundwater caused by the close proximity to a major
fracture zone.
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TABLE 8
RADIUH-226 ASSOCIATED VITH PARTICLES IN
VHITESHELL RESEARCH AREA GROUNDWATER

Sample

Dissolved
Radium
(Bq/L)

Particulate
Radium
(Bq/L)

Percent
Particulate
Radium

Particles
(mg/L)

(mL/g)

Shallow Waters
M2B
URL-10
WB1-2
WB1-1

0.05
0.04
0.12
0.02

12
8
21

0.005
0.011
0.005

0.230
0.450
1.200
1.580

3 x 105
7 x 10«5
2 x 10

1.270
1.410
0.660
0.710
0.200

3
5
9
1
6

Deep Saline Waters*
M7A
WN4-6
WN1-8-12
WN11-17A
WÂl

18.50
4.57
1.56
28.58
0.09

0.3
1
1
1
1

0.059
0.030
0.009
0.235
0.001

* Saline waters have more than 10 g/L dissolved solids.
TABLE 9
DISSOLVED AND PARTICULATE URANIUM ISOTOPE ACTIVITY RATIOS
IN WHITESHELL RESEARCH AREA GROUNDWATER

Sample
Location

Dissolved

Particulate

234U/238JJ

234U/238U

WA1-3
URL10
M2B
WB1-2
HC8
HC16

3.6 ±
5.8 ±
2.5 ±
4.1 ±
3.3 ±
6..3 ±
6.7 ±

WN1-8-12
WN11-17A
WN4-6

4.7 ± 0.3
5.0 ± 1.9
2.9 ± 0.06

WB1

0.2
0.7
0.04
0.2
0.6
0.5
0.4

1.1
2.4
3.4
7.2
4.7
4.3
3.4

± 0.1
± 0.6
± 0.1
± 0.7
± 1.7
± 0.7
± 0.4

2.7 ± 0.4
1.6 ± 1.2
1.1 ± 0.05

x
x
x
x
x

1033
10
103
104
10«
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TABLE 10
FIELD-DERIVED DISTRIBUTION COEFFICIENTS FROM CIGAR LAKE

Borehole*
79
80
83
128
134
137
139
197
198
199

Particles
(mg/L)
31
2.19
0.567
2.95
1.55
0.843
1.19
3.18
5.59
261

Average
Standard Deviation
of Mean

U Rd
(mL/g)

Th Rd
(mL/g)

Ra Rd
(mL/g)

5.4 x 10*
9.5 x 10«
1.6 x 104

3 x 10s

2 x 105

2 x 10s

1 x 10s

1 x 105

1 x 10s

7.5 x 10«
8.7 x 10s

8.2 x 103

6.7 x
1.9 x
1.8 x
3.4 x
2.8 x
1.4 x
1.4 x
2.2 x
5.5 x
8.7 x

103
103
10s5
10
10*
106
10s
105
10*
103

10*
10*
1055
10
104
10s
105
105
10s
10*

2.7 x
2.9 x
2.5 x
7.3 x
6.2 x
4.7 x
1.1 x
7.7 x
5.0 x
3.1 x

See Figure 6 for information on sample location and dissolved
radionuclide concentrations
The NEA SDB contains some information on U, Ra and Th sorption on geological materials. Uranium Rd values, determined from laboratory sorption
experiments, are lover than the field-derived Rd values measured with
groundwater particles. For example, laboratory-measured Rd values for U
onto Grimsel granite were between 3 and 34 mL/g (Wernli et al. 1985). The
Rd values for U sorptior. <;n biotite (156 to 706 mL/g), muscovite (7 x 102
to 1 x 10* mL/g), and illite (5 x 102 to 3 x 103 mL/g) were measured by
Âmes et al. (1983a), under oxidizing conditions using a solution with a U
concentration of about 10'7 mol/L. This U concentration is higher than the
U concentrations generally observed in the VRÂ and the Cigar Lake waters,
which ranged from 4 x 10'10 to 4 x 10'7 mol/L. If sorption was measured
using the lower U concentrations found in groundwater, the observed Rd
values would probably have been lower. The NBA SDB contains less information on Ra sorption than U sorption. Radium sorption on granite was
reported to have an Rd value between 63 and 500 mL/g (Allard et al. 1979).
The Rd values for Ra sorption on biotite (4 x 103 to 2.5 x 10* mL/g) and
montmorillonite (1 x 103 to 4 x 103 mL/g) were measured by Ames et al.
(1983b). All results reported in the NBA SDB were obtained from experiments using solutions containing more than 10-9 mol/L Ra, which is
considerably higher than the concentration of dissolved 226Ra observed at
Cigar Lake and the WRA (2 x 10-15 to 3 x 10'12 mol/L). The Rd values
obtained from sorption experiments are generally lower than the fieldderived Rd values, except for Ra sorption on biotite, which is similar to
field-derived Rd values obtained from samples with high concentrations
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(>1 Bq/L) of dissolved Ra. In the NBA SDB, Ra values were reported for Th
sorption onto granite
(4 x 103 to 1 x 10* mL/g) and a quartz/bentonite
3
mixture (6 x 10 mL/g) (Allard et al. 1979). These Rd values are about an
order of magnitude lover than the field-derived Th Rd values observed at
Cigar Lake and the VRÂ. The dissolved Th used in these experiments
(1 x 10-8 mol/L) was about an order of magnitude higher than observed in
the Cigar Lake and WRA groundvaters.
The field-derived Rd values for U, Th and Ra are higher than values
obtained from laboratory sorption studies because of one or more of the
following reasons:

4.3

1.

Radionuclides are held irreversibly by mineral particles through
a combination of several different mechanisms. This may include
radionuclide entrapment inside particles.

2.

Radionuclide concentrations occurring naturally in groundvater
are much lover than concentrations used in sorption experiments.
Because sorption Rd values may decrease vith higher radionuclide
concentrations, the laboratory-measured Rd values may underestimate sorption under natural conditions.

3.

Because of their small size, natural particles (10*6-m size
range) have a much larger surface-area-to-mass ratio than the
rock and mineral samples used in sorption experiments (10°-m
size range).

A.

Although dissolved U in groundvater is most likely all in the
(VI) oxidation state, redox conditions may influence U attachment
to minerals if mineral surfaces can induce U reduction to the
(IV) oxidation state.
SORPTION EXPERIMENTS VITH COLLOIDS

To adequately predict radionuclide interactions vith colloids, data are
required from sorption experiments using colloid-sized material as the
sorbent. Most of the sorption data in the literature vere determined vith
material vhose particle size (10~3 m range) vas much larger than that of
colloidal particles. Also, one cannot rely solely on field-derived Rd
values, vhich do not provide direct information on sorption mechanisms and
may be influenced by other reactions such as precipitation. In addition to
the usual parameters (pH, ionic strength, Eh, vater composition, sorption
rate) considered in sorption experiments vith geological materials, experiments vith colloidal systems should take into account the effects of
colloid stability, coagulation, and colloid size. One must also determine
the reversibility of the sorption reaction in response to a decrease in
sorbate concentration because reversibility is an important factor affecting the impact of colloids on radionuclide migration.
To determine the sorption properties of natural colloids, experiments can
be carried out either vith colloidal material collected from groundvater or
vith synthetic analogs chosen to represent the properties of natural
colloids. Depending upon the groundvater system, possible synthetic
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analogs include silica gel, Al and Fe oxides and hydroxides, clay ainerals
with a characterized size range, and humic acids, extracted chemically from
groundwater. Experiments vith natural material require the collection of
colloid concentrates from groundvater, using techniques such as tangentialflov ultrafiltration. Filtered groundvater should be used as the aqueous
media in the sorption experiments, which should be carried out under
temperatures and partial pressures of 02 and C02 representative of those
found in groundvater. Natural colloids should be exposed to a minimum of
sample pretreatment in order to preserve their original properties.
If sorption experiments are carried out vith synthetic colloids, it is
necessary to select a sorbent material that is relevant and likely to
represent colloids in a natural system. For example, silica colloids vould
be relevant to Grimsel vater, vhere a significant fraction of natural
colloids consists of silica spheres (Degueldre et al. 1989). Illite might
be a useful analog for the Cigar Lake and VRA groundvaters, vhich contain
clay colloids (Vilks et al. 1988, 199la)). The main advantage of synthetic
analogs over natural colloids is the availability of the analog material in
sufficient quantities to perform a large number of experiments. The
synthetic material is often veil characterized and available in a consistently pure form. Since surface chemistries are relatively simple and veil
characterized, it is possible to interpret sorption results vith models
using basic chemical principles. For example, sorption on oxide surfaces
can be interpreted vith surface complexation models, vhich account for
changes in surface charge vith increasing sorption (James 1981). Therefore, synthetic systems can be very useful for identifying sorption
mechanisms.
It may be difficult, hovever, to extrapolate the results from simple
systems to complex natural systems, vhich are difficult to characterize in
enough detail to apply fundamental sorption models. Also, synthetic
material may contain artifacts that are not associated vith natural
colloids. For example, grinding procedures used to reduce the size of clay
particles may damage particle surfaces, and the chemical procedures used to
extract humic acids from groundvater may irreversibly alter the properties
of this material.
The literature contains many examples of sorption studies vith materials
that can be considered as synthetic analogs to natural colloids. The
NBA SDB contains radionuclide sorption data for various clay minerals.
Hovever, in most cases the sorption experiments vere not designed to take
into account important colloid parameters, such as particle size and the
effects of coagulation. Uranium(IV) and Pu(IV) sorption on silica gel vas
measured by Ahrland et al. (I960). Uranium(VI) sorption on hematite sols,
vhich vere considered as analogs to Fe colloids in groundvater, vas
investigated by Ho and Doern (1985) and Ho and Miller (1985). Thorium, Am,
and Np sorption on alumina colloids, vith an average diameter of 20 nm, vas
characterized by Righetto et al. (1988). Instead of using an Ra approach,
researchers have usually described radionuclide and metal associations vith
humic materials by means of a ligand-complexing model, as outlined by
Choppin (1988). For example, Moulin et al. (1988) investigated the interactions of U and Am vith humic materials.
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Laboratory studies with natural colloids would most closely approximate
radionuclide sorption onto natural colloids in groundvater. The main
difficulty with using natural colloids is being able to collect enough
colloidal material to perform sorption experiments. Because the concentration of colloids in deep groundvaters is often less than 1 mg/L, several
hundred litres of groundvater may have to be filtered to produce concentrates with enough colloidal material to detect sorption.
The sorption of 137Cs, 85Sr and 121I on natural colloids concentrated from
Grimsel groundwater was investigated by Vilks and Degueldre (1991). Even
after producing colloid concentrates, the amount of sorbing material was so
small that increases in radionuclide concentration in particle concentrates, caused by salt retention during filtration, had to be considered.
The tendency of the Grimsel colloids to coagulate highlighted the importance of carrying out sorption experiments as soon as possible after sample
collection. The Rd values for 137Cs, 85Sr and 121I sorption on colloids
were usually higher than
Rd values for the same radionuclides measured on
granite. The observed 137Cs and 85Sr Rd values were similar to the upper
range of Rd values measured with clay minerals, whereas the 121I Rd value
was higher than the values normally observed with clay minerals. In
general, sorption data from non-colloidal material are not similar to Rd
values for radionuclide sorption on natural colloids. However, sorption
data obtained from clay minerals could have been used to closely approximate Cs and Sr sorption on Grimsel colloids. Desorption experiments showed
that I was irreversibly sorbed by Grimsel colloids, whereas Cs and Sr
slowly desorbed after their concentrations in solution had been reduced.
4.4

