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ABSTRACT 

In a deep geological repository (DGR) of high level radioactive waste, all the possible 
phenomena affecting radionuclide migration have to be studied to assess its security over time.  

Colloids can play an important role for contaminant transport if the following conditions are 
fulfilled: colloids exist in a non negligible concentration, they are mobile and stable in the environment 
of interest, and they are able to adsorb radionuclides irreversibly. 

In this study, different transport experiments where performed to improve the knowledge on the 
main mechanisms affecting the radionuclide migration in the presence of colloids in a crystalline 
medium. 

Firstly, colloid stability was analysed and then transport experiments in an artificial granite 
longitudinal fracture were carried out. Synthetic colloids of different size and bentonite clay colloids 
were used to evaluate the effects of colloid size, charge, and water flow rate on their mobility. 

Results showed that both major importance of the water flow rate on the mobility of colloids and 
their recovery and a higher interaction of smaller particles with the surface.  

Finally, the migration behaviour of Sr, and Sr adsorbed onto bentonite colloids was compared. 
The elution curves of Sr adsorbed onto colloid were significantly different from the ones of Sr alone, 
pointing out that sorption/desorption mechanisms must be taken into account to understand the 
radionuclide migration in the fracture in the presence of colloids.  

 

1 INTRODUCTION 

One of the options taken in to account, at international level, for isolating high level radioactive 
waste from the biosphere is the deep geological repository (DGR). This type of disposal consists of a 
geological barrier (the host rock, for example clay or crystalline rock as granite) and engineering 
barriers (metal canisters and compacted bentonite clays) that aim to isolate radionuclides (RN) until 
they have decayed below harmful levels. 

Bentonite has a very low permeability, which provides a hydrological barrier, good swelling 
properties and high plasticity that allows sealing rock fractures. In addition, bentonite has a very high 
sorption capability for most radionuclides, so that it is expected to hinder their migration.  

However, to assess the security of these systems it is necessary to study all the processes that 
can affect RN migration after an eventual canister failure. Amongst other processes, the contribution 
of clay colloids on the RN migration has to be defined.  
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Since RN sorption onto stable colloidal phase may significantly modify their transport in 
groundwater, in the frame of the performance assessment of a DGR, it is necessary to analyse the 
properties of colloids that could be generated from all the subsystem of the repository, especially from 
the bentonite clay barrier, and to evaluate their effect on radionuclide transport. 

Colloid can play an important role on contaminant transport in groundwater, because they are 
particles suspended in a fluid with a size smaller than 1 µm presenting high surface area and charge: 
all characteristics favouring the adsorption of most solutes.  

Their importance on contaminant transport is related to the fulfilment of the following conditions: 
colloids must exist in a non negligible concentration, to be mobile and stable in the environment of 
interest, and they have to be able to adsorb radionuclides irreversibly. 

Recent studies performed in nuclear test areas at the Nevada Test site (EEUU) demonstrated 
that the long distances travelled by some actinides were caused by the existence and mobilization, of 
colloidal phases [1], especially clays and iron oxides.  

In a DGR, different types of colloids can be present. The radionuclides themselves may be 
present in a colloidal form (as radio-colloids) above all, those radio-elements presenting small 
solubility (i.e. tetravalent actinides). On the other hand, radionuclides may be adsorbed onto natural 
colloids or colloids generated from the engineered barriers and form pseudo-colloids. 

Studies recently performed have demonstrated that the compacted bentonite barrier can 
generate bentonite colloids [2] and since bentonite has a high sorption capability for many 
radionuclides, they could enhance their migration to the geosphere.  

At present, the colloid contribution to radionuclide transport in a DGP presents many 
uncertainties mainly because the shortage of experimental data obtained in realistic conditions [3]  

The objective of this work is to improve the knowledge on the main mechanisms affecting 
colloid migration in a fractured crystalline medium (granite).  

Different transport studies were performed in an artificial fracture in a granite column to study 
the effects of colloid size and water flow rate on colloid mobility. Synthetic gold colloids of different size 
and bentonite clay colloids were selected and the chemical conditions in which colloids were stable 
were checked previously to transport experiments. 

