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Abbreviation list 

BG                                        Background 

CPM                                     Counts per minute 

DCR                                     Derived count rate 

DLS                                      Dynamic light scattering 

DLVO                                  Derjaguin, Landau, Vervey, Overbeek 

FA                                        Fulvic acid 

HA                                       Humic acid 

HPMT                                  Hybrid photomultiplier tube 

HS                                        Humic substance 

I                                            Ionic strength 

KGG                                    Kuru grey granite 

MX-80                                 Commercial name of Wyoming Volclay bentonite 

PGR                                     Granitic pegmatoids 

RN                                        Radionuclide 

RPM                                     Rounds per minute 

SD                                        Standard Deviation 

SEM                                     Scanning electron microscopy 

SKB                                     Svensk Kärnbränslehantering AB 

SNF                                      Spent nuclear fuel 

TGG                                     Tonalitic-granodioritic-granitic 

VGN                                    Veined gneiss 
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I. Introduction 
 

In Finland, nuclear power is being produced through an open nuclear fuel cycle and spent 

nuclear fuel (SNF) produced in this process will be disposed underground. The final disposal 

of spent nuclear fuel will start in the 2020s and is planned to continue for around 100 years. 

Deep geological repository will be located at Olkiluoto island in western Finland, where spent 

nuclear fuel will be disposed 400 - 450 meters below ground level into the crystalline bedrock.1 

Repository is expected to last for 100,000 years at least and approximately 2800 canisters are 

needed to be manufactured for the final disposal. Disposable spent nuclear fuel will originate 

from five Finnish power plants, of which three are located at Olkiluoto and two is in Loviisa in 

Southern Finland.2 Third power plant at Olkiluoto is not yet operative, but will be taken into 

use in the near future.  

Finnish legislation prescribes that only spent nuclear fuel produced in Finland can be disposed 

in deep geological repository and no nuclear waste from abroad will be accepted. Law bids the 

producer of nuclear waste to be in response for the necessary funding required by the disposal 

and to take care of the nuclear waste management. 

Reason for disposing spent nuclear fuel underground is not only to manage waste born in 

nuclear fuel cycle, but to storage the spent nuclear fuel in a way that it does not pose a threat to 

environment or people. Other meaning for disposing SNF in deep underground repository is to 

prevent people from getting access to SNF. The disposal will follow KBS-3 principle2-3 created 

by Swedish nuclear waste company SKB, where spent nuclear fuel canister will be protected 

by multiple barriers.  

In Finland KBS-3V repository will be built, where SNF canisters will be placed in a vertical 

position in vertical holes2. Another option, where canisters would be placed in horizontal 

position in horizontal drifts, has also been considered but uncertainty concerning the bentonite 

buffer behavior under disposal environment needs to be addressed more2,4 for KBS-3H to be 

used in final disposal. In Figure 1. competing construction manners KBS-3V and KBS-3H are 

presented.  
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Figure 1. Disposal tunnels of deep geological repository could be constructed either in vertical 

(KBS-3V) or in horizontal (KBS-3H) manner. (c) Jan Rojmar, SKB 

 

Disposal via KBS-3 principle is based on two types of barriers, engineered and natural, where 

failure of one barrier will not endanger the SNF isolation. Engineered barriers include iron-

copper canister, metal shield and bentonite buffer, whereas bedrock presents the natural 

barrier.3,5-7 Disposal principle is presented below in Figure 2. 

 

 

Figure 2. Spent nuclear fuel will be protected by multiple barriers based on KBS-3 principle. 

Picture taken from (Posiva Oy, 2016) 

 

For decades, large amount of research has been conducted to determine the most suitable 

bentonite buffer to protect the SNF canisters. Bentonite buffer has been planned to prevent 

groundwater from getting in touch with the surface of SNF iron-copper canister. In the case of 
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leakage bentonite buffer will also absorb radionuclides that have detached from SNF5,8. 

Bentonite buffer´s third function is to protect SNF canister from the movement of surrounding 

bedrock. In Finland, Wyoming MX-80 Na-bentonite has been studied to be used as a possible 

bentonite buffer. 

Even with multiple barriers, possibility for leakage of spent nuclear fuel exists. If several 

engineered barriers fail, previously immobile radionuclides can start migrating outside of 

geological repository and into the surrounding biosphere. In Finnish soil and in the state that 

radionuclides exist in the SNF, they are not expected to migrate freely via groundwater or with 

colloids originating from groundwater or from bentonite buffer as they are very likely to be 

retained in surrounding rock matrix through diffusion and sorption processes. In a case of 

leakage, possibility for migration to happen increases if intrusion of glacial melting water into 

the underground repository takes place. Glacial melting water would change the oxidation state 

of SNF radionuclides, making them more mobile and enhancing their migration. This is 

especially true for uranium, of which all the SNF radionuclides originate.8,9  

Motive of the experimental work was to study the effect of detached bentonite colloids on 

sorption and migration behavior of two different radionuclides with two bedrock samples while 

simulating the groundwater conditions at Olkiluoto island. Radionuclides 134Cs and 85Sr were 

used in this study as tracers and Wyoming Na-exchanged MX-80 bentonite was used for colloid 

solutions. Colloids in the colloid solution were characterized with scanning electron 

microscopy. The experimental work was carried out at the Department of Chemistry, 

Radiochemistry in the University of Helsinki.  

 

Figure 3. Olkiluoto power plants are located by the sea at Eurajoki, Finland.©Noora 

Pakkanen 
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II. Theory 

 

2.1 Disposal of spent nuclear fuel 

2.1.1 Spent nuclear fuel 

Every year around the world, nuclear power plants produce approximately 10,000 metric tonnes 

of radioactive heavy metal waste. These wastes are being stored next to reactor site, usually 

either in pools or dry casks. Most of the waste is being stored with the thought of them being 

disposed later in deep geological repositories.3  

Uranium fuel is not highly radioactive, but radioactive materials produced during nuclear fuel 

cycle from uranium fuel, shorter lived fission products and actinides, are. When safe geological 

repositories are being planned and built, it is important to understand geochemical nature of 

radionuclides in SNF and how they will behave in environment in different geochemical 

conditions. Understanding how radionuclides of SNF will change through time is essential and 

how these changes could possibly influence the surrounding environment of the fuel´s disposal 

site.3   

Behavior and interaction of chemical compounds in different geological disposal conditions 

needs to be considered when evaluating disposal strategies and their safety. When the nuclear 

reaction takes place in the nuclear reactor, composition of the fuel will be determined by the 

fission of fissile nuclides (e.g 235U and 329Pu) and by the neutron capture and the following 

decay reactions.3 The type of the fuel, it´s chemical composition as well as initial enrichment 

level of 235U with the degree of fission will influence the final composition of the fuel. In Figure 

4. radioactive isotopes present in SNF are shown and main radionuclides formed from 235U in 

fuel rods are listed in table 1. 
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Figure 4. Radioactive isotopes present in SNF and their decay over time.10 

 

Table 1. Main radionuclides formed from 235U in fuel rods.8 

Radionuclide Half-life (y) Oxidation state 

Actinides   

238U 4.47 *109 III, IV, V, VI 

237Np 2.14 *106 III, IV, V, VI, VII 

238Pu 87.70 III, IV, V, VI, VII 

239Pu 2.41 *104 III, IV, V, VI, VII 

240Pu 6.55 *105 III, IV, V, VI, VII 

241Pu 14.40 III, IV, V, VI, VII 

Fission products   

99Tc 2.15 * 105 IV, VII 

137Cs 30.17 I 

90Sr 29.10 II 

 

Through time, radioactivity of the spent nuclear fuel will decrease and the amount of actinides 

increases. Thus, in the future, the chemistry of the spent nuclear fuel will be mainly influenced 

by the presence of actinides, which is necessary to consider when designing geological 
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repositories. It should be noted that spent nuclear fuel will not be the only factor changing, but 

conditions of geological repositories will also change in time. Construction of repository itself 

will cause disturbance to the repository surroundings, increasing the amount of fracture in the 

bedrock.3 Heat created by radiation being emitted from the SNF will increase the movement 

and flow rate of surrounding pore water as well. 