SUMMARY

There is currently insufficient information in the literature to adequately
describe radionuclide sorption in natural colloid systems. In general,
field-derived Rd values appear to be higher than Rd values measured with
rocks and minerals because radionuclides may be irreversibly associated
with natural particles by several different mechanisms. The experimental
Rd values in the literature may also be lower because the experimental
solution compositions and sorbent properties did not adequately represent
natural colloids in groundwater. The field-derived Rd values did demonstrate that groundwater particles can contain higher particle concentrations of U, Th, and Ra than would be expected on the basis of laboratorymeasured sorption data from the literature. The amount of radionuclides
sorbed by natural colloids in laboratory experiments also appears to be
higher than that observed for other geological materials.
5.

5.1

PARTICLE MIGRATION

BASIC PRINCIPLES

Before proceeding with the discussion of colloid migration, it is appropriate to review some of the fundamental differences between colloids and
dissolved molecules. Colloids are distinguished from molecules mainly by
size, although in the low nanometre range this size distinction may be
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arbitrary. Particle size has a profound effect on colloid stability and
migration. If water is not flowing, radionuclide migration will be determined by diffusion. Because diffusive mobility is inversely related to
particle size, the rate of colloid diffusion in water can be orders of
magnitude slower than the rate of diffusion of simple ions. Increasing
particle size also restricts colloid transport by moving water through
microfractures, and thus increasing the probability of particles impacting
on constricting fracture surfaces. As shown by Equation (5.1), Stoke' s law
predicts that particle sedimentation velocities will increase with particle
size and density (Shaw 1980):

?—
r2 (/> - p )g
sedimentation velocity (cm/s) = ^
0
where

r
77
p
P0
g

=
=
=
=
=

(5.1)

particle radius (cm),
fluid viscosity (poise),*
particle density,
fluid density, and
acceleration due to gravity (cm/s2).

In standing surface waters, such as lakes, particles smaller than about
10 000 nm can remain in suspension, depending on the amount of water turbulence. In groundwaters with negligible flow (<1.5 m/a), however, particle
sedimentation is opposed mainly by Brownian motion, which is caused by the
sum of the impacts from molecules that hit the particle from all directions. The mean Brownian displacement of a particle from its original
position is given by the following equation (Shaw 1980):
X

where R
T
t
Na

_
=
=
=
=

RTt

. J
8. 314 x 107 erg/(moLK),**
temperature, (K)
time (s), and
Avogadro's number.

For particle densities between 1.1 and 2 g/mL, Brownian motion can overcome
the sedimentation of particles smaller than 250 to 600 nm, allowing these
particles to remain in a stable suspension. Water turbulence is required
to maintain larger particles in suspension.
One of the most important considerations in particle migration is colloid
stability. Although colloid stability can be affected by colloid dissolution or recrystallization in the migration context, the term stability is
thought of as the tendency of particles to remain in suspension without
increasing their size by coagulation. Colloid stability is particularly
important when groundwater velocities are too low to move large particles.
Particle stability is determined by particle size, surface properties, pH,
ionic strength, temperature, and particle concentration.

* 1 poise =0.1 Pa's
** 1 erg = 0.1 0J
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The surface chemistry of colloids can have a major impact on colloid stability and migration. The composition and structure of particle surfaces
will determine the magnitude and type of particle charge. If broken bonds
are exposed at particle surfaces, ions will interact with the broken bonds
to produce a surface charge, which varies with pH and solution chemistry.
If the particle surface is free of broken metal-oxygen bonds (001 surface
of clay particles), the particle may have a constant charge determined by
charge imbalances within the particle. Host particle surfaces contain
metal ions whose coordination is not completely satisfied. These metal
ions will coordinate with oxygen donor atoms in solution and, depending
upon the pH, release protons. At a low pH, a surplus of protons on
particle surfaces leads to the formation of a positive charge whose magnitude decreases with increasing pH. At the pH of zero point of charge
(pHZPC), a particle has no surface charge. As more protons are lost to
solution above this pH, the particle will acquire a negative charge whose
magnitude increases with pH. Most silicates have a pHzpc below 3, whereas
the pH,,p<: of Al and Fe oxides can vary between pH 5 and 9 (Stumm and Morgan
1981). The pHZPC of oxide surfaces depends upon surface composition and
crystal structure. Particles with reactive surfaces may easily recrystallize or attach to other surfaces or particles through chemical bonds.
The surface charge developed on particles has a profound effect on the
interactions between particles and between fracture surfaces and particles.
Surface charge can also affect radionuclide sorption onto colloids.
According to the theory developed by Derjagin and Landau and Verwey and
Overbeek (Verwey and Overbeek 1948), known as the DVLO theory, colloid
coagulation and sorption onto mineral surfaces are determined by a dynamic
equilibrium between attractive forces (van der Waals) and repulsive forces
caused by surface charge. To explain the effect of solution composition on
this dynamic equilibrium, it is necessary to understand the effect of
surface charge on the local water chemistry near the particle surface. To
alleviate the local charge imbalance produced by the colloid surface, ions
of opposite charge (counter ions) are concentrated in a region near the
solid surface, to form a diffuse electric double layer (Stumm and Morgan
1981). As colloids of the same charge approach each other, their diffuse
electric double layers begin to interact and cause repulsion. If the
kinetic energy of a colloid is able to overcome this repulsion, the colloid
may get close enough to another particle or a mineral surface so that
attachment can take place through van der Waals forces or chemical bonding.
In many cases, the electric double layer is too wide to allow colloid
particles to approach each other close enough for the attractive forces to
take effect. Under these circumstances, colloids can remain in suspension
indefinitely. However, if the ionic strength of the aqueous medium is
increased, the double layer will decrease in width and an increasing number
of colloids will be able to get close enough for binding to take place. An
example of this type of coagulation occurs in river estuaries where freshwater clay and humic colloids coagulate when they mix with sea water.
Similarly, in saline waters, colloids are expected to coagulate and become
attached to mineral surfaces. Colloid coagulation and/or sorption is also
strongly enhanced when the particle charge becomes zero as pH nears the
pHzpc. If oppositely charged surfaces are brought together during a
particle collision, the surface charges will obviously enhance coagulation.
However, because most natural colloids and silicate mineral surfaces seem

to be negatively charged, in groundwater from granite rock with pH above 5,
particle charges are most likely to cause repulsions.
It is difficult to apply DVLO theory to predict the ionic strength at which
natural colloids will begin to coagulate, because in natural systems
particles have a wide range of surface charges, and some particles, such as
clays, can have positive and negative surfaces on the same particle. In
addition to pH and ionic strength, groundwater composition can also affect
colloid stability. Multivalent cations are more effective than monovalent
cations in reducing colloid stability by reducing double-layer thickness.
For example, while 10"x mol/L of Na+ may be required to flocculate a
particle suspension, 10-4 mol/L of Al+++ can achieve the same effect
(O'Melia 1972). If ions, such as Cs+, K+, Ca++, and Al*"1"*-, are specifically sorbed by co-ordinating to sites on the colloid surface, they may
permanently destabilize colloids by reducing the charge at the mineral
surface, and thereby the double-layer thickness. On the other hand, if the
amount of specifically sorbed Al+++ is large enough, charge reversal may
occur, and the colloid could be stabilized again with a new surface charge.
The adsorption of natural and synthetic macromolecules could stabilize
colloids by increasing the electrical repulsion between particles, decreasing van der Vaals attraction or increasing a steric component of repulsion
(Stumm and Morgan 1981). Macromolecules can also destabilize colloids by
forming a bridge between two particles. Although DVLO theory is a useful
concept for explaining colloid stability, its predictive power is limited
in uncharacterized natural systems.
5.2