Results showed the major importance of the water flow rate on the mobility of colloids and their 
recovery, as well as a higher interaction between smaller particles with the fracture.  

The migration behaviour of radioactive Sr in the column was finally analysed with and without 
bentonite colloids: significant differences in their transport could be pointed out.  

2 MATERIAL AND METHODS 

2.1 Colloids  

Bentonite colloids were prepared from the FEBEX bentonite coming from the Cortijo de 
Archidona deposit (Almeria, Spain). This clay has a high smectite content (93±2%), with quartz 
(2±1%), plagioclase (3±1%), cristobalite (2±1%), potassic feldspar, calcite and tridymite as accessory 
minerals. Clay details can be found elsewhere [4]. The colloidal fraction was obtained after purification 
and homoionisation into Na-form of the clay, centrifuging several times the cleaned bentonite at 600·g 
during 10 minutes. The supernatant, which contained the colloidal fraction, was finally colleted and 
suspended in NaClO4 5·10-4 M. The mean concentration of the colloidal suspensions used for the 
experiments (obtained by gravimetric measurements) was of 4 g/L. 

The typical hydrodynamic diameter of these bentonite colloids, determined by Photon 
Correlation Spectroscopy (PCS) measurements was 250 ± 50 nm.  

To analyse the effects of the colloid particle size on the colloid migration within the fracture, gold 
colloids were selected as model system. Commercial gold colloid suspensions obtained from HAuCl4 
(BBInternational) of 40 and 100 nm were used. Figure 1 shows a field emission scanning electron 
microscope (FESEM) image of bentonite colloids (left) and Au colloids of 100 nm diameter (right) used 
in transport experiments.  
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To evaluate the charge of colloids and their stability the zeta-potential [5] was experimentally 
measured as well as their aggregation rate under different chemical conditions. The zeta-potential of 
bentonite colloids was always negative and almost independent on pH (-20 -30 mV) [2].   

 

Figure 1: FESEM image of (Left) bentonite colloids and (Right) 100 nm gold colloids prepared for 
transport studies.  

 
The point of zero charge of gold colloids is around pH 3. Above this pH the magnitude of the 

zeta-potential is similar to that of bentonite colloids [6]. 
PCS was used to study the aggregation kinetics of colloids varying the pH and the ionic strength 

of the suspending liquid. It was shown that both these colloids are particularly stable in neutral-alkaline 
and low ionic strengths waters. Therefore to guarantee colloid stability transport experiments were 
carried out with colloids suspended in NaClO4 5·10-4 M and pH 9.7. 

 
2.2 Transport experiments  

The granite cores used in transport tests came from the Grimsel Test Site (GTS, Switzerland).  
Granite samples come from the Underground Research laboratory of the Grimsel Test Site (GTS, 
Switzerland). In particular samples come from the borehole FUN01 recently drilled at the FEBEX 
gallery located at the GTS [7]. They are granodiorite type and the mineralogical composition includes 
K-feldspar (30 - 35 vol %), plagioclase (28 - 32 vol %), quartz (33 - 37 vol %) and dark minerals (3 - 7 
vol %) [8]. An artificial longitudinal fracture is present in the middle of the cores. Columns have a 
diameter of 7 cm and a height of approximately 25 cm. The granite columns are assembled as 
showed in Figure 2. 

To perform transport experiments, the tracer (0.5 mL) or the colloidal suspension (2 mL) was 
injected as a “pulse” at the bottom of the column with a peristaltic pump. Before the starting of the 
experiment, the stability flow rate was monitored during 7 days. The eluted water was periodically 
collected, at the end of the column with a fraction collector (Figure 2) in previously weighted 
polyethylene tubes. The evolution of the tracer or colloid concentration at the column outlet 
(breakthrough curve) allows the analysis of their transport in comparison to the transport of water. 
Tracer concentration is determined by measuring their activity while in the case of colloids, their 
concentration is measured by PCS as detailed in [9].  