As fuel rods in Finland are being assembled in different ways depending on the nuclear reactor 

where they are to be used, different sized canisters have been designed. Diameter of the 

canisters is the same (1.05 meters) but their length varies. At Loviisa, canisters with height of 

3.6 meters are being used for fuel assemblies, whereas height of the canisters at Olkiluoto 1 and 

2 are 4.8 m and at Olkiluoto 3 they are 5.25 m.11 In Figures 5. and 6., fuel pellets are first 

gathered in fuel rods before several rods are assembled. These fuel assemblies are then inserted 

into a copper overpacks before disposal.  

 

 

Figure 5-6. In Figure 5. (left), fuel pellets are gathered first inside of fuel rods and then in fuel 

assemblies. Fuel assemblies are then inserted in copper overpacks before they are taken to the 

disposal tunnels (Figure 6. on the right). ©Noora Pakkanen 
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When SNF canister with a poorly soluble UO2 is placed in a tunnel of a repository, it will be 

protected by several barriers. First barrier will be the metal surface of SNF casket, which is 

surrounded by copper canister. Copper canister in turn is protected by bentonite buffer to keep 

water from accessing the surface of the canister. Final barrier used to protect SNF is the 

geological site itself and the surrounding bedrock. It has to be noted, that decaying SNF will 

also protect canister´s surface from groundwater as thermal pulse that is being emitted from the 

tightly packed radioactive waste will keep the water away from the metal surface of the 

package. Disposal strategies vary between different countries, but all use multiple barriers 

system which is designed to keep fluids away from SNF.1,3,12 

SNF canister-bentonite interface have been designed to tolerate maximum temperature of 100 

ºC and at repository depth of 420 meters, rock temperature has been found out to be around 

+10.5 ºC 4.  Heat emitted from the SNF canister has been evaluated to warm canister-bentonite 

buffer interface up to 90 ºC, whereas the bentonite-rock surface interface has been estimated to 

warm up to 15 ºC 13.   

Depending on the structure and the size of the repository, the time scale of deposition and how 

SNF canisters have been spaced in the tunnels, the excess temperature emitted from the 

repository can range between 51 - 64 ºC during the first 100 years of disposal13. Canister spacing 

and emissivity of the copper surface as well as bentonite buffer´s thermal conductivity affects 

the maximum temperature on canister surface. Canister surface temperature transmits heat to 

bentonite buffer and could possibly alter its properties. Maximum decay heat has been estimated 

to take place 15 years after disposal, but after this emitted heat is expected to decrease strongly. 

Decay heat is assumed to be half of the initial amount when 50 years has passed since the start 

of the reposition.4  

Possible breach of radionuclides needs to be noted when planning the disposal of SNF.  

Radionuclide release from SNF can happen in two different stages. If the waste package and its 

bentonite buffer covering fail, radionuclides will be instantaneously released to the surrounding 

geosphere and in this stage fission gases and volatile elements are of most interest. Second stage 

is the long-term release, which will take place as UO2 matrix, including transuranium elements, 

dissolves after volatile radionuclides have been released. During this phase, radiolysis of water 

will take place, creating oxidants in turn.3 These oxidants will then oxidize UO2 into UO2+x, 

changing its redox potential and mobility8,9. 
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Besides accidental leakages and failures of engineered barriers, possibility of new ice age and 

permafrost as well as earthquakes had to be considered during the planning phase of deep 

geological repository. The effect of ice age on the uranium mobility in granitic bedrock was 

investigated in the EU Palmottu natural analogue project in the uranium rich Palmottu area 

which is relevant to the Olkiluoto9. Study suggested that even if glacier movements do not pose 

a threat to repository´s integrity, intrusive glacial melting water does: If intruding post-glacial 

melting water comes into contact with SNF, it can oxidize immobile radionuclides, especially 

uranium, and change their mobility. This phenomenon has been detected to have taken place 

during last post-glacial phase in a similar geological environment as Olkiluoto and must be 

considered in safety assessments9. Other study of the effects of ice age towards repositories 

started back in 2008 in Greenland in Greenland Analogue Project (GAP) and it was conducted 

as an international joint project with Swedish SKB and Canadian NWMO. Idea was to gain 

more information about glacial hydrological processes and their effects to environment.14 

Project´s results concluded that progressive and withdrawing movements of glaciers would not 

have a big impact on repository´s safety at Olkiluoto island.  

When it comes to earthquakes, most likely caused by movements of glacier, bedrock is expected 

to protect SNF canisters from impacts taking place on the ground surface, but there is a chance 

that earthquake could possibly damage canisters. Bentonite buffer around canister and bentonite 

pellets in disposal tunnels have been designed to provide shelter to canisters from small 

movements of the surrounding rock matrix. Currently, seismic activity in Fennoscandia is very 

low, but there is a possibility that increased seismic activity created by future de-glaciation 

processes may jeopardize safety of the SNF canisters and needs to be addressed in safety 

assessments15.  

 

2.1.2 Olkiluoto island and ONKALO site 

Disposal of nuclear waste in Finland will take place at Olkiluoto island, which is located at 

Satakunta region at the South-Western Baltic Sea coast of Finland. Construction phase of 

ONKALO site on Olkiluoto island started in 2004 and was carried out by Posiva Oy2. 

ONKALO site was built to be used in Underground Characterisation Research Program to make 

geoscientific study of Olkiluoto site possible and it has also been used as a nuclear fuel disposal 

test site.16  
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Facility consists of access tunnel, ventilation shaft as well as POSE (Posiva Olkiluoto Spalling 

Experiment) site and it is 450 meters deep measured from the surface level. Facility consists of 

5 km long access tunnel, halls, rooms, shaft connections, tunnels, vehicle connections and 

personnel shafts.2,17 In Figure 7. structure of the facility has been presented. 

 

 

Figure 7. Planned structure of deep underground disposal facility.17 

 

For a site to be favorable for nuclear fuel disposal purposes, host rock should have low 

conductivity. Hydrogeochemistry, groundwater flow and properties related to transportation of 

different species are all important in deciding whether or not host rock could be suitable for 

repository.16 For example, large amount of large sized fractures in host rock will enhance 

transportation capacity of the rock, making it less favorable for being used in repository. 

The rock material of Olkiluoto site has been well studied and its palaeohydrogeochemical 

evolution18 has been determined. Bedrock of Olkiluoto island was formed during five orogenic 

events during Paleoproterozoic Era. During its formation, Olkiluoto bedrock has gone through 

two types of hydrothermal alterations which have both taken place at low temperatures: in the 

first phase, rock has gone through pervasive alteration and then this phase has been followed 

by fracture-controlled alteration in the second phase. Temperature interval during these 

alterations has been estimated to have ranged from over 300 ⸰C to less than 100 ⸰C.16  

Form of the Olkiluoto island is relatively flat and main rocks of the area are migmatised 

amphibolite-facies metasedimentary rocks and their origin is considered being pyro- and 

epiclastic. Olkiluoto rocks can be divided in migmatitic gneisses, tonalitic-granodioritic-
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granitic gneisses, other gneisses and granitic pegmatoids. Migmatitic gneisses consist of veined, 

stromatic and diatexitic gneisses and they make up over 64 % of the Olkiluoto bedrock 

volume.16 Within migmatitic gneisses, veined gneiss is the largest formation group and 

Olkiluoto area is mostly formed of heterogeneous rocks of anisotropic veined gneiss 

formation17. Composition of Olkiluoto bedrock has been presented in table 2.  

 

Table 2. Volumes of different rock types in Olkiluoto bedrock. 16 

ROCK TYPE VOLUME OF THE BEDROCK (%) 

MIGMATITIC GNEISSES 64.0 % 

- VEINED GNEISS (VGN) 43.0 % 

- DIATEXITIC GNEISS (DGN) 21.0 % 

- STROMATIC GNEISS (SGN) 0.4 % 

TGG GNEISSES 8.0 % 

GRANITIC PEGMATOIDS (PGR) 20.0 % 

 

From table 2. it can be seen that in addition to veined gneiss, the largest volume of lithology of 

Olkiluoto site is also made of diatexitic gneiss (21 %) and homogenous granitic pegmatoid (20 

%)16-17.  