MIGRATION MODELS

Whether colloids migrate in groundwater or are filtered by the geological
media will be determined by a dynamic balance between the rates of particle
generation and particle retention by the geological media. Most migration
models emphasize the retention of colloids that enter a given section of a
fracture or porous medium, although in some cases colloid production within
the migration path is also considered. Good overviews of particle migration theory have been given by McDowell-Boyer et al. (1986) and de Marsily
(1986).
A distinction should be made between colloids generated by particles formed
by breaking away from mineral surfaces and colloids formed by precipitation
in the groundwater. Particles released from mineral surfaces will obviously have a composition similar to the geological media. Particles may break
away from the media if the media is impacted by other mobile particles; for
example, if there is an increase in groundwater flow rate or if the flow
direction is changed. The amount and composition of precipitated colloids
will depend upon the solution composition. Colloid precipitation may be
caused by a change in pH, Eh, temperature or pressure. Finely divided
solids have a greater solubility than large crystals and will usually
precipitate at a faster rate than their thermodynamically more stable
crystal forms. Freshly precipitated colloids are probably not the most
stable form of a given substance and may be more reactive than particles
released from the geological media. Therefore, compared with mineral
particles eroded from fracture surfaces, precipitated colloids, such as Fe
hydroxide or carbonate, are more likely to be lost from groundwater by
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dissolution, recrystallization and growth to larger particles or by
sorption to fracture surfaces.
Particle retention by the geological media depends on the probability of
particles coming into contact with the geological media and on the likelihood of the particles becoming sorbed. It is more difficult to predict
particle sorption than to estimate the probability of particles coming into
contact vith the cedia. Particles can become sorbed to fracture surfaces,
the edges between two convex surfaces, constriction sites and dead-end pore
spaces. Forces that cause retention include the axial pressure of the
fluid, friction between particles and surfaces, van der Vaals attraction,
oppositely charged attractive electric forces between particles and
surfaces, and chemical bonding. These retention forces can be opposed by
electric double-layer repulsions between particles and media. Therefore,
to predict particle sorption onto the media, one must quantify the water
chemistry and the range of particle surface chemistries and charges. This
is difficult to do for natural particles, which contain a wide range of
surface properties.
Many filtration models attempt to evaluate the probability of particles
contacting the geological media and assume that once contact is made, all
particles will be sorbed (sorption efficiency of 100%). Filtration models
are usually developed to describe particle migration through porous media
where the particle size of the media determines the porosity and geometry
of the pore spaces available for migration. The type of filtration that
occurs depends on the relative size of the migrating particles (dp) and on
the particle size of the media (da). Three classes of filtration can be
distinguished (Sakthivadivel 1969):
1.

If the ratio dB/dp is less than 10, migrating particles are
stopped by surface (cake) filtration and do not penetrate the
media.

2.

If the dm/d ratio is between 10 and 20, particles may penetrate
the media where they are stopped by straining filtration.

3.

Physical and chemical filtration occurs when the dm/dp ratio is
greater than 20 because the migrating particles are small enough
to easily pass through the pore spaces of the media. Although
particle size plays a major role in physical and chemical filtration, surface chemistry also becomes very important. Colloid
migration through open fractures will most likely be controlled
by physical and chemical filtration. By contrast, a compacted
clay buffer, having an average pore size of 50 nm, will stop most
colloids by cake filtration.

Historically, the filtration of particles through porous media has been
described by an empirical equation (Iwasaki 1937) that describes particle
removal from solution with first-order kinetics with respect to particle
concentration in the fluid (C):
dC/dx = -AC

(5.3)
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vhere the distance travelled through a porous medium is x, and À is the
filtration coefficient. The filtration coefficient is determined by
measuring the change in particle concentration from the initial concentration (C0) to the concentration (C(L)) after the fluid has travelled a
distance L:

C(L) = C0
The filtration coefficient is a function of particle size, so that
Equation (5.4) only applies to particles with a uniform size. In a porous
medium, the filtration coefficient can be expressed as a function of the
probability of the particle colliding with the media (rj), the probability
of the particle sorbing to the media (a), the diameter of the grains in the
porous media (d), and the porosity of the media (f):
\ = 3/2(1 - f)ar?/d

.

(5.5)

To account for the effect of particle size on filtration, physical and
chemical filtration has been modelled by Yao et al. (1971), who calculated
a filtration coefficient based on the probability of particles colliding
with the media (rj). The probability of particles sorbing to the media (a)
was assumed to be constant. The value for r? is determined by the grain
size of the media, the water velocity, and the size and density of migrating particles. Yao's model predicts that particle collisions with the
media will increase with particle size for particles larger than about
0.2 /«a, which will become affected by gravitational sedimentation. Larger
particles are also likely to be stopped by straining as their size
approaches that of pore spaces between solid surfaces of the porous media.
However, for very small colloids, the probability of colliding with the
media is determined by the rate at which particles diffuse towards solid
surfaces. Because smaller colloids diffuse toward the solid surfaces of
the porous media faster than larger colloids, the small colloids have a
higher probability of colliding with the porous media, giving them a higher
filtration coefficient. Assuming that the sorption efficiency (a) remains
constant for all particle sizes, there is a certain particle size that has
a minimum filtration coefficient for a given porous media. For example,
the filtration coefficient for a porous media of 0.4-mm glass beads had a
minimum for particle sizes from 0.6 to 5 urn, depending on the particle
density. This implies that the filtration of radiocolloids may be less
efficient than the retardation of dissolved radionuclides that diffuse
towards solid surfaces faster than colloids, provided the radiocolloids are
not excessively large. As shown by Yao et al. (1971), the filtration
coefficient also increases with lower flow rates because of the increase in
the probability of particle collisions with the media (a). For example, a
1000-nm particle is predicted to have a clean-bed filtration coefficient of
0.1 cm"1 with a water flow rate of 100 m/d, but with a flow rate of 10'2
m/d (typical of granite groundwater) , the filtration coefficient increases
to 102 cm-1 (HcDowell-Boyer et al. 1986).
A detailed review of colloid transport ir: fibrous porous media (wood
fibres), which takes into account various forces acting on particles, is
given by Guzy et al. (1983). These forces include inertial forces, diffusion, gravitational settling and buoyancy, London-van der Waals attraction,
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the electric double layer and hydrodynamic drag. Colloid (1 to 10 nm)
transport and capture in an ideal fracture (with smooth parallel sides and
no channelling), with flow rates from 0.5 to 2 cm/s, is discussed by Bonano
and Beyeler (1984). The transport model they used included the effects of
fluid drag, gravity, London-van der Waals forces, and the electric double
layer, but it did not consider diffusion. The model predicted that
particle capture increased with particle size and production rate. The
fluid velocities considered did not affect the capture rate. Particles
tended to travel in regions of the highest fluid velocities and, therefore,
may travel faster than the average fluid velocity. This effect is also
known as hydrodynamic chromatography (de Marsily 1986) because particles of
different size can be separated on the basis of their elution velocities
through porous media. This principle is applied in gel permeation chromatography in which a column of sephodex gel is used to separate macromolecules and colloids (<100 nm) into size fractions. The ratio between
particle velocity and fluid velocity is usually between 1 and 1.1, with 1.4
being an extreme case.
5.3

OBSERVED PARTICLE MIGRATION

This section reviews the results from colloid migration experiments through
columns of porous media and compressed clay. The migration of radiolabelled kaolinite suspensions through columns of crushed basalt, limestone
and sand was studied by Eichholz and Craft (1982). Kaolinite passed easily
through all the crushed mineral columns in the presence of deionized water.
However, retardation increased with increasing solution salinity. The
authors felt that an increase in particle size caused by kaolinite
agglomeration produced the increased retardation, 'although higher ionic
strength also promotes colloid sorption. Although trapped kaolinite was
detected throughout the columns, there was a very sharp concentration
gradient at the beginning of the columns, which the authors considered as a
physical entrapment ("straining filtration"). If a kaolinite suspension
was circulated through the columns for several days before the radioactive
clay was added, there was no retention of radioactive clay. This indicated
that the sorption sites had been occupied by nonradioactive kaolinite.
Suspended montmorillonite, which was passed through crushed granite, showed
no significant change in clay size (Neretnieks 1978), indicating that, in
porous media, larger colloids (>100 nm) and suspended particles (1 to
10 /im) travel with similar velocity. Some montmorillonite sorption was
noted in the presence of salt, whereas no sorption was observed in
distilled water.
The effect of mica-rich sand columns on the migration of actinide colloids
produced during the leaching of borosilicate glass has been reported
(Avogadro et al. 1980, 1982). The exact chemical nature of the actinide
colloids was not determined, but it was believed that they were pseudocolloids, with a host consisting of silica or -some alteration products
originating at the glass surface. The actinide colloids had a variable
size, ranging from 10 to 10 000 nm. Activity profiles showed that Am and
Pu were retained in the sand columns, with the greatest concentrations
occurring at the input end of the columns. Unfortunately, the colloid
content of the effluent was not characterized. Attempts were made to
explain the colloid migration data with different models that included
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advection, size-dependent filtration, and sorption (Saltelli et al. 1984,
Travis and Nuttall 1987). To explain the high concentration of actinides
at the input end of the column, both models contained size-dependent
filtration coefficients, which accounted for the preferential removal of
larger colloids at the input end. A characterization of colloid size
distribution in the column effluent could have determined the importance of
size-dependent filtration by showing whether or not there was a change in
colloid size distribution compared with the feed solution, as predicted by
the models.
The formation and migration of Pu colloids in a soil column, spiked with
noncolloidal Pu and leached with groundwater, have been observed by Champ
et al. (1982). The total Pu leached from the column consisted of 46%
suspended particles >450 nm, 8% colloids between 50 and 450 nm, 15%
colloids between 2.8 and 50 nm, 27% dissolved species between 500 and
10 000 molecular weight, and 4% dissolved species <500 molecular weight.
Viruses can be considered as colloids in the 20- to 100-nm range, whereas
bacteria are larger particles, ranging from several hundred to several
thousand nm in size. Bacteria migration in shallow aquifers has been
observed for distances from 1 to 830 m, whereas viruses have been observed
to migrate for distances up to 400 m (Gerba and Goyal 1985). Bacteria
transport in soil appears to be controlled by channeling because bacteria
penetration of undisturbed soil is more extensive than through columns of
repacked soil (Smith et al. 1985). In repacked columns, the permeability
is evenly distributed, with no channelling to allow for rapid bacteria
transport. Since undisturbed soil contains zones with different permeability, bacteria will travel through the zones with higher-than-average
permeability.
In a migration experiment through a machined granite fracture, using
synthetic groundwater containing 241Am, which was 75% colloidal, the
measured distribution coefficient (ka) for Am was only 0.008 cm (Vilks and
Drew 1986). This was almost 3 orders of magnitude lower than the ka value
measured in a static experiment using the same granite. The low Am sorption onto the granite in the migration experiment was attributed to the
presence of Am colloids, which could not sorb to the fraction. In the
static sorption experiment, these colloids were either not present or were
separated along with the solids during the phase separation procedure.
Colloid migration experiments with 72-nm latex spheres in a granite block
(100 x 100 x 70 cm), containing an open natural fracture, are being carried
out at AECL Research. When a flow field was established between 2 boreholes intersecting the fracture (out of a total of 9 boreholes), latex
spheres were found to travel with the velocity of groundwater. Although
only 30% of the injected latex spheres were eluted, the remaining 70% could
be recovered by flushing the fracture from neighbouring boreholes. Because
the latex spheres have a stable negative charge, they are expected to have
a very low probability of sorbing (a) to the negatively charged fracture
surface. Since the attachment of latex spheres to fracture surfaces is
hindered by double-layer repulsions, the capture of these particles by the
fracture is determined by hydrodynamic forces, holding particles against
dead-end spaces and other restrictions. Because particles are not held to
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the fracture surface by strong attractive forces (van der Waals), this type
of capture is reversible to changes in flov direction. These prelininary
experiments indicate that colloid migration is affected by dispersion along
fractures and by changes in groundvater flov direction.
Lignin sulfonate (24 000 molecular veight) has been used as a colloid
analog to study diffusion through clay (Eriksen and Jacobsson 1984).
Lignin sulfonate diffused more slowly through brine-saturated bentonite
than did simple anions, such as Cl~ and I*. Although sorption effects
cannot be ruled out it was believed that the size of the lignin sulfonate
molecule restricted its migration. No lignin sulfonate diffusion was
observed through a 3-mm-thick bentonite bed after 36 d (Neretnieks 1978),
using synthetic groundwater as the experimental medium. Brine-saturated
bentonite did not permit the diffusion of colloidal gold (Nowak 1983).
Water and colloid migration through an unfractured granite matrix could
occur only through a network of grain boundary and transgranular microcracks. The microcrack apertures would determine the maximum size of
particles that could migrate through the granite matrix. Scanning electron
microscopy has been used to investigate microfractures in granite from the
Lac du Bonnet batholith (Chernis 1981, 1983). The microcrack apertures
ranged from 10 to 4000 nm, with the majority between 40 and 160 nm. Transgranular microcracks, which cut across grain boundaries, are less frequent
than grain boundary cracks, but their apertures can be as large as
15 000 nm in fractured rock. In unfractured rock, transgranular fracture
apertures reach a maximum of 5000 nm but, in general, microcracks over
1000 nm represent less than 2% of the total microcrack population. The
abundance of microcracks depends upon the granite mineralogy and is greater
at quartz grain boundaries. Experiments have shown that 91-nm latex
spheres did not diffuse through unfractured granite cores (Bradbury and
Green 1985). Since transport through unfractured granite is diffusioncontrolled, with minimal groundwater flow, colloid transport is expected to
be very slow because particle diffusion coefficients are orders of magnitude lower than those of dissolved species.
5.4