The hydrodynamic characterization of columns was made with tritiated water (HTO, initial 
concentration C0 = 134000 µCi/mL at flow rate Q = 0.5 ml/min). This tracer is used because it presents 
negligible interactions with the solids, it is no-sorbing (conservative) and thus its transport behaviour 
represents that of the water. The HTO elution curve is shown in Figure 3. According to the position of 
the peak obtained in the HTO breakthrough curve the dynamic porosity was determined (10.00 ± 0.50 
mL). In this system, the porosity corresponds to the volume of the fracture.  
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Figure 2: (Lef) Image of the two halves of the granite column. (Right) Column ready for transport 
experiments.  
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Figure 3: HTO breakthrough curve. The volume of the fracture (pore volume) is 10 mL. 

 
Colloid transport studies were carried out at different water flow rates (0.02 – 1.58 mL·min-1). 

The concentration of gold colloids was 10-15 ppm and the concentration of bentonite colloids 100 
ppm.  

Apart from transport with colloids alone, transport experiments with 85Sr without and in the 
presence of bentonite colloids ( [Sr]= 1.23·10-6 M, pH=9,7) were performed at a flow rate of 0.02 
mL/min. 85Sr activity was measured by an Auto-Gamma de Packard detector.  

Before the injection in the column, Sr and colloids (100 ppm) were equilibrated during 3 days to 
ensure the sorption. In these conditions, Sr uptake onto colloids was approximately 80 %.  

3 RESULTS AND DISCUSSION 

3.1 Transport experiments with only colloids 

Figure 4 shows transport experiments carried out with 100 ppm bentonite colloids at three 
different flow rates (1.11, 0.16 and 0.02 mL·min-1). The breakthrough curves (Figure 4, left) are 
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Figure 4: (Left) Bentonite colloid breakthrough curves at different flow rates. (Right) Fraction of colloids 

recovered.  
 
 
The peaks of the bentonite colloid breakthrough curves appears at approximately 0.8, a position 

slightly anticipated with respect to the conservative tracer HTO. This means that mobile colloids move 
at the same velocity as the water or slightly faster. However, the height of the peaks decreases as the 
flow rate decreases, indicating that some interactions between colloids and the fracture surface occur. 
The fraction of particles recovered is shown in Figure 4 (right). It can be seen that the colloid recovery 
increases when the water flow increases with a maximum of recovery of approximately 70% (1.11 
mL·min-1).  

Figure 5 shows the transport behaviour for gold colloids of 100 and 40 nm. Again the peaks 
appear around 0.8 indicating a “conservative” behaviour of mobile colloids. The breakthrough curves 
of colloids of both sizes at the higher flow rate (1.15 mL·min-1) are very similar even if the peak for the 
smaller colloids is slightly smaller. The recovery Au of colloids at similar flow rates is higher for Au 
colloids than for bentonite colloids and slightly higher for Au colloids of 100 nm in respect to those of 
40 nm.  

These results seems to indicate that the interactions of bentonite colloids with the granite 
fracture surfaces are stronger than those of Au colloids, and that in the case of Au colloids smaller 
colloids are better retained on the granite.  

In general it is considered that bigger particles travel faster than smaller particles [10] because 
they tend to travel in the fracture centre, while smaller particles flow near the fracture surface [11].  

Different retention for Au colloids on granite was observed also in diffusion studies [12] and high 
retention was observed for smaller colloid size. 

Another important result is that the lower the flow rate the higher the retention of the colloid in 
the system is. Figure 6 summarises the flow rate dependence of the recovery for both bentonite 
colloids (Figure 6, left) and 40 nm Au colloids (Figure 6, right). 

These results mean that if RNs are adsorbed onto colloids their transport in the environment 
would be affected by their presence. A fraction of colloid will travel with the same velocity of the water, 
enhancing the migration of adsorbed RN but, depending on the hydrodynamic conditions and specially 
the water flow rate, a significant quantity of colloids can be retained in the system. In a DGR, water 
velocities are expected to be low, so that the retention of colloids in fractures must be enhanced.  
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Figure 5: (Left): 40 and 100 nm gold colloid breakthrough curves at 1.15 mL/min. (Right) Fraction of 

colloids recovered at different flow rates.  
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Figure 6: Dependence on the colloid recovery as a function of the water flow rate (left, bentonite and 
right 40 nm Au colloids).  