One of the safety assessment factors of the final deposition site is being able to predict how and 

how likely it is for a rock mass failure to happen at the site caused by heat or excavation that 

takes place there. Rock with inclusions and varying lithology is less prone to fracturing as 

continuity of the foliation is disturbed compared to a rock with homogenous lithology.17  

VGN of the Olkiluoto island has a higher fracturing frequency than any other rock at the site 

and it has been found to be very responsive for any strain localization that takes places in the 

direction of micaceous foliation. It also has a tendency to shear failure, making it the weakest 

of all the rock mass in Olkiluoto area. Fractures in VGN are more likely to occur in areas where 

a larger amount of plate-shaped minerals (e.g. biotite, muscovite) can be found but in areas, 

where quartzo-feldspathic equant-shaped minerals exist, fractures occur very rarely.17  

Large-scale deformation zones and natural fractures have been located and found to influence 

the in situ stress state of Olkiluoto site and the possibility to make VGN stronger against 

fractures has been considered. VGN could be strengthened by adding PGR into it which would 
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make VGN less sensitive to strain localization. In literature, it has been suggested that a 

combination of these two could be stronger against localization than the weakest orientation 

found in VGN rock mass.17 

Properties of groundwater at Olkiluoto site has also been studied beside geological studies and 

the distribution of Olkiluoto island´s groundwater flow has been found to be uneven. Reason 

for this has been suspected to be caused by the structure of bedrock and how its fractures and 

fracture networks have been formed and connected but also by hydraulic properties of those 

existing fractures. Olkiluoto island has layered sequences of groundwater, of which salinity and 

age increases with depth19. At repository level groundwater type has been determined to be 

anoxic20, brackish Cl type groundwater with a salinity of 3.8 g/L16. Due to high salinity, natural 

inorganic colloid concentration of Olkiluoto groundwater has been determined to be low 20. 

During repository´s operation phase, groundwater conditions are not expected to change much, 

besides from an increase in salinity. 

 Post-glacial land uplift around Olkiluoto island of approximately 6 mm/year moves 

repository´s initial position slowly towards inland, and this change can possibly have an effect 

on groundwater´s salinity at repository level19,21. Land uplift pushes brackish groundwater 

deeper into the ground, and starts to replace it with fresh meteoritic water21, changing anoxic 

water to more oxic one. Besides changes caused by isostatic rebound, it is expected that in the 

future glacial melting waters can change groundwater´s composition by increasing 

groundwater´s pH, lowering its ionic strength and ultimately causing the formation of colloids 

20.    

 

2.2 Bentonite 

Bentonite clay has formed out of volcanic ash and has a very high phyllosilicate22 group 

smectite content. Main mineral in bentonite is montmorillonite, which is a member of 

dioctahedral smectite23 clay minerals. It has a T-O-T-layered structure, where two tetrahedral 

layers surround an octahedral layer22-23. As bentonite possesses characteristics such as high 

sorption capacity and plasticity, good swelling properties, high pH buffering capacity and low 

hydraulic conductivity, it has been studied and proposed to be used as a bentonite buffer in SNF 

repositories. With these characteristics, bentonite buffer could provide a needed mechanical 

protection for the SNF canister, while maintaining a stable chemical environment13,22,24.   
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Raw, unpurified bentonites also include accessory minerals, such as quartz, feldspar, and pyrite. 

The amount of organic matter as well as oxides varies between bentonites with different 

geochemical backgrounds and formation environments. These factors in turn affect bentonites 

colloidal properties.22 

Montmorillonite structure has a permanent negative charge, which is created by isomorphic 

substitutions in the phyllosilicate sheets in octahedral/tetrahedral layer 13,22,25. This negative 

charge attracts cations in the interlayer, creating a large sorption capacity for positively charged 

radionuclides. This trait of bentonite has been considered to be useful in a case of radionuclide 

leakage from SNF canister. Montmorillonite´s T-O-T layered structure has been presented in 

Figure 8. 

 

Figure 8. Structure of sodium montmorillonite.26 

 

Hydrological and hydrogeochemical conditions will influence the change that will take place 

in different bentonite materials during repository evolution. Dissolving of bentonite buffer, it´s 

“impurity” minerals as well as composition of groundwater can alter montmorillonite´s cation 

composition.27   

If groundwater and bentonite barrier were to come in contact, this could possibly launch 

chemical erosion of bentonite buffer. Chemical erosion could cause bentonite barrier to lose a 

great amount of its mass, endangering its function as a barrier. Erosion could also cause 
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colloidal particles to be eroded and diffused to the liquid phase. Under favorable conditions 

these particles could transport leaked radionuclides outside of repository. Particles can be 

detached from bentonite barrier through mechanical force created by water flow (dependent on 

flow rate and the type of fracture) or through chemical processes that create repulsion between 

clay flakes, causing them to dissolve.22 At Olkiluoto, bedrock is expected to inhibit the pH of 

the groundwater as well as the redox conditions27, creating stability to the system. 

Groundwater´s salinity can affect bentonite´s properties, by reducing its swelling capacity as 

well as increasing its hydraulic conductivity.19 Bentonite´s swelling capacity is affected by 

surrounding water´s ionic strength in a way that low salinity water increases the distances 

between montmorillonite structure´s layers, which enhances bentonite´s chemical erosion and 

creates colloids. By decreasing bentonite´s density, erosion also decreases bentonite´s swelling 

capacity and creates and an access path for groundwater to SNF canister´s surface. In current 

saline groundwater conditions, bentonite´s chemical erosion is not expected to take place.21  

Possible geochemical changes must be well understood when evaluating the future behavior of 

the repository site. Studying the properties of bentonites existing in geological formations as 

analogues can be of great help in assessing repository processes.27 

 

2.3 Colloids 

Colloids are small, inorganic or organic particles with size of approximately 1 nm -1 µm in 

diameter with any form28. If radionuclide is attached to a colloid, it is called a pseudocolloid. 

Colloids have a large specific surface area28 and in favorable conditions they can travel long 

distances with speed faster than laminar groundwater in porous rock.25,29-30 Colloid´s structure 

is sensitive for disturbances, and changes in geochemical environment may affect its stability 

and cause it to aggregate. Because of this, colloid characterization from samples should be 

conducted as early as possible to get the best results.  

The smaller the colloid, the bigger the specific surface area and the more it can adsorb 

radionuclides. Large and unstable particles with increasing radius are more influenced by 

gravitational forces with larger tendency for sedimentation and thus they are not likely to act as 

radionuclide transporters. Particles with larger mass and size tend to have a larger dispersion 

coefficient with stronger dispersion mechanism, but because of gravitational forces they are 

most likely sedimented at the bottom of the fracture.28 Even though larger particles are not 



 

15 
 

likely to enhance radionuclide migration, they still adsorb radionuclides to their surface, 

retaining them. Hence colloids can act as mobile and immobile carriers both.31 In favorable 

conditions, radionuclides can also resuspend from sediment and start migrating again. 

Distribution of colloid sizes in groundwater is very polydisperse. If groundwater has more 

smaller colloids than larger ones present, more radionuclides are likely to be attached to these 

particles and to be migrated.28 Colloid-related processes include diffusion, sedimentation, 

migration, filtration, deposition on rock surfaces, interactions with radionuclides and Brownian 

diffusion and they are all influenced by the chemistry of the medium25. Colloids are known to 

carry substances with strong absorbing nature32. In Figure 9. SEM picture of bentonite colloids 

in solution has been presented. 

 

Figure 9. SEM image of bentonite colloids in fluid.33 

 

Inorganic colloids exist naturally in groundwaters, but they can also be generated from 

bentonite buffer through erosion7,22,25,34. Alteration of the rock, temperature, salinity, and pH of 

the groundwater influence all on colloid generation and their stability. Higher degree of 

alteration of the rock and higher alkalinity of the water have been noticed to correlate in turn 

with higher stability of the colloids.25 On the other hand, temperature has been also related with 

colloid stability. Through colloid stability, prevailing temperature can affect colloid 

sedimentation and, in that way, also colloid concentration in the liquid phase13. 