SUMMARY

Filtration theory and experimental evidence have shown that the important
parameters to consider in particle migration are (1) media pore size or
fracture aperture, (2) particle size, (3) the surface chemistry of particles and media, (4) aqueous chemistry, and (5) fluid flow rate, filtration
theories have been developed primarily for porous media, although they can
probably be adapted for particle transport through fractures. Filtration
models are able to explain the fluid mechanics and capture mechanisms
affecting particle migration. However, the predictive ability of these
models fails when repulsive forces on particle and media surfaces interfere
with particle capture mechanisms. These repulsive forces are difficult to
predict with DVLO theory in systems with a wide range of unquantified
surface chemistries. When surface repulsions are significant, the agreement between theory and experimental data is so poor that one must question
the adequacy of modelling surface interactions with only van der Waals
attraction and double-layer repulsion (McDowell-Boyer et al. 1986).
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Filtration models developed for deep-bed filters, which normally use high
flow rates of about 100 ni/d, nay not be relevant to natural groundwater
systems. In the subsurface, groundwater flow is usually less than 1 m/d,
whereas in deep fractured granite, flow rates are usually less than 1 m/a.
Often experimental data are given for downward flow through a column of
porous media, whereas in nature we need to be concerned with horizontal or
upward flow. Downward flow may affect the migration of particles that are
large enough to be affected by gravitational sedimentation.
Sometimes laboratory and field migration studies with particles do not give
the same results. In laboratory experiments, which are usually simple,
well-characterized systems, colloid retardation over short distances has
been observed. However, under field conditions, which have more channelling because of more variations in the permeability of the flow system,
colloid mobility over long distances has been observed.
At present, theory cannot adequately predict particle migration in the
subsurface, and we do not have any direct experimental data on colloid
migration in deep fractured granite. However, theory does indicate that
particle migration will be restricted mainly to fracture systems because
migration through unfractured granite (Bradbury and Green 1985) and
compacted clay (Eriksen and Jacobsson 1984, Nowak 1983) is extremely slow.
If groundwater flow in granite is less than 1 m/a, then only colloids less
than about 250 to 600 nm, which can remain in suspension without water
flow, are likely to be mobile. Larger particles are likely to remain
immobile unless there is a change in groundwater flow caused, for example,
by drilling an artesian well or by pumping groundwater for sampling or
drinking purposes.
6.

MODELLING THE EFFECT OP COLLOIDS ON RADIONUCLIDE MIGRATION
THROUGH THE GEOSPHERE

The purpose of this chapter is to evaluate the impact of colloids on radionuclide transport in the geosphere model used in the postclosure assessment
case study and to present arguments for omitting colloid-facilitated transport in this model. Because the geological setting assumed in the postclosure assessment case study is based on the WRA, the conclusions reached
herein are derived from the geochemical and hydrogeological studies carried
out in the WRA. These conclusions may not apply to other hydrogeological
settings.
6.1

GEOSPHERE MODEL AND BASIC ASSUMPTIONS

The geosphere model (GEONET) is used to simulate the net flow of contaminants in granitic rock of the WRA (Davison et al. 1994). The model
predicts the movement of groundwater, the transport of contaminants by
advection, hydrodynamic dispersion and molecular diffusion, and contaminant
retardation by sorption and precipitation. The conceptual geosphere model
assumes that a hypothetical disposal vault is placed at a depth of 500 m in
a region of the WRA. In the model, the vault is located in an unfractured
grey granite, with very low hydraulic conductivity (10'12 m/s), that
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extends upward to a depth of 300 m (lower rock zone). Prom the surface to
a depth of 150 m, the rock consists of pink granite (upper rock zone) that
has well-developed vertical fractures and a moderate hydraulic conductivity
(10"8 B/S). The rock between 150 and 300 m (intermediate rock zone) is
considered to have an intermediate value of hydraulic conductivity
(10-10 m/s). A low-dipping fracture zone, which has a hydraulic conductivity of 10'6 m/s and is a significant groundwater pathway to the geosphere,
is located within tens of metres from the vault.
Groundwater flow is driven by the regional topography, which dips from an
elevation of 300 m above sea level in the southeast to 250 m above sea
level in the northwest. The Winnipeg River is a major hydrologie boundary,
surrounding most of the VRA. Groundwater flow from the vault is upward
because the hypothetical vault is assumed to be located in a part of the
WRA that is a regional discharge area. Because the regional slope of the
land is very low, hydraulic gradients are also low, resulting in very low
groundwater velocities. For example, the travel time of groundwater
through the major fracture zone from a point near the hypothetical vault to
the surface is 1000 a, and the flow velocity in the lower rock zone is
10-3 m/a.
Groundwater flow is modelled by assuming that sections of the fractured
granite are hydraulically equivalent anisotropic porous media, where the
main direction of groundwater flow has been set by local hydrogeological
features such as fracture orientation. Major fracture zones with relatively high permeability, which intersect these porous mediums, are treated
discretely. A three-dimensional finite element code, Model Of Transport In
Fractured/porous media (MOTIF), is used to solve the flow equations for the
porous mediums and to predict hydraulic head and Darcy groundwater velocities. The GEONET code uses porosities and the calculated hydraulic heads
to calculate mean linear groundwater velocities in a simplified network of
one-dimensional segments in three-dimensional space. The GEONET code also
solves the convective-dispersion-retardation equation for a radionuclide
decay chain in each one-dimensional segment. Moreover, GEONET assumes that
the region surrounding the vault is saturated with groundwater after vault
closure and that it can take into account the effects of temperature
increases, resulting from radionuclide decay, on groundwater flow.
Many of the parameters in GEONET and the other SYVAC submodels have a
degree of uncertainty and variability, which may span several orders of
magnitude for a given parameter. To accommodate this uncertainty and
variability, the parameter values in GEONET are defined by probability
distributions rather than a single "best estimate" or a "worst case" value.
The SYVAC code selects a value from each parameter distribution in GEONET
and the other submodels to calculate the transport of contaminants to the
biosphere. This process is repeated several thousand times to produce a
histogram of consequences versus their frequency of occurrence (Goodwin et
al. 1994). Because parameters in GEONET, such as the distribution coefficients used to calculate contaminant retardation, are defined by probability distributions that may cover several orders of magnitude, only
processes that affect the value of a parameter by more than an order of
magnitude are likely to have a significant effect on the outcome of the
assessment. The effect of colloids on radionuclide migration is most
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easily
cient.
change
than 1

accounted for by modifying the radionuclide's distribution coeffiTherefore, for colloids to have a significant impact, they must
the effective distribution coefficients for contaminants by more
or 2 orders of magnitude.