 
 

3.2 Transport experiments with only Sr and bentonite colloids 

In order to observe in detail the effects of bentonite colloids on the transport of a particular 
radionuclide, we selected 85Sr. Strontium is a divalent cation without redox chemistry presenting 
several radioactive isotopes with the same chemical properties. 90Sr is found in nuclear reactor waste 
and it is one of the critical radionuclides, posing radiation hazard because of its mobility. Sorption of Sr 
in the FEBEX bentonite has been recently studied in detail by [13]. Sr sorption on bentonite clay is 
mainly an ionic exchange process and at pH 9.7 and low ionic strength (conditions used in our 
experiments) it is reported to be high. The distribution coefficients (Kd) calculated in the conditions 
selected for our injection is approximately 4.1·104 mL·g-1. The Kd is defined as: 
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Where CADS is the RN adsorbed concentration, CFIN the RN concentration left in solution, V the 
volume of the liquid and m the mass of the solid. The percentage initially adsorbed on colloids is 
approximately 80.4 % 

Figure 7 shows the breakthrough curves of Sr alone (red curve) and of Sr in the presence of 
colloids (blue curve). The eluted concentration is normalised to the initial one (C/C0). Sr is a no 
conservative element and present non negligible sorption on granite. Since its main sorption 
mechanism is ionic exchange, sorption on granite will be less pronounced than the sorption onto 
bentonite clay (at least 1 order of magnitude less). Additionally, ionic exchange is a reversible process. 

The retardation factor (Rf) represent the velocity of a determined radionuclide in the fracture 
with respect to the water velocity defined by the following expression:  

RN

water
f v

vR =  

which can be easily determined by comparing the peak of RN elution curve with that of HTO. 
The breakthrough curve of Sr alone present a single peak at approximately 58 mL, indicating a 

retardation factor of approximately 5.8. Strontium elution is retarded in respect to water, due to 
(reversible) sorption onto the granite fracture surface. The Sr recovery was near 70 % 
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Figure 7: Breakthrough curves of Sr and Sr in the presence of bentonite colloids.  

 
The transport behaviour of Sr in the presence of bentonite colloids is much more complex and 

very different from that observed in absence of bentonite colloids. The elution curve presents 3 clearly 
defined peaks: the first one at approximately 10 mL (1 pore volume) indicating that part of the Sr is 
moving without retardation; another peak at approximately 50 mL (similar to that observed for the 
migration of Sr alone) and a third one at approximately 200 mL indicating a fraction of Sr moving with 
a very high retardation factor (20). The recovery of Sr in the presence of colloids is also near to 100%. 

Since we know from previous experiments with only bentonite colloids (Figure 6) that at this flow 
rate (0.02 mL/min) a 80 % of colloids is expected to remain retained in the fracture. These retained 
colloids may modify the sorption properties of the granite fracture.  

The first interpretation of these data, which still needs further confirmation, indicating the 
existence of three different Sr elution peaks may be related to the following mechanisms: 1) transport 
of Sr that remains adsorbed on mobile colloids (first peak); 2) transport of Sr retarded by granite and 
3) transport of Sr retarded by the colloids retained in the fracture. The existence of these three 
components clearly indicates that sorption onto bentonite colloids is reversible and that sorption 
desorption processes occurs during the transport.  
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4 CONCLUSIONS 

Colloid migration in a granite fracture was studied and the effects of the presence of colloids in 
the transport of Sr analysed. Results indicated the major importance of the water flow rate on the 
mobility of colloids and their recovery, as well as a higher interaction between smaller particles with 
the fracture. At high water flow rate colloids will be mostly eluted and RN (irreversibly) adsorbed on 
them will be eluted too. 

The migration behaviour of Sr was studied under “realistic” low water flow conditions and it was 
observed to be substantially affected by the presence of bentonite colloids. The elution curves of Sr 
adsorbed onto colloid were significantly different from the ones of Sr alone, pointing out that the 
reversibility of sorption process must be taken into account to understand the radionuclide migration in 
the fracture in the presence of colloids. The filtration of colloids in the fracture at these low water flow 
rates produces on the fracture surface a layer with sorption properties different from those of the 
granite this influencing the retardation of the radionuclide. 
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