Just like montmorillonite, clay colloids have a negative surface charge and in their stabile state 

they have a high surface potential, allowing them to repel other colloids and prevent aggregation 

from happening13,22,25. Negative charge originates from the defects of the crystal lattices and it 



 

16 
 

attracts a double layer of positive ions around the particle. Charge located at the colloid´s edges 

is dependent of pH and they can interact with OH- and H+ ions.13  

Generally, dispersion stabilizing (DLVO)13,35 theory states that particles are surrounded by 

diffuse electrical double layers, which causes the electrostatic repulsion between particles. If 

this electrical double layer is compressed, particle stability also decreases. That is why the 

temperature, ionic strength, and pH of the liquid phase affect particle stability so strongly as 

they have a direct influence on the thickness of the double layer. Increasing temperature and 

ionic strength with decreasing pH reduces the thickness of the double layer, hence creating less 

stable particle solutions. Temperature also affects the particle´s surface potential and increasing 

temperature increases the thermal energy of the particles. Increased thermal energy will 

increase the amount of collisions of particles with most probability to aggregate, thus 

accelerating the kinetics of precipitation.13  

Particle stability can be examined by measuring its zeta potential, which determines the amount 

of attractive and repulsive powers between particles, excluding attractive van der Waals 

forces36. Determination of zeta potential is based on moving particles in an electric field which 

travel towards an electrode with an opposite charge. Velocity of these moving particles is 

proportional to zeta potential and from their mobility zeta potential can be determined. 

With bentonite colloids, sedimentation processes take place with second order kinetics. 

Bentonite colloids do not follow temperature dependency similarly as other electrostatically 

stabilized systems, in such a way that increase in temperature seems to stabilize colloids and 

decrease sedimentation. This has been evaluated to be caused by the layer structure, flat 

geometry, and the different origin of the charges on bentonite colloid surfaces. Increase in 

temperature does not seem to influence the surface potential of bentonite colloids either.13  

Colloids have been shown to enhance the migration of cationic and anionic metals as well as 

tri- and tetravalent actinides7,25,37-38. Whether or not colloids will be relevant in radionuclide 

migration depends on their detachment from the bentonite buffer, how they interact with 

radionuclides and how stabile colloids are in prevailing chemical environment25.   

In groundwater organic ligands, like humic and fulvic acids38, can have an enhancing impact 

on radionuclide sorption and migration. Humic substances have been noticed to have a larger 

absorption rate towards bentonite colloid surface when influenced by acidic pH. Adsorption of 

HS to the colloid surface provides more functional groups for radionuclides to complex with, 

absorbing more radionuclides to the colloid surface. As pH increases, surface charge of HS 
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turns negative, making it harder for organic ligands to be adsorbed by bentonite colloid surface 

with negative charge.23 As a migration method, microbe facilitated radionuclide transportation 

is still reckoned to be of minor importance by literature39. 

Possible significant mass loss of a bentonite buffer and formation of colloids have been noticed 

to contribute to migration of colloids. As erosion of bentonite and colloid-facilitated transport 

are relevant factors in the migration of radionuclides, the conditions which affect the stability 

of smectite colloids need to be analyzed. Literature also suggests that zeta potential alone is not 

enough to be used in predicting the stability of clay colloids.25  

For colloid-facilitated migration to happen, colloids must be generated through bentonite 

erosion, radionuclides must encounter the colloids and they must be transported with 

groundwater as a medium. This transport mechanism will prevail when (1) there are enough 

colloids present or (2) when the colloids have irreversible or slow filtration rates and (3) when 

the radionuclide is irreversibly sorbed or desorbs very slowly from the colloids.34 In Figure 10. 

colloidal processes and their influence on radionuclide migration have been presented. 

 

 

Figure 10.  Schematic picture of colloid processes and their influence on radionuclide 

migration.33 

 

Colloidal particles start to aggregate, when the repulsive forces between particle surfaces are 

overcome by attractive van der Waals powers13,25,28,40. Increase in ionic strength can decrease 
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the repulsive powers as the scope of the surface potential diminishes and increases the 

attachment between particles.  

When clay minerals are affected by the increase in ionic strength, gels are formed5,25. This in 

turn has a restricting effect on colloid stability and inhibiting effect on particle release. High 

salinity (>10-20 mM) of water has been shown to constrain bentonite erosion and colloid 

generation.  

As higher Ca content as interlayer has shown to favor aggregation of the colloids, Na-bentonite 

MX-80 colloids have been found to have some degree of resistance against aggregation.25 

 

2.4 Migration 

2.4.1 Caesium and strontium 

Properties of 134Cs 

Caesium was discovered in 1860 and it belongs to the alkali metal group of periodic table of 

elements with atomic number of 55. Caesium has standard atomic weight of 132,90545 u and 

it has relatively low melting point of 28.4 ⸰C, making it liquid at slightly warmer room 

temperatures.41 

Caesium´s abundance in spent nuclear fuel is notable, and thus it needs to be taken into 

consideration in disposal phase. It has three isotopes with long half-lives and in the beginning 

of SNF disposal it will be one of the dominating radionuclides.5 Caesium has only one stable 

isotope 133Cs, and 39 radioactive isotopes. Main radioactive isotopes of caesium are 131Cs, 

134Cs, 135Cs and 137Cs with half-lives of 9.7 d, 2.1 y, 2.3*106 y and 30.2 y, respectively. As 135Cs 

has a half-live of 2.3*106 years, its long-standing presence in the SNF is important to take into 

consideration. 

Two radioactive caesium isotopes 134Cs and 137Cs can be found from the Finnish nature even 

though they are not naturally occurring isotopes. These radioactive particles have been released 

from Chernobyl nuclear power plant accident and from bomb experiments conducted in the late 

50s and early 60s from where they have been carried over the border by wind. This caesium 

can be found in berries, mushrooms, game, and fishes.42 Besides these aforementioned sources, 

137Cs is also produced in 235U fission alongside with 90Sr.    
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Being the most electropositive metal, it is also very reactive in the presence of both air and 

water43. Caesium has oxidation state +I and its retention mechanism is sorption via cation 

exchange5,8. In environment, caesium is very mobile and in its ion form it is highly soluble8,41. 

It does not form complexes in solutions eagerly44 and its retention is dependent on electrostatic 

interactions with rock´s surface8.  

Caesium has a very strong sorption towards phyllosilicates with micas, such as biotite, in their 

structure5,8,45 and its sorption towards clay minerals is nearly irreversible. In the case of 

caesium, presence of plagioclase and mafic minerals in rock material are the main minerals 

which can attach caesium onto granite5. Another highly sorbing group for Cs+ ion is inosilicates 

(for example hornblende) as they have a very high cation exchange capacity and sorption takes 

place via ion exchange. Least sorbing minerals for Cs+ are calcite, quartz and fluorite5,46. 

As Cs+ has low hydration energy5 it favors edges, step sites and fractured regions in its 

sorption8,47. Cs+ ion´s sorption to frayed edge sites of the mineral is very strong, even 

irreversible and with phyllosilicates caesium forms inner sphere complexes at edge sites8. Ion´s 

sorption towards interlayers and basal sites of minerals is affected by liquid phase´s 

composition and it has very low affinity, making sorption quite non-specific and reversible5,46. 

Presence of other, more strongly sorbing, usually divalent ions, such as Ca2+ and Mg2+, but also 

K+ and Na+, decreases the sorption towards interlayers and basal sites even more. Effect of 

competing ions towards caesium´s sorption capacity can be observed by studying caesium´s 

sorption in high salinity solutions, where presence of Na+ ion decreases caesium´s sorption 

notably. Literature suggests, that as caesium´s sorption onto rock is quite strong, bentonite 

colloids will not have a significant role as a radionuclide carriers.5 

Presence of microbes can affect system´s solution chemistry and affect that way Cs´s interaction 

with mineral surfaces. For example, the presence of humic acids created from microbe 

metabolism has been found to decrease Cs+ ion´s sorption towards clay minerals.8 

Caesium shares similar physical and chemical properties with two other alkali metal elements, 

potassium (atomic number 19) and rubidium (atomic number 37). Hence like potassium, 

caesium as well tends to gather into human and animal tissues, causing larger radiation doses 

to people than any other artificial radionuclides.41  

As 134Cs had the most suitable half-life, it was chosen to be used in the experiments. 134Cs has 

atomic weight of 134, it decays to 134Ba through beta emission and its most intensive beta 

transition can be observed from spectra at 662 keV. As 134Cs emits high-energy gamma 
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radiation, it is possible to measure nuclear waste as well as environmental samples directly 

without any need for purification. The most intensive gamma transitions for 134Cs can be 

detected at 604 keV and 795 keV. 134Cs can be produced from caesium´s natural occurring 

stable isotope 133Cs by neutron irradiation.41 

 

 

Properties of 85Sr 

Strontium belongs to group 2 of alkaline earth metals and has an atomic number of 38. It has 

35 isotopes of which four isotopes are naturally occurring and stable: 84Sr, 86Sr, 87Sr and 88Sr. 