Although radiocolloids could possibly form inside the used-fuel container
and the near-field of the disposal vault, these colloids would not be able
to migrate through an intact clay buffer to the geosphere. Therefore,
radiocolloids formed in this near-field region need not be considered for
radionuclide transport by the postclosure assessment case study, vhich
assumes that the clay buffer remains unfractured. Radiocolloids could be
generated by the release of contaminated clay particles from the buffer to
groundvater. Hovever, although natural analog studies at Cigar Lake have
shown that high particle concentrations do occur in groundwaters contacting
clay-rich rock, we have no direct evidence that particles would be released
from a compacted clay buffer in contact with saline groundwater, which
occurs below about 300 m in the WRA. Moreover, unless there was a direct
contact between an open fracture and the buffer surrounding the container,
it is unlikely that clay particles would be able to diffuse through the
rock matrix to reach an open fracture. Therefore, the most important
mechanism of radiocolloid formation would be radionuclide sorption onto
naturally occurring particles present in groundwater in open fractures.
Groundwaters at the WRA contain colloids and suspended particles that could
sorb radionuclides. However, because the average groundwater velocity is
expected to be less than 1.5 m/a (Reid and Chan 1989), only colloids are
likely to be mobile. Although particle filtration models exist for porous
media, filtration theory is not useful for predicting migration when
colloid sorption is hindered by the surface chemistry of particles and
mineral surfaces. In view of the current lack of applicable migration
models, in our analysis we have made the conservative assumption that
colloids travel without retardation. Therefore, while the dissolved forms
of a radionuclide can be sorbed by fracture surfaces, radionuclides
attached to colloids are assumed to have the same mobility as groundwater.
The discussion on modelling the effect of colloids on radionuclide transport focuses on our ability to predict radiocolloid formation, and its
impact on radionuclide migration, assuming radiocolloids are mobile. The
quantity of radionuclides that could become sorbed onto particles can be
calculated as follows:
[R]c = [R]RdC x 10-6
where

(6.1)

[R]c = groundwater concentration of radionuclide sorbed
on particles (mol/L),
[R] = dissolved'radionuclide concentration (mol/L),
C = particle concentration (mg/L), and
Rd = distribution coefficient (mL/g).

A value for. the particle concentration in Equation (6.1) can be obtained
from observed colloid (10 to 450 nm in diameter) concentrations in the WRA
groundwater. These concentrations vary, from 0.006 to 1.1 mg/L, with an
average of 0.34 mg/L. The Rd values for radionuclides sorbing onto natural
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VRÂ colloids have not been measured. Although natural colloids have a
coaposition similar to fracture-lining minerals, the Rd value for radionuclide sorption onto colloids is probably 1 or 2 orders of magnitude
higher than the Rd value measured with granitic material. The fieldderived Rd values for U, Ra and Th suggest a range in Rd value from about
103 to 106 (mL/g). These values could be used as a conservative approximation to evaluate the potential for forming mobile radiocolloids.
One indication of the significance of radiocolloid formation is given by
the relative concentration of a colloidal radionuclide in relation to the
total groundvater concentration of the radionuclide. Equation (6.1) has
been used to calculate the percentage ([R]C/{[R] + [R]c}100) of the total
groundwater concentration of a radionuclide that is colloidal. Table 11
summarizes these percentages as a function of Rd value and colloid concentration. It is evident that radiocolloid formation is more important for
radionuclides with high Rd values. In groundwaters with low colloid concentrations, such as those found at the WRA (i.e., 0.34 mg/L), radiocolloid
formation could be significant only for those elements that sorb onto
colloids with an Rd value higher than 103 mL/g. The determination of what
is a significant radiocolloid fraction depends on the total activity
associated with that fraction and on whether radionuclides can desorb from
colloids.
If radionuclide sorption onto colloids is reversible, radiocolloid formation and its impact on migration could be calculated using an equilibrium
approach. However, laboratory desorption experiments, as well as high
field-derived Rd values, suggest that many sorption reactions may not be
reversible. Radionuclides attached irreversibly to colloids could migrate
away from their point of origin, without interacting with the groundwater
TABLE 11
PERCENT OF RADIONUCLIDE IN GROUNDWATER ASSOCIATED VITH COLLOIDS
AS A FUNCTION OF Rd AND COLLOID CONCENTRATION

(percent = [R]C/{[R] + [R]e}100>

Rd Values (mL/g)
102

103

10*

10s

10s

0.10

0.001

0.01

0.1

1.0

9

0.34

0.003

0.03

0.3

3.3

25

1.00

0.01

0.1

1.0

9

50

Colloid
(mg/L)

and host rock. Although the fraction of colloidal radionuclides may be
small at the point of origin, irreversibly formed radiocolloids could
migrate to a location where dissolved radionuclide concentrations are much
lover. At this point, radiocolloids could dominate the total groundwater
radionuclide concentration. At present, we do not know enough about the
lifetime of colloidal particles or about the reversibility of sorption
reactions over long time periods to say whether an equilibrium or-nonequilibrium approach should be used. Therefore, the impact of both approaches
was evaluated for the case of radiocolloid formation in the geosphere.
6.2

REVERSIBLE RADIOCOLLOID FORMATION

If radionuclide sorption on colloids is assumed to be reversible, the
impact of radiocolloid formation can be calculated. Without calling upon a
detailed radionuclide migration model, the effect of colloids on migration
can be conceptualized by treating colloids as another complexing species in
groundwater, which increases radionuclide concentrations in the mobile
aqueous phase (Vilks et al. 1991b). The following terms are used to
estimate the effect of colloids on radionuclide migration in a volume (m3)
of porous rock:
C
[Rn]
Rd
e
p
V
A

=
=
=
=
=
=
=

colloid concentration in 1 m3 of water (kg/m3),
radionuclide concentration in 1 m3 of water (mol/m3),
distribution coefficient (m3/kg),
connected porosity (m3 water/m3 rock),
rock density (kg/m3),
water volume in 1 m3 of rock = e, and
mass of rock in 1 m3 available for sorption.

The mass of rock available for sorption can be approximated by
Equation (6.2). However, if the porosity is much less than 0.5,
Equation (6.2) will overestimate the mass of rock available for sorption.
Although the porosity for fractured crystalline rock is only between 0 and
0.1, a. porosity of 0.5 is representative of an individual fracture where
particle transport is likely to take place.

A - (1 - OP

•

(6.2)

Because the Rd value for radionuclide sorption onto colloids is higher than
for sorption onto rock, a factor (F) is introduced to account for this
difference caused by the high surface area of colloids:
Rd (colloid) = FRd (rock) .

(6.3)

In each cubic metre of rock, we can consider three radionuclide forms:
Xjj = dissolved radionuclide/m3 (rock) = [Rn]e,

(6-4)

XA = radionuclide sorbed on rock/m3 (rock)
= [Rn](l - Ox>Rd» and

<6'5>

Xc = radionuclide sorbed on colloids/m3 (rock)
= [Rn]CeFRd.

(6.6)
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An overall *Rd is then defined as

*Rd =

concentration of immobile radionuclide
concentration of mobile radionuclide

=

XA
Xj, + X,,

*

*

Substituting Equations (6.4) to (6.6) in Equation (6.7) gives an *Rd value:

*

<

c(l + CFRd) '

In order to obtain a better understanding of the effect of colloids on
radionuclide migration, Equation (6.8) can be expressed in the form of a
retardation factor:

where

V
(1 - 0/>Rd
- = 1 + *Rd = 1 + V Rn
e < l + CFR d )
Vgw = average groundvater velocity, and
VRn = radionuclide velocity.

(6.9)

When the colloid concentration is zero, Equation (6.9) reduces to the
standard retardation factor.
V
V

Rn

(1 - e)pRd
. 1+--

.

C

Equation (6.9) shows that increases in colloid concentration, distribution
coefficient, and the factor F will reduce the retardation factor, causing
an increase in the relative radionuclide velocity. To illustrate this
effect, the retardation factor has been plotted in Figure 12 as a function
of Rd and C. As a conservative assumption, it was assumed that sorption on
colloids was 100 times greater than sorption on rock (F = 100). The
porosity (c) was set to 0.5, and the density (p) was 2.6 x 103 kg/m3 . From
Figure 12, it is apparent that if radiocolloid formation is reversible, the
maximum colloid concentrations observed in the VRA will not affect the
retardation factor until the Rd values increase to about 104 mL/g. Solutes
with such high Rd values are essentially immobile (Freeze and Cherry 1979).
6.3

IRREVERSIBLE RADIOCOLLOID FORMATION

If radionuclide sorption onto mobile colloids is not reversible, the above
approach is not valid. Colloids would have the greatest impact if radionuclides that sorbed onto colloids near the vault could not be desorbed.
The radionuclides attached to the colloids would not sorb onto the
geomatrix and could migrate at the speed of groundwater. To evaluate the
effect of irreversible radiocolloid formation, the conservative assumption
is made that once a radiocolloid forms, it moves as a stable particle, with
the speed of groundwater along fractures. The significance of this type of
radiocolloid formation is determined by the flux of radionuclides passing
from the buffer to the geosphere and by what fraction of the total radionuclide concentration in the geosphere is likely to form colloids.

(6.10)
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FIGURE 12: The Retardation Factor Plotted as a Function of the Distribution Coefficient (Rd) and Colloid Concentration. Sorption on
colloids vas assumed to be 100 times greater than sorption on
rock (F = 100). The porosity (e) was set to 0.5, and the
density (p) was 2.6 x 103 kg/m3.
The total radionuclide concentration, Xj, in 1 m3 of rock is given by
Xp = XD + XA + Xc

.

(6.11)

By replacing XA with Equation (6.5) and since

[Rn] = Ve
Equation (6.11) becomes
X,,
+—

(6.12)

O - O/>Ra + xc

Using Equation (6.6), we can express Equation (6.12) in terms of Xc and XT

(1-0
XT = RdCF

Xc

(6.13)
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Rearranging Equation (6.13), we obtain
Xc

.

(6.14)

In Equation (6.14), the Rd will have a minimal effect on determining the
colloidal fraction of a radionuclide. For Rd values greater than 10-2
(m3/kg), we can assume that

and Equation (6.14) will reduce to

Since

> 1, Equation (6.15) becomes:

In Equation (6.16), the denominator is equivalent to the mass of rock
available for sorption divided by the volume of water in 1 m3 of rock.
Therefore, the amount of a given radionuclide that forms colloids in the
geosphere is determined by a competition between sorption sites on
colloids, approximated by CF, and sorption sites on the rock, which are
proportional to the mass of rock available for sorption. To illustrate the
effects of colloid concentration and the mass of rock available for
sorption, determined by c, Equation (6.14) is plotted versus porosity in
Figure 13. The factor P has been set to 100, and the rock density was
2.6 x 103 kg/m3 . Although an Rd value of 0.01 m3/kg was used, the results
are identical for all higher Rd values. From Figure 13, it is apparent
that only a small fraction of the total radionuclide concentration in the
geosphere will form radiocolloids with natural colloids observed in groundwaters from granite. Whether or not this fraction is significant depends
upon the total amount of radionuclides leaving the vault.
6.4

RATIONALE FOR OMISSION OF COLLOID-FACILITATED TRANSPORT

Because the fuel waste containers and the clay-based buffer are effective
barriers to colloid transport, radiocolloids formed in the near-field would
not migrate to the geosphere. Since colloids require open fractures for
transport, radionuclide migration in the geosphere would be affected only
by those radiocolloids that are formed in open fractures, most likely by
the sorption of radionuclides onto natural colloids. In the postclosure
assessment case study, the groundwater concentrations of natural colloids
are too low to have a significant effect on radionuclide migration,
particularly if sorption on colloids is reversible. Although there are
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FIGURE 13: The Ratio of Colloidal Radionuclide to Total Radionuclide in
1 m3 of Rock, Plotted as a Function of Rock Porosity and
Colloid Concentration (Equation (6.14))
indications that sorption may not be reversible for some radionuclides, our
analysis indicates that colloids sorb only a very small fraction of the
total radionuclides released to the geosphere. To reach an open fracture
from the near-field, radionuclides must diffuse through the buffer and the
tens of metres of unfractured granite. By the time radionuclides reach the
fracture, scrption to the buffer and granite will have greatly reduced
their concentrations with respect to radionuclide concentrations in the
near-field. With these reduced concentrations, the amount of radiocolloids
predicted from Equation (6.16) will not be significant. Some radionuclides, such as iodine, may not be sorbed by the buffer and the granite.
However, radiocolloid formation does not affect the migration of nonsorbing
radionuclides, which are already mobile.
Finally, for the postclosure assessment case study, any uncertainty resulting from colloids is small and most likely accounted for in the geosphere
model by the broad parameter distributions.
7. SUMMARY AND CONCLUSIONS
Colloid-facilitated transport could affect radionuclide migration if significant amounts of radionuclides became attached to mobile colloids or
suspended particles. However, on the basis of data from the WRA, colloidfacilitated transport will not have a significant impact on the geosphere
model used in the postclosure assessment case study. Because the clay-
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based buffer is an effective barrier to colloid transport, radiocolloids
formed in the used-fuel container and the near-field of the conceptual
vault would not migrate to the geosphere. Therefore, the importance of
colloid-facilitated transport would depend on the extent of radiocolloid
formation in the geosphere, resulting from the sorption of radionuclides
onto natural groundwater particles. Our experimental results indicate that
the concentrations of natural colloids found in the WRA groundwaters are
too low to sorb significant amounts of radionuclides. Because of the low
topographic relief in the WRA and the presence of unfractured granite
between the vault and the fracture zone, the groundwater velocities are
very low. Consequently, particle migration is limited to colloid-sized
particles and is diffusion-controlled in many segments of the geosphere.
Our present understanding of particle transport indicates that the expected
groundwater velocities are not conducive to effective particle migration.
Studies of colloids and suspended particles in groundwaters from the WRA,
the Cigar Lake uranium deposit, the Atikokan Research Area, and the Grimsel
Test Site have provided an extensive database of particle concentrations
and compositions. The lowest particle concentrations are found in granite,
and concentrations increase in rocks with more fracturing and alteration,
such as highly fractured sandstone. Particle concentrations in overburden
waters can be much higher than those observed in fractured granite.
Particle compositions indicate that natural colloids consist of organic
material and typical fracture-lining minerals. Therefore, the erosion of
mineral particles from fracture surfaces appears to be an important mechanism of colloid formation in most groundwaters. A mechanism for producing
additional colloids could be the oxidation of ferrous Fe, leached from
minerals, and the resulting precipitation of ferric hydroxide. However,
the Fe colloids known to precipitate in the Cigar Lake groundwaters appear
to be unstable and are more likely to be sorbed by the rock. These Fe
colloids may reduce radionuclide migration if radionuclides have coprecipitated with or sorbed onto the Fe colloids.
An understanding of radionuclide sorption on colloids is important for
predicting radiocolloid formation and for assessing the impact of colloids
on migration. Although there are some data on radionuclide distributions
between colloids and groundwater from sorption experiments and fieldderived Rd values, the information on radionuclide sorption on natural
colloids is limited. The Rd values for sorption on colloids are probably 1
or 2 orders of magnitude higher than for sorption on granite because of the
high relative surface area of small particles. If radionuclide sorption on
colloids is reversible, equilibrium calculations clearly show that the
concentration of colloids is too low to affect radionuclide migration in
fractured granite. However, the variation in field-derived Rd values
suggests that the sorption of some radionuclides might not be reversible.
For these radionuclides, the significance of colloid-facilitated transport
would depend on the amount of radionuclides sorbing onto colloids in the
fracture zone located near the vault. In the present analysis, the amount
of radionuclides that could form colloids is a very small fraction of the
radionuclide concentration in the fracture zone, which is limited by
diffusion through unfractured granite. Therefore, although the reversibility of sorption on colloids is not well known, the contribution of
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colloids to radionuclide transport in the postclosure assessment case study
is not significant.
Although colloids are likely to be trapped to some extent by fracture
surfaces} in our analysis the conservative assumption was made that
colloids are completely mobile. In the VRÂ case study, it does not matter
whether or not colloids are mobile because the potential for radiocolloid
formation is very low.
Although the present level of understanding suggests that radiocolloid
formation with natural colloids in groundwater at the WRA would have a
minimal effect on radionuclide migration, this conclusion cannot be
generally applied to other subsurface aquifers. For example, particle
transport in a rock mass situated above the water table, which experiences
short periods of rapid water movement, could be much more important than in
saturated rock with low hydraulic gradients. Also, contaminant transport
by organic and inorganic colloids may be significant in shallow aquifers
with appreciable water movement. Therefore, the potential for subsurface
colloid transport will continue to be of importance during the characterization of potential disposal sites. To address this issue, the methodology
for characterizing colloids is being improved, and further research is
being carried out to extend the colloid database to other locations and
rock types. Moreover, work is continuing on the development of a colloid
transport model for fractured rock, which may be required for other case
studies of the disposal of nuclear fuel waste.
ACKNOWLEDGEMENTS

The Canadian Nuclear Fuel Vaste Management Program is jointly funded by
AECL Research and Ontario Hydro under the auspices of the CANDU Owners
Group. We are grateful to the Cigar Lake Mining Corporation and to Cogema
Canada Ltd. for allowing sample collection and access to information on the
Cigar Lake uranium deposit. P.P. Sargent, T.T. Vandergraaf, B.W. Goodwin
and N.B. Sagert provided useful reviews. Additional financial support for
the characterization of and sorption studies of the Grimsel colloids was
provided by NAGRA.
REFERENCES

Ahrland, S., I. Grenthe and B. Noren. 1960. The ion exchange properties
of silica gel. I. The sorption of Na+, Ca2+, Ba2+, U022+, Gd3+,
Zr(IV)+, Nb, U(IV) and Pu(IV). Acta Chemica Scandinavia U,
1059-1076.
Airey, P.L. 1983. Radionuclide migration around uranium ore bodies—
Analogue of radioactive waste repositories. U.S. Nuclear Energy
Commission Report, NUREG/CR-3941.

- 61 -

Allard, B., J. Rydberg, H. Kipatsi and B. Torstenfelt. 1979. Disposal of
radioactive vaste in granitic bedrock. ACS Symposium Series 100,
American Chemical Society, Washington, DC.
Ames, L.L., J.E. McGarrah and B.Â. Walker. 1983a. Sorption of trace
constituents from aqueous solutions onto secondary minerals. I.
Uranium. Clays and Clay Minerals 31., 321-334.
Ames, L.L., J.E. McGarrah and B.A. Walker. 1983b. Sorption of trace
constituents from aqueous solutions onto secondary minerals. II.
Radium. Clays and Clay Minerals 31., 335-342.
Avogadro, À.,
aquifers
vastes.
Research

C.N. Murray and A. De Piano. 1980. Transport through deep
of transuranic nuclides leached from vitrified high-level
Scientific Basis for Nuclear Waste Management 2 (Materials
Society), 665-671.

Avogadro, A., C.N. Murray, A. De Piano and G. Bidoglio. 1982. Underground
migration of long-lived radionuclides leached from a borosilicate
glass matrix. In Environmental Migration of Long-Lived Radionuclides,
Proceedings of International Symposium, IAEA-SM-257/73, 527-540,
International Atomic Energy Agency, Vienna.
Baumgartner, P., T.V. Iran and R. Burger. In preparation. Sensitivity
analyses for the thermal response in a nuclear fuel waste disposal
vault. Atomic Energy of Canada Limited Technical Record, TR-621.*
Benes, P. and V. Majer. 1980. Trace Chemistry of Aqueous Solutions:
General Chemistry and Radiochemistry. Elsevier Scientific Publishing
Company, New York.
Bidoglio, G., A. Avogadro, A. De Piano and G.P. Lazzari. 1984. Geochemical pattern of americium in the saline area surrounding a rock salt
formation. Radioactive Waste Management and the Nuclear Fuel Cycle 5,
311-326.
Bonano, E.J. and W.E. Beyeler. 1984. Transport and capture of colloidal
particles in single fractures. Sandia National Laboratories Report,
SAND-84-0810C.
Bonniaud, R.A., N.R. Jacquet-Francillon and C.G. Sombret. 1980. The
behavior of actinides in a-doped glasses with regards to the longterm disposal of high level radioactive materials. Scientific Basis
for Nuclear Waste Management 2 (Materials Research Society), 117-125.
Bradbury, M.H. and A. Green. 1985. Retardation of radionuclide transport
by fracture flow in granite and argillaceous rocks. Atomic Energy
Research Establishment Harwell Report, AERE-G 3528.
Buddemeier, R.W. and J.R. Hunt. 1988. Transport of colloidal contaminants
in groundwater: Radionuclide migration at the Nevada Test Site.
Applied Geochemistry 3, 535-548.