Most of the artificial isotopes are short-lived. Strontium can exist in 2 different oxidation states, 

0 or 2+, but as it is very reactive with oxygen and water, in nature it can only appear in oxidation 

state 2+. Strontium´s distribution in Earth´s crust is 0.02-0.03 % and it appears mainly as 

celestite or strontianite.41,48 

Strontium´s main adsorption mechanism is cation ion exchange and it has been listed as one of 

the less sorbing elements6,8. Strontium´s poor sorption capacity is due to its small ion size and 

large hydration sphere which prevents it from forming strong outer sphere complexes, 

especially on frayed edge sites8. Large hydrated ions cannot bind themselves to frayed edge 

sites, blocking strontium´s access to these sorption sites and eventually decreasing its sorption5. 

Change in groundwater´s pH by microbe metabolism can cause strontium to desorb from its 

sorption sites on mineral surfaces8. These factors enhance strontium´s mobility in groundwater 

conditions.   

Montmorillonite group and micas are the main minerals that sorb strontium. In a smaller extent, 

minerals of kaolinite and calcite group as well as quartz, feldspar, and gypsum sorb strontium 

too.49   

Its chemical properties are comparable to those of its neighbors calcium and barium41. Thus, it 

tends to accumulate into a human body in a similar way as calcium and change places with it 

in the bone. This quality can cause interference with bone mineralization during skeletal 

development48.   
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Fission products in radioactive waste will be 89Sr and 90Sr, which of both decay through beta 

emission. Short-lived 89Sr has a maximum beta energy of 1.48 MeV with a half-life of 50 days 

and is thus found only in fresh nuclear waste. 90Sr has a maximum beta energy of 0.54 MeV 

and it has a similar half-life with 137Cs - half-life being 29 years - making it one of the most 

crucial and hazardous products of uranium and plutonium fission and also one of the main 

radionuclide wastes generated in nuclear fuel processing. 90Sr alongside with 137Cs are 

responsible for most of the radioactivity in nuclear waste during the first few hundred years.50 

235U fission to 90Sr and 137Cs has been presented in Figure 11. 

 

Figure 11. Neutron induced 235U fission and its fission products 137Cs and 90Sr. © Noora Pakkanen 

 

Isotope used in the experiment was 85Sr. 85Sr has half-life of 64.8 days and it decays mainly by 

electronic capture into 85Rb. It has gamma energy of 0.514 MeV with intensity of 96 %. In 235U 

fission products, it appears in tracer amounts.41 
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2.4.2 Distribution coefficient 

Mobility of the radionuclide depends on its distribution between mobile and stationary phase. 

To determine the relation between these two phases, distribution coefficient is calculated. 

Distribution coefficient tells the strength of the sorption onto substrate, but it cannot be used to 

determine the mechanism of the sorption.51 Distribution equation is presented below in equation 

1. Used equations are presented in Appendix 1. Equations. 

 

                                                         𝐾𝑑 =
𝐴𝑏𝑒𝑛𝑡,𝑘𝑜𝑙∗𝑉0(𝑚𝑙)

𝐴𝐿∗𝑚(𝑔)
                                         (1) 

 

where 𝐴𝑏𝑒𝑛𝑡,𝑘𝑜𝑙 is activity in colloids/rock, 𝑉0(𝑚𝑙) is the measured volume at the beginning of 

the experiment, 𝐴𝐿 is the time corrected activity at the end of the experiment and 𝑚(𝑔) is the 

weight of the crushed rock. Distribution coefficient is directly proportional to the strength of 

sorption. 

 

Standard deviation of distribution coefficient was determined to evaluate the uncertainty of the 

experimental results. SD was calculated with equation 2. 

 

                                                            𝑠 = √
1

𝑁
∑ (𝑥𝑖 − �̅�)2𝑁

𝑖=1                                              (2) 

 

where 𝑁 is the number of subsamples, 𝑥𝑖 is observed values of the samples and �̅� is the mean 

value of the observations. Standard deviation is directly proportional to the amount of variation 

within experimental results.  

 

2.4.3 Colloid mediated migration 

Possible migration of radionuclides is most likely to take place through colloid-facilitated 

transport in groundwater7,37. If physical barriers of the SNF canisters fail, colloids originating 

from the bentonite buffer could form pseudocolloids with radionuclides and transport them 

outside of SNF facility area and into the surrounding geosphere through water-filled fractures 

in the bedrock. 
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For colloid-facilitated migration to happen several needs must be met. Radionuclide must be 

strongly sorbed to colloid surface, colloid must be stable, and it cannot be prone to filtration34,37-

38. Radionuclide´s sorption mechanism influences how strongly (reversibly, irreversibly) it 

binds to bentonite colloid´s surface5. System´s geochemical conditions can alter radionuclide´s 

speciation and change its behavior in environment, increasing or decreasing radionuclide´s 

sorption capacity8,52-55. Whether or not radionuclide is retained depends on its interaction with 

mineral54-55 and this interaction is influenced by radionuclide ion´s size and charge. 

Radionuclide´s absorption to mineral surface is due to electrostatic attraction.8 

Colloid migration through porous rock is influenced by many factors and is dependent of the 

prevailing geological system. Mineralogical composition of a rock material and a composition 

of liquid phase can have a significant influence on whether radionuclide is sorbed onto the rock 

or not5. 

As colloids travel through the porous rock they can attach onto surrounding surface and 

accumulate, blocking pores and ultimately decreasing the permeability of the rock. This fouling 

behavior of colloids has been referred to as clogging. Clogging of colloids is influenced by the 

particle size and concentration in the solution as well as surface roughness of both colloids and 

porous rock.32 

If larger particles are attached to the surface, it increases the retention of smaller particles as 

well. Interaction between particle and the surface are strongly influenced by hydrodynamic 

forces, solution chemistry and friction.32  

Clogging only takes place when multiple layers of particles have been attached to the surface 

and this is influenced by the interactions between particles. When a larger cluster of particles 

forms, it starts to disturb the hydrodynamic flow. Finally, as the size of the cluster increases, it 

starts to block the pore and prevent fluid from going through the pore. As hydrodynamic flow 

decreases less particles are deposited on to cluster´s surface and formation of newer layers are 

limited. Clogging is influenced by particle properties such as particle size and potential, fluid 

properties such as ionic strength, velocity and temperature, and properties of the rock and its 

surface.32 

Groundwater microbes can produce biominerals and interact with species in the solution, 

affecting mineral and solid-liquid phase properties. Microbial surface ligands are anionic in 

lower pH and can thus attract and sorb cations more strongly than mineral surfaces8,50,56-58. 

Microbes can alter the pH and redox potential of the liquid phase and create organic acids8. 
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Metabolism of microbes produces phosphates, nitrites, humic substances and carbonates and 

these metabolites can change radionuclide´s behavior43. Especially change in redox potential 

can change speciation of certain radionuclides and affect their sorption and migration. 