- 62 -

Carlsen, L. 1989. The role of organ!cs on the migration of radionuclides
in the geosphere. Riso National Laboratory, Denaark, Report,
EUR 12024 EN.
Champ, D.R., tf.F. Merritt and J.L. Young. 1982. Potential for the rapid
transport of plutonium in groundvater as demonstrated by core column
studies. Materials Research Society Symposia Proceedings II
(Scientific Basis for Nuclear Vaste Management), 745-754.
Champ, D.R. and D.E. Robertson. 1985. Chemical speciation of radionuclides in contaminant plumes at the Chalk River Nuclear Laboratories. In Speciation of Fission and Activation Products in the
Environment, Proceedings of Speciation-85 Seminar, Oxford, 1985.
Elsevier Applied Science Publishers, London.
Champlin, J.B.F. and G.G. Eichholz. 1968. The movement of radioactive
sodium and ruthenium through a simulated aquifer. Water Resources
Research 4, 147-158.
Chernis, P.J. 1981. Scanning electron microscope study of the microcrack
structure of a granite sample from Pinawa, Manitoba. Atomic Energy of
Canada Limited Technical Record, TR-173.*
Chernis, P.J. 1983. Notes on the pore-microfracture structure of some
granitic samples from the Vhiteshell Nuclear Research Establishment.
Atomic Energy of Canada Limited Technical Record, TR-226.*
Choppin, G.R. 1988.
44/45. 23-28.

Humics and radionuclide migration. Radiochimica Acta

Davison, C.C. and E.T. Kozak. 1989. Hydrogeological characteristics of
major fracture zones in a granite batholith of the Canadian Shield.
In Fluid Flow, Heat Transfer and Mass Transport in Fractured Rocks,
Proceedings of the Fourth Canadian/American Conference on Hydrogeology, Banff, Alberta, 1988, 52-59.
Davison, C.C., T.Chan, A. Brovn, M. Gascoyne, D.C. Kamineni, G.S. Lodha,
T.W. Melnyk, N.W. Scheier, N.M. Soonavala, F,W. Stanchell,
D.R. Stevenson, G.A. Thome, S.H. Whitaker, T.T. Vandergraaf and
P. Vilks. 1994. The disposal of Canada's nuclear fuel waste: The
geosphere model for postclosure assessment. Atomic Energy of Canada
Limited Report, AECL-10719, COG-93-9.
Davydov, Y.P. and V.M. Efrenmenkov. 1973. State of microamounts of
uranium(VI) in aqueous solutions. Doklady Akademii Nauk SSSR 17.
248-251.
Degueldre, C.A., B. Baeyens, W. Gorlich, H. Grimmer, M. Mohos, A. Portmann,
J. Riga and J. Verbist. 1987. In-laboratory, on site, in situ sampling and characterization of Grimsel colloids-Phase I. Paul Scherrer
Institute, Switzerland, EIR TM-42-87-20.

- 63 -

Degueldre, C., B. Baeyens, V. Goerlich, J. Riga, J. Verbist and
F. Stadelmann. 1989. Colloids in water from a subsurface fracture in
granitic rock., Grimsel Test Site, Switzerland. Geochimica
Cosmochimica Acta 53, 603-610.
de Marsily, G. 1986. Quantitative Hydrogeology. Academic Press, Inc.,
Harcourt Brace Jovanovich, Inc., San Diego, CA.
Dormuth, K.W. and K. Nuttall. 1987. The Canadian Nuclear Fuel Waste
Management Program. Radioactive Waste Management and the Nuclear Fuel
Cycle 8, 93-104.
Dormuth, K.W. and G.R. Sherman. 1981. SYVAC - A computer program for
assessment of nuclear fuel waste management systems, incorporating
parameter variability. Atomic Energy of Canada Limited Report,
AECL-6814.
Eichholz, G.G. and T.F. Craft. 1982. Role of particulates in subsurface
migration of wastes. In Environmental Migration of Long-Lived Radionuclides, Proceedings of an International Symposium. International
Atomic Energy Agency Report, IAEA-SM-257/48, 541-555. IAEA, Vienna.
Eriksen, T.E. and A. Jacobsson. 1984. Diffusion in clay - Experimental
techniques and theoretical models. Swedish Nuclear Fuel Supply
Company Report, SKBF/KBS-TR 84-05.
Federal Environmental Assessment Review Panel. 1992. Final guidelines for
the preparation of an environmental impact statement on the nuclear
fuel waste management and disposal concept. Federal Environmental
Assessment Review Office, 13th floor, Fontaine Building,
200 Sacré-Coeur Blvd., Hull, Québec KlA OH3.
Freeze, R.A. and J.A. Cherry.
Englewood Cliffs, NJ.

1979. Groundwater.

Prentice-Hall,

Gascoyne, M. and J.J. Cramer. 1987. History of actinide and minor element
mobility in an Archean granitic batholith in Manitoba, Canada.
Applied Geochemistry 2, 37-53.
Gerba, C.P. and S.M. Goyal. 1985. Pathogen removal from wastewater during
groundwater recharge. In Artificial Recharge of Groundwater
(T. Asano, editor), Butterworth, Stoneham, MA.
Goodwin, B.W., D.B. McConnell, T.H. Andres, W.C. Hajas, D.M. LeNeveu,
T.W. Melnyk, G.R. Sherman, M.E. Stephens, J.G. Szekely, D.M. Wuschke,
P.C. Bera, C.M. Cosgrove, K.D. Dougan, S.B. Keeling, C.I. Kitson,
B.C. Kummen, S.E. Oliver, K.H. Witzke, L. Wojciechowski and
A.G. Wikjord. 1994. The disposal of Canada's nuclear fuel waste:
Postclosure assessment of a reference system. Atomic Energy of Canada
Limited Report, AECL-10717, COG-93-7.

- 64 -

Guzy, C.J., E.J. Bonano and E.J. Davis. 1983. The analysis of flov and
colloidal particle retention in fibrous porous media. Journal of
Colloid and Interface Science 95, 523-543.
Hancox, V.T., H.N. Issac and J. Hovieson. 1986. Radioactive vaste management in Canada. In Siting, Design, and Construction of Underground
Repositories for Radioactive Vastes, Proceedings of an International
Symposium, Hannover, F.R.G., 1986, 19-34, IAEA-SH-289/2. Also Atomic
Energy of Canada Limited Reprint, AECL-9242.
Ho, C.H. and D.C. Doern. 1985. The sorption of uranyl species on a
hematite sol. Canadian Journal of Chemistry 63. 1100-1104. Also
Atomic Energy of Canada Limited Reprint, AECL-8038.
Ho, C.H. and N.B. Miller. 1985. Effect of humic acid on uranium uptake by
hematite particles. Journal of Colloid and Interface Science 106.
281-288.
Ho, C.H. and N.H. Miller. 1986. Formation of uranium oxide sols in
bicarbonate solutions. Journal of Colloid and Interface Science 1.13.
232-240.
Ichikawa, F. 1975. Studies of the behavior of carrier-free radioisotopes.
VII. Adsorption and desorption of plutonium(IV) on glass and polyethylene. Radiochimica Acta 22, 97-100.
Ikeda, B.M., M.G. Bailey, C.F. Clarke and D.W. Shoesmith. 1989. Crevice
corrosion of titanium under nuclear fuel waste conditions. Atomic
Energy of Canada Limited Report, AECL-9568.
Ivasaki, T. 1937. Some notes on sand filtration. Journal of American
Water Works Association 29, 1591-1602.
James, R.O. 1981. Surface ionization and complexation at the colloid/
aqueous electrolyte interface. In Adsorption of Inorganics at SolidLiquid Interfaces, 219-261 (M.C. Anderson and A.J. Rubin, editors).
Ann Arbor Science, Ann Arbor.
Johnson, L.H., D.W. Shoesmith and S. Stroes-Gascoyne. 1988. Spent fuel:
Characterization studies and dissolution behaviour under disposal
conditions. Materials Research Society Symposium Proceedings 112.
(Scientific Basis for Nuclear Waste Management XI), 99-113. Also
Atomic Energy of Canada Limited Reprint AECL-9651.
Kepak, F. 1971. Adsorption and colloidal properties of radioactive
elements in trace concentrations. Chemical Reviews 71. 357-369.
Kepak, F. 1981. Behavior of radionuclides in aqueous solutions and their
sorption on hydrated oxides and some insoluble salts. Some aspects of
chemical methods in nuclear studies. International Atomic Energy
Agency, Vienna. Energy Rev. Suppl., No. 2.

- 65 -

Kia, J.I., G. Buckau, F. Baumgaertner, B.C. Moon and D. Lux. 1934.
Colloid generation and the actinide migration in Gorleben groundvaters. Materials Research Society Symposium Proceedings 26
(Scientific Basis For Nuclear Waste Management VII), 31-40.
Lanza, F. and E. Parnisari. 1981. Influence of film formation and its
composition on the leaching of borosilicate glasses. Nuclear and
Chemical Waste Management 2, 131-137.
LeBel, J. 1978. Colloid chemical aspects of the confined bentonite
concept. Swedish Nuclear Fuel Waste Management Company Report,
KBS-TR-97.
Malov, G. 1982. The mechanisms for hydrothermal leaching of nuclear vaste
glasses: Properties and evaluation of surface layers. Materials
Research Society Symposium Proceedings 11 (Scientific Basis for
Nuclear Waste Management V), 25-36.
McDowell-Boyer, L.M., J.R. Hunt and N. Sitar. 1986. Particle transport
through porous media. Water Resources Research 22, 1901-21.
Minister of Energy, Mines and Resources, Canada and Minister of Energy,
Ontario. 1981. Joint statement, 1981 August 04. Printing and
Publishing, Supply and Services Canada, Ottawa, Ontario KIA OS9.
Minister of the Environment, Canada. 1989. Terms of reference for the
nuclear fuel waste management and disposal concept environmental
assessment panel. Printing and Publishing, Supply and Services
Canada, Ottawa, Ontario KIA OS9.
Moulin, V., P. Robouch, P. Vitorge and B. Allard. 1988. Environmental
behaviour of americium(III) in natural waters. Radiochimica Acta
44/45. 33-37.
Nash, K.L., S. Fried, A.M. Friedman, N. Susak, P. Rickert, J.C. Sullivan,
D.P. Karim and D.J. Lam. 1982. The effect of radiolysis on leachability of plutonium and americium from 76-101 glass. Materials
Research Society Symposium Proceedings 6 (Scientific Basis for Nuclear
Waste Management), 661-666.
Neretnieks, I. 1978. Some aspects on colloids as a means for transporting
radionuclides. Swedish Nuclear Fuel Waste Management Company Report,
KBS-TR-103.
Nowak, E.J. 1983. Diffusion of colloids and other waste species in brine
saturated backfill materials. Sandia National Laboratories,
Albuquerque Report, SAND-83-1343C.
Olofsson, U., B. Allard, K. Andersson and B. Torstenfelt. 1982a.
Formation and properties of americium colloids in aqueous systems.
(S.V. Topp, editor). Materials Research Society Symposium Proceedings
6 (Scientific Basis For Nuclear Waste Management), 191-198.