Metabolites of microbes can have a large impact on system´s geochemistry43,59 and to the 

particle´s behavior in liquid phase, and thus needs to be addressed.8 

Accumulation of colloids onto surface creates different layers of particles, eventually blocking 

the pore. Whether or not colloids attach to the surface depends on the interactions between 

particle and the surface but is also dependent of the interactions between particles and the 

carrying fluid. If after deposition equilibrium grows more towards the particle-fluid interactions 

than towards the ones between particle and the surface, particle can be resuspended to the liquid 

and start migrating again.32 

Colloids can detach from the surface, if certain chemical conditions of the surface and the 

groundwater are met (ionic strength, pH, ionic composition). If the binding force between the 

surface and the colloid is weak, flow rate of the water can detach colloid from the surface, 

increasing permeability. Thus, the effect of hydrodynamic forces must be addressed.32   

When particle concentration in the liquid becomes high, possibility for particle-particle 

interactions increases significantly32. In Figure 12. varying colloid migration paths have been 

presented.  

 

Figure 12. Colloid migration through fractured rock. In bedrock, larger fractures transport 

most of the colloids whereas smaller fracture networks can be more easily blocked by particles, 

stopping the groundwater passing through © Noora Pakkanen 
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III. Materials 

3.1 MX-80 bentonite 

MX-80 bentonite originates from state of Wyoming in the Western United States. MX-80 

bentonite has formed in shallow marine environments through alteration process of felsic 

volcanic ash and is commonly rich in sodium. Commercial sodium-saturated MX-80 has been 

considered to be used as a reference backfill material.60-61  

Ratio of components in MX-80 may vary due to its chemically inhomogeneous nature. Non-

purified and non-Na-exchanged bulk Volclay MX-80 has a chemical composition of SiO2 64,32 

%, Al2O3 19 %, Fe2O3 3,30 %, FeO 0,48 %, TiO2 0,15 %, MgO 2.56 %, CaO 1.66 %, Na2O 

2.03 %, K2O 0.62 %, CO3 0.99 %, Org. C 0.15 %, SO4 0.08 %, S(other) 0.18 %, LOI 5.70 %, 

and H2O 8.40 %, expressed in weight percentages.60  

Mineralogical composition of MX-80, which has been determined earlier in literature with 

Rietveld-method, is smectite 79.1 %, muscovite 7.5 %, quartz 4.4 %, calcite 3.1 %, tridymite 

1.9 %, plagioclase 1.7 %, gypsum 1.3 %, magnetite 1.1 %, illite 0.6 %, pyrite 0.6 %, cristobalite 

0.5 %, anatase 0.2 %, hematite 0.1 %, and zircon 0.1 %.60 

Structural formula of MX-80 is on the exchangeable cation sites Na0.54Ca0.08Mg0.03, on 

octahedral sites Al3.09Fe3+
0.38Mg0.56 and on tetrahedral sites Si7.65Al0.35.

60  

  

3.2 Colloid solution 

Colloid solution was made to be used as a solution in the column experiments. Solution was 

prepared by first mixing 400 mL of Allard water and 10 g of MX-80 bentonite together, and 

then placing the solution into shaker for minimum of two weeks. After shaking, colloid solution 

was removed from the shaker and centrifuged in 50 mL centrifuge bottles with speed of 4000 

rpm/40 min. Centrifuged solution was carefully separated from clay material after which its 

particle size and concentration was measured. Solutions with particle size less than 500 nm 

were accepted for the final colloid solution and colloids were characterized with scanning 

electron microscopy (SEM).  
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3.3 Veined gneiss (VGN) 

Veined gneiss was used in batch sorption experiments, in caesium´s one-month column 

experiment and in strontium´s three-month column experiment. VGN drill core sample was 

obtained from ONKALO of Olkiluoto from a depth of 420 meters. VGN is a migmatitic 

metamorphic rock, that has formed during Paleoproterozoic Era, being one the main rock types 

that can be found at previously mentioned depth in Olkiluoto. It has a greatly foliated and 

heterogeneous structure with anisotropic nature. Mineralogically, VGN is mainly composed of 

biotite, quartz, potassium feldspar, plagioclase, and cordierite, but large amount of accessory 

minerals can also be found, such as muscovite, chlorite, sillimanite, epidote, garnet, and opaque 

minerals.62-63 

Sample used in the column experiment had a length of 80 cm and diameter of (41.50 ± 0.06) 

mm. Porosity of the sample had been previously determined to be in a range of 0.5 - 1.0 %.62 

Main mineralogical composition of VGN column used in the experiment can be found from 

table 3. 

 

Table 3. Main mineralogical composition of the veined gneiss sample (in wt%).62 

Mineral Content (wt%) 

Biotite 28.5 

Quartz 28.1 

Potassium feldspar 15.0 

Plagioclase 

Cordierite 

Accessory minerals 

14.2 

6.0 

14.2 

 

3.4 Kuru grey granite (KGG) 

For caesium´s three-month column experiment, drill core Kuru grey granite column was used. 

Kuru grey granite is one of the main Kuru granites being mined north of Tampere in Finland, 

other Kuru granites being red granite and black granite. Kuru grey granite was obtained from 

Kuru Quarry from Tampereen kovakivi Oy. Grey granite is a plutonic rock, with a fine-grained, 

non-foliated structure that is composed of crystals of similar size and its lithodeme is a part of 

Granitoid Complex of Central Finland. It has a density of 2660 kg/m3 and the total porosity of 

the granite is 0.47 %.7,64 Average grain size has been determined to be 0.5 - 1.5 mm and average 

pore diameter 300-400 nm.7,65-66  
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Main mineralogical composition of KGG column used in the experiment is presented in table 

4, accessory minerals being muscovite, opaque, zircon, epidote, carbonate, sphene and 

hornblende. 

 

Table 4. Mineral composition of the Kuru grey granite sample (in wt%).7
 

Mineral Content (wt%) 

Potassium feldspar 36 

Quartz 

Plagioclase 

35 

21 

Amphibole + Biotite 8 

 

 

3.5 Allard water 

Allard water (I = 0.005 M) was prepared to simulate low salinity groundwater at Olkiluoto site. 

For preparation of Allard water, MilliQ water and six basic solutions were used. Ionic 

composition of Allard water is presented in table 5 and chemical composition has been 

presented in table 6. 

 

Table 5. Ionic composition of Allard water.61 

Ion Content (mg/l) 

K+ 3.91 

Ca2+ 17.94 

Na+ 52.43 

Mg2+ 4.32 

SiO2 6.44 

SO4
2- 9.61 

Cl- 40.80 

HCO3
- 122.90 

 

Table 6. Chemical composition of Allard water. 

Component c (mmol/l) 

KCl 0.10 

CaCl2 * 2 H2O 0.45 

Na2SiO3 * 9 H2O 0.12 

NaHCO3 2.01 

MgSO4 * 7 H2O 0.10 

MgCl2 * 6 H2O 0.08 
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IV. Analytical methods 

Colloids were characterized using scanning electron microscopy (SEM). Particle size and 

concentration in solution were determined using dynamic light scattering (DLS) method. The 

radioactivity of the samples was determined by gamma measurements. 

 

4.1 Scanning electron microscopy (SEM) 

SEM image is created by scanning an electron beam over a surface of interest. When electrons 

interact with sample (surface or within the sample), secondary electrons (SE), backscattered 

electrons (BSE), transmitted electrons, x-rays, photons, and electron beam induced current are 

produced. These signals can then be collected by detector/detectors, and SEM image can be 

formed. Different signals give different information about the sample: For example, imaging 

with SE gives more detailed information of the surface of sample when BSE imaging is more 

sensitive to variation in atomic number. X-rays provide information of the sample´s elements, 

but as bentonite used in the experiments had been previously characterized, there was no need 

to determine its elemental composition.  

The penetration depth of electron beam is dependent of the acceleration voltage used and the 

density of measured sample. Through electron scanning, topography and composition of sample 

surface can be examined. As electrons have much smaller wavelength than light, SEM´s 

resolution is better than that of a light microscope. 

Components of SEM instrument include electron source, column, detector, sample chamber 

and computer to readout and view the images. Electrons, that have been emitted from the 

cathode are accelerated towards the positively charged anode. Path of the electrons is controlled 

by a combination of lenses, and focused electron beam is directed at the sample surface. 

SEM uses a high vacuum technique because of the high acceleration voltage used, to assure 

collision free conditions and to avoid emitter being contaminated. As electron bombardment 

causes heating, charging and chemical bond breaking in the sample, sample should be 

appropriately prepared.67 

As the samples to be measured were wet samples, they had to be evaporated before measuring. 

Thus, the SEM images that were taken did not portray the colloids in their natural, wet state. 

To be able to measure liquid samples as they are, WetSEM capsule would be needed. 
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4.2 Dynamic light scattering 

To make sure that particles existed in the end product, the concentration and particle size of the 

solution was analyzed. Zetasizer Nano was used to measure the derived count rate (DCR) and 

hydrodynamic particle diameter (Z-ave) values by using DLS technique. DCR value tells how 

many photons within a second arrives to the detector and thus what is the particle concentration 

of the solution. Z-ave tells the average size of the particles.   

DLS (Dynamic light scattering, “photon correlation spectroscopy”) measures the Brownian 

motion of nanoparticles in solution and it is used for studying the size, concentration, and the 

surface charge as well as the diffusion behavior of nanoparticles in solution. It is a non-invasive 

technique that does not require large amounts of sample and that is based on a detection of light 

that scatters from particles. DLS does not require pre-experimental calibration.36,68 

DLS instrumentation has three major components – laser, sample, and a detector. Laser light is 

directed to sample, and when the laser light hits the particles in the solution, it scatters in 

different directions. Scattering intensity is then detected and recorded by a detector. Plastic or 

scratch-free glass square cuvettes are usually used.68 Simplified function of Zetasizer Nano is 

presented below in Figure 13. 

 

Figure 13. Simplified scheme of Zetasizer Nano´s function. © Noora Pakkanen 

 

Sample to be measured should be homogenous, possibly transparent and without precipitation. 

High concentrated samples can give out falsely smaller Z-ave results, as interactions between 

particles result in multi-scattering and loss of scattering intensity. Contrariwise, sample cannot 
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be too dilute, as the scattered light yield may end up too low to be analyzed. Samples, with 

large portion of agglomerated particles can hide scattered light from smaller particles with 

lower intensity and give falsely large intensities.68      

Diffusion coefficient for a particle can be calculated with the Stokes-Einstein equation36  

  

                                                          𝐷𝜏 =  
𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
                                                         (3) 

 

where 𝑘𝐵 is Boltzmann coefficient (1.380 x 10-23 kgm2s-2K-1), 𝑇 is an absolute temperature, 𝜂 

is the viscosity of medium and 𝑅ℎ is hydrodynamic radius. 

DLS technique has several limitations: DLS measurements are sensitive to temperature, large 

aggregates as well as solvent viscosity and it requires transparent sample preparation, as colored 

samples should be avoided.68  

 

4.3 Gamma detection 

For measuring the radioactivity of the samples, Hidex Automatic Gamma Counter was used for 

experiments´ samples. Structure of device (Hidex AGC) includes NaI(TI) crystal and a 

photomultiplier tube. 

 

4.3.1 NaI(TI) gamma spectroscopy 

Sodium iodide crystal is an inorganic scintillator. In comparison with organic scintillators, 

inorganic scintillators have better light output and linearity than organic scintillators, but they 

tend to have slower response time. Inorganic crystals are well used in gamma-ray spectroscopy 

because of their high density and high Z-value. 

NaI crystal has gained popularity as an inorganic scintillator as it is well available at low cost. 

Unfortunately, NaI crystal is hygroscopic and thus must be sealed inside an airtight container 

when used or otherwise it will absorb water from the atmosphere and deteriorate. Because of 

crystal´s fragile structure, it can be easily damaged.69-70 

More detailed parameters have been included in table 7.  
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Table 7. Properties of NaI (TI) inorganic scintillator.69 

Refractive index Wavelength of max. 

emission 

Decay time (µs) Abs. Light Yield in 

Photons/MeV 

1.85 415 0.23 38,000 

 

 

4.3.2 Photomultiplier tube 

In photomultiplier tube, light signals generated at scintillator will be converted into a current 

pulse. In practice, photons arriving from scintillator are directed through reflecting surfaces 

towards a photocathode of photomultiplier tube. When photons hit photocathode, electrons are 

emitted and accelerated through a series of dynodes (usually 10 to 14 pieces). As electron hits 

a dynode, new electrons are emitted from it, hence multiplying the number of electrons on each 

dynode. Pulse arriving to anode is proportional to the photon energy that originally hit 

scintillator without adding a large amount of random noise to signal.   

For detector to work properly, it is important to keep temperature constant as emission 

frequency of electrons on photocathode is proportional to the factor of T1.5. Source of voltage 

must also be stable, as multiplier factor of electrons is highly dependent on the voltage between 

dynodes. Depending on the application, it is possible to replace photomultiplier tube with 

photodiode or hybrid photomultiplier tube (HPMT).70-71 Structure of photomultipliers has been 

presented in Figure 14. 

 

Figure 14. Photomultiplier tube. ©Noora Pakkanen 
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V. Experimental 

Experimental work was split into four different sections: colloid characterization, batch 

sorption experiments, batch desorption experiments and column experiments.  

 

5.1 SEM  

Colloid characterization was done by using scanning electron microscopy. Device that was used 

for SEM imaging was Hitachi S-4800.  

Colloid solution samples measured in this experiment were first evaporated on a carbon tape 

and coated with carbon. Such measurements were also made where sample was prepared by 

evaporating it directly onto specimen stub without the carbon tape, as to minimize the effect of 

carbon tape into SEM image. These samples were also coated with carbon to neutralize the 

charge. 20 kV accelerating voltage was used for imaging.  

 

 

Figure 15-16. On Figure 15. (left), sample is being coated with carbon. On Figure 16. (right), 

Hitachi S-800 is presented. © Noora Pakkanen 
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5.2 Colloid concentration 

Colloid breakthrough could be estimated by measuring derived count rate with Zetasizer Nano. 

As DCR value correlates with colloid concentration, it could be used in estimating the particle 

concentration in samples. Following calibration curve presented in Figure 17. is from 

literature7, and it was used in preparation of diluted colloid solutions for column experiments. 

Concentrated colloid solutions were diluted to have particle concentration of 0.1 g/L.  

 

 

Figure 17. Calibration curve was used to estimate colloid concentration in colloid solution.7 

To create calibration curve, colloid concentration was first determined with two different 

methods, through DLS and through ICP-MS. ICP-MS was used to determine the structural 

formula of MX-80 from the aluminum concentration in bentonite colloid dispersions, and from 

this it was possible to back-calculate colloid concentration. With DLS DCR could be measured, 

but it must be noted, that the DCR is not directly proportional to colloid concentration and 

works more as an estimation. By comparing measured DCR and calculated colloid 

concentration to each other calibration curve could be created.   
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This estimation of colloid concentration in solution is not absolute. As bentonite is a heterogenic 

substance, there is no standard to be used to determine its concentration and thus this kind of 

estimation has been developed.  

 

5.3 Sorption experiments 

In the beginning of batch sorption experiments, VGN rock material was grinded into 1.25-2 

mm sized rubble. Crushed VGN was washed and equilibrated for nine days with Allard water. 

During equilibration, water was changed to fresh Allard on the third and sixth day of 

equilibration. Before changing the water, 4 mL specimen was collected from each sample.  

 

 

Figure 18. Crushed VGN was sieved to separate rock crystals of size 1.25 – 2.0 nm. © Noora 

Pakkanen 

 

After equilibration VGN was combined with 9 mL of concentrated colloid solution, which had 

been equilibrated with radionuclide tracer of 5 kBq for one day. Sample’s pH was set to wanted 

value and then placed in a shaker. Samples were left in the shaker for 1 day, 4 days, 1 week and 

3 weeks. 

After preselected time had passed, samples were taken out from the shaker and centrifuged to 

end the experiment. Samples were centrifuged for 30 minutes with speed of 2700 rounds/minute 

to separate colloid solution and crushed VGN from each other. After centrifuging, colloid 



 

35 
 

solution was carefully pipetted from the tube. 1 mL of solution was gathered for immediate 

activity measurements to determine the activity sorbed in the rocks and 4 mL of solution was 

transferred to ultracentrifuge tubes to determine how much radionuclide had sorbed onto colloid 

surfaces.   