- 66 -

Olofsson, U., B. Allard, B. Torstenfelt and K. Andersson. 1982b.
Properties and mobilities of actinide colloids in geologic systems.
(V. Lutze, editor). Materials Research Society Symposium Proceedings
II (Scientific Basis For Nuclear Waste Management V), 755-764.
Olofsson, U., B. Allard, M. Bengtsson, B. Torstenfelt and K. Andersson.
1983. Formation and properties of actinide colloids. Swedish Nuclear
Fuel Waste Management Company Report, SKBF-KRS-TR-83-08.
O'Melia, C.R. 1972. In Physiochemical Processes for Water Quality
Control. (W.J. Weber, editor). John Wiley & Sons, Inc. Interscience,
New York.
Pickering, S. and C.T. Walker. 1982. Leaching of actinides from simulated
nuclear waste glass. Materials Research Society Symposium Proceedings
H (Scientific Basis for Nuclear Waste Management V), 113-124.
Penrose, W.R., W.L. Polzer, E.H. Essington, D.M. Nelson and K.À. Orlandini.
1990. Mobility of plutonium and americium through a shallow aquifer
in a semiarid region. Environmental Science and Technology, 24.
228-234.
Rees, T.F. and J.M Cleveland. 1982. Characterization of plutonium in
waters at Maxey Flats, Kentucky, and near the Idaho Chemical Processing Plant, Idaho. In Environmental Migration of Long-Lived Radionuclides, Proceedings of an International Symposium. International
Atomic Energy Agency Report, IAEA-SM-257/66, 41-52.
Reid, J.A.K. and T. Chan. 1989. Simulation of convective contaminant
movement from a nuclear waste vault through a domestic well to the
surface. In Hydrogeology, Fluid Flow, Heat Transfer and Mass
Transport in Fractured Rocks, Proceedings of the 4th Canadian/American
Conference, Banff, Alberta 1988, 267-277.
Righetto, L., G. Bidoglio, B. Marcandalli and I.R. Bellobono.
Surface interactions of actinides with alumina colloids.
Acta, 44/45 73-75.

1988.
Radiochimica

Ross, S. and I.D. Morrison. 1988. Colloidal Systems and Interfaces.
Wiley & Sons, Inc., New York.

John

Sakthivadivel, R. 1969. Clogging of granular porous medium by sediment.
Report HEL 15-7, Hydraulic Engineering Laboratory, University of
California, Berkeley.
Saltelli, A., A. Avogadro and G. Bidoglio. 1984. Americium filtration in
glauconitic sand columns. Nuclear Technology 67, 245-254.
Shaw, D.J. 1980. Introduction to Colloid and Surface Chemistry. Third
edition, Butterworths, London.

- 67 -

Smith, M.S., G.W. Thomas, R.E. Vhite and D. Ritonga. 1985. Transport of
Escherichia coli through intact and disturbed soil columns. Journal
of Environmental Quality 14. 87-91.
Stroes-Gascoyne, S., L.H. Johnson, J.C. Tait and D.M. Bellinger. 1989.
Leaching of whole, defected used CANDU™ fuel elements in saline
solutions under argon pressure. Materials Research Society Symposium
Proceedings 127 (Scientific Basis for Nuclear Waste Management XII),
301-308. Also Atomic Energy of Canada Limited Reprint, AECL-9591.
Stumm, V. and J.J. Morgan. 1981. Aquatic Chemistry. An Introduction
Emphasizing Chemical Equilibria in Natural Waters. Second edition,
Wiley Interscience, New York.
Tait, J.C., S. Stroes-Gascoyne, W.H. Hocking, A.M. Duclos, R.J. Forth and
D.L. Wilkin. 1991. Dissolution behaviour of used CANDU fuel under
disposal conditions. Materials Research Society Symposium Proceedings
212 (Scientific Basis for Nuclear Waste Management XIV), 189-196.
Also Atomic Energy of Canada Limited Reprint, AECL-10344.
Testier, A., P.G.C. Campbell and M. Bisson. 1979. Sequential extraction
procedure for the speciation of particulate trace metals. Analytical
Chemistry 51, 844-851.
Thomason, H.P., R.G. Avery and J.D.F. Ramsay. 1982. Characterization of
colloids in waste glass leachates by photon correlation spectroscopy.
Atomic Energy Research Establishment Report, Harwell, AERE-R 10479.
Thomason, H.P., A.J. Smith and C. Pellett. 1984. Interactions of radionuclides in simulated groundwater with granite in the presence of
silica sol. Atomic Energy Research Establishment Report, Harwell,
AERE-R 10904.
Travis, B.J. and H.E. Nuttall. 1987. Analysis of colloid transport. In
Coupled Processes Associated with Nuclear Waste Repositories (Chin-Fu
Tsang, editor). Academic Press, 517-528.
Vandergraaf, T.T., K.V. Ticknor and T.W. Melnyk. 1992. Radionuclide
sorption from the safety evaluation perspective. In Disposal of
Radioactive Waste, Proceedings of an NBA Workshop, Paris, France,
1992, 81-120.
Verwey, E.J,W. and J. Th. G. Overbeek. 1948. Theory of the Stability of
Lyophobic Colloids, Elsevier, Amsterdam.
Vilks, P. and D.J. Drew. 1986. The effects of colloids on actinide migration. In Proceedings of 2nd International Conference on Radioactive
Waste Management, Winnipeg, MB, 1986, Canadian Nuclear Society,
667-673.

- 68 -

Vilks, P., J.J. Cramer, T.A. Shewchuk and J.P.A. Larocque. 1988. Colloid
and particulate matter studies in the Cigar Lake natural-analog
program. Radiochimica Acta 44/45. 305-310. Also Atomic Energy of
Canada Limited Reprint, AECL-9594.
Vilks, P. and C. Degueldre. 1991. Sorption behaviour of 35Sr, 131I and
137
Cs on colloids and suspended particles from the Grimsel Test Site,
Switzerland. Applied Geochemistry 6, 553-563.
Vilks, P., H.G. Miller and D.C. Doern. 1991a. Natural colloids and
suspended particles in the Whiteshell Research Area, Manitoba, Canada,
and their potential effect on radiocolloid formation. Applied
Geochemistry 6, 565-574.
Vilks, P., D.B. Bachinski and T.T. Vandergraaf. 1991b. The role of
particulates in radionuclide transport. In Advanced Nuclear Energy
Research - Global Environment and Nuclear Energy, Proceedings of the
Third International Symposium, Mi to City, Japan, 1991, 394-401.
Vilks, P., J.J. Cramer, D.B. Bachinski, D.C. Doern and H.G. Miller. 1993.
Studies of colloids and suspended particles in the Cigar Lake uranium
deposit. Applied Geochemistry 8, 605-616.
Walton, F.B. and W.F. Merritt. 1980. Long-term extrapolation of laboratory glass leaching data for the prediction of fission product release
under actual groundwater conditions. Scientific Basis for Nuclear
Waste Management 2 (Materials Research Society), 155-166.
Wernli, B., C. Bajo, K. Bischoff. 1985. Bestlmmung des
Sorptionskoeffizienten von Uran (VI) an Grimsel-und Bôttsteingranit,
Paul Scherrer Institute, Switzerland, Report EIR-Bericht Nr. 543.
Wilson, C.M. and V.M. Overby. 1985. Radionuclide release from PWR fuels
in a reference tuff repository groundwater. In Waste Management '85
(R.G. Post, editor), Proceedings of the Symposium on Waste Management,
Tucson, AZ, 497-503.
Yao, K., M.T. Habibian and C.R. O'Melia. 1971. Water and wastewater
filtration: Concepts and applications. Environmental Sciences
Technology 5, 1105-1112.

Internal report, available from SDDO, AECL Research, Chalk River
Laboratories, Chalk River, Ontario, KOJ 1JO.

AECL-10280
COG-92-26

Cat. No. / N° de cat.: CC2-10280E
ISBN 0-660-15511-7
ISSN 0067-0367
To identify individual documents in the series, we have assigned an AECLnumber to each.
Please refer to the AECL-number when requesting additional copies of this
document from
Scientific Document Distribution Office (SDDO)
AECL Research
Chalk River, Ontario
Canada KOJ 1JO
Fax: (613) 584-4024

Tel.: (613) 584-3311
ext. 4623

Price: F
Pour identifier les rapports individuels faisant partie de cette série, nous avons
affecté un numéro AECL-à chacun d'eux.
Veuillez indiquer le numéro AECL-lorsque vous demandez d'autres exemplaires
de ce rapport au
Service de Distribution des documents officiels (SDDO)
EACL Recherche
Chalk River (Ontario)
Canada KOJ 1JO
Fax: (613) 584-4024

Tél.: (613) 584-33'. 1
poste 4623

Prix: F

Copyright © Atomic Energy of Canada Limited, 1994.
Printed on recycled paper with vegetable-oil-based inks.