 

 

Figures 19-20. First centrifugation of the experiment was to separate crushed VGN and colloid 

solution from each other (Figure 19. on the left). Sample tubes were centrifuged for 30 minutes 

with speed of 2700 rpm and then solution was carefully removed for activity measurement and 

for further centrifuging (Figure 20. on the right). © Noora Pakkanen 

 

Ultracentrifuge tubes were closed by burning and set to ultracentrifuge. Samples were 

ultracentrifuged for 40 minutes with the speed of 90 000 rounds/minute to separate particles 

from the solution.  

After ultracentrifugation, solution was carefully pipetted from ultracentrifuge tubes and 

weighted. After weighing, activities of the samples were measured with Hidex AGC to 

determine activity retained in colloids and pH of the samples was determined. 

Lastly, particle size and concentration of the solution was determined by using Malvern 

Zetasizer Nano to determine success of colloid separation.  
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5.4 Desorption experiments 

After finishing batch sorption experiments, desorption experiments were started. Fresh Allard-

water was added to the sample tubes with crushed VGN and pH was set. Samples were placed 

in a shaker and left there for 1 day, 4 days, 1 week and 3 weeks. Experiment was finished by 

centrifuging the samples with ultracentrifuge with same settings as previously in batch sorption 

experiments. 

 

Figure 21. 4 mL ultracentrifuge tubes were used in separating colloids from solution. © Noora 

Pakkanen 

Procedure here is the same as before, and after ultracentrifugation solution was extracted from 

ultracentrifuge tubes and weighed, followed by activity, particle size, pH and concentration 

measurements. 

 

5.5 Column experiments 

The column experiments were conducted in VGN drill core column, which was used earlier by 

Voutilainen et al.72 and KGG drill core column used by Elo et al7. The intact drill core, 80 cm 

or 28 cm was placed in an acrylic tube forming a flow channel in the gap between the rod and 

tube. The column experiments were performed under ambient air conditions. The colloid 

solution was continuously pumped through the column, tracers were injected in the column 

through an injection loop with a known volume and the solution was fed to a fraction collector 

for determining the breakthrough of the tracer. Solution flow rate of 3 mL/h was chosen to 
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increase the permeability of colloids and it was controlled with a peristaltic pump. Colloid 

solution with particle size of 300 to 500 nm and derived count rate varying between 900 to 1200 

was fed to the column throughout the whole experiment. The experimental setups are presented 

in Figure 22. and Figure 23. The flow field in the columns was characterized without colloids 

using a conservative tracer, chloride (36Cl), in the earlier studies 7,73. 

Experiments were started with VGN drill core column and 134Cs tracer. Experiment was run for 

one month, and as no detectable 134Cs breakthrough was measured, shorter KGG column, 

previously used in colloid migration experiments7, was introduced to be used in 134Cs´s column 

experiment. As strontium ion was known to have poorer sorption towards biotite than 

caesium5,8,45,49, 85Sr´s column experiment was started with VGN column with expectations of 

having faster breakthrough from the column. 

Before start of the experiments, columns were equilibrated by Allard water. Experiments started 

the moment the tracers were injected. Column experiment with 134Cs tracer started 19.7.2019 

and column experiment with 85Sr tracer started 22.7.2019. KGG column with 134Cs tracer was 

run for 1473.3 hours and VGN column with 85Sr tracer was run for 1346.7 hours.  

 

Figure 22-23. 80-centimeter long veined gneiss column on the left (Figure 22.) and 28-

centimeter-long Kuru grey column on the right (Figure 23.). © Noora Pakkanen 
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VI. Results & Discussion 

6.1 SEM 

First SEM pictures were taken when concentrated sample was evaporated on a carbon tape. 

Thickness of the fold varies between 3.52 µm – 5.64 µm. SEM pictures from first SEM imaging 

session are presented below in Figures 24. and 25. In these figures underlying carbon tape´s 

form is observable, and sample is very concentrated, lowering the quality of the SEM pictures. 

Layered structure of the colloid solution sample can still be detected. On lighter parts of the 

figures, surface is being charged. 

 

Figures 24.-25. SEM pictures of first SEM imaging session. On the left (Figure 24.) is a SEM 

picture taken at a farther distance. On the right (Figure 25.) is a picture of one of the folds.  

 

Second SEM imaging process was conducted without a carbon tape to see how much the surface 

of the tape itself influences the image. Two drops of colloid solution were evaporated on the 

sample holder, one of which was the same concentrated colloid solution as in the first SEM 

imaging session and another one was diluted (ratio 1 to 5) colloid solution. After evaporation, 

sample holder was coated with 10.1 nm thick layer of carbon.  

Diluted colloid solution sample was studied first and taken SEM pictures are presented below 

in Figures 26-29. When diluted colloid solution is examined macroscopically, first spherical 

and colloid-like shapes can be detected (Fig. 26) and only after zooming in a clay-like structure 

with multiple layers and flakes can be seen (Fig. 27-29). Clear difference to the SEM pictures 

taken with carbon tape (Fig. 24-25) is visible and morphology is easier to see in macroscopic 
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picture (Fig. 26).  Structure of a dried colloid is layered and vein-like, radiating away from the 

center of the colloid.   

 

 

Figures 26-29. SEM pictures of a second SEM imaging session. Figures are numbered from 

top left to bottom right.  

 

Lastly, concentrated colloid solution was examined and taken SEM images are presented below 

in Figures 30-33. Concentrated colloid solution sample reminded more of a dried clay with 

multiple crevices than diluted colloid solution sample, even though colloid-like particles can 

also be detected from a macroscopic picture (Fig. 30). Structure itself was lacking in vein like 

formations and was more planar than spherical.   
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Figure 30-33. SEM images of concentrated colloid solution. In Figures 30. (top left) and 31. 

(top right), dry clay-like nature can be observed. In Figures 32. (below left) and 33. (below 

right) closer view to the surface of the sample is presented. 

More SEM pictures are presented in Appendix 2. Scanning electron microscopy pictures. 

 

6.2 Sorption experiments 

As pH of the groundwater in Finland varies between pH 7 and pH 920, these two pHs were 

chosen to be used in batch sorption experiments. Errors in experiment results could be estimated 

to be due to random errors and NaOH used to adjust the pH of the solutions. As presence of 

Na+ has been shown to compete with Cs+ of sorption sites, increased concentration of Na+ may 

have possibly decreased Cs+´s sorption. Thus, adjusting pH with NaOH may have affected 

solutions´ properties and caused error to the 134Cs sorption experiment results conducted in pH 

9. Differences in results of the two pHs are not always easy to distinguish, and this could be 

explained with small concentration of added activity. 
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PHREEQC calculations would be needed to determine radionuclides´ sorption mechanism and 

how it is affected by chemically different environments. Unfortunately, usage of PHREEQC 

was not possible during this thesis work. 

 

134Cs sorption to crushed VGN and colloids 

Distribution coefficient (m3/kg) 

Obtained distribution coefficient values for 134Cs were found to be very similar to each other in 

different contact times and in two different pHs. Only exception is the experiment with one 

week´s contact time, where experiment conducted in pH 7 shows a much larger distribution to 

rock than the one done in more alkaline media. This could be due to an error.  

In pH 9, distribution coefficient grows steadily as radionuclide is attached more strongly to rock 

with growing contact time. Similar growing trend can be seen with experiments conducted in 

pH 7, albeit the growth does not seem as steady because of the results from one week´s 

experiment.  

Highest distribution values were reached in pH 7. Calculated distribution coefficients are 

presented in Figure 34. as a function of time. 

 

Figure 34. 134Cs sorption to VGN. 
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Distribution coefficient values obtained for colloids varied slightly more than values obtained 

earlier in VGN sorption experiments. In pH 7, distribution coefficient values increase steadily 

with growing contact time, but values stay relatively low in every contact time. In pH 9 

distribution coefficient values grow first quite sharply but then decrease during the longest 

contact time. This could be caused by a filling of possible sorption sites and hence this, 

distribution and sorption to colloids cannot increase more. Sorption sites are filled, which 

decreases the amount of sorption, but with time desorption also starts to take place, and this can 

be seen in 3 weeks contact time´s distribution coefficient value in pH 9. 

Colloid experiment results showed that the highest distribution coefficient values of the 

experiment were reached in pH 9 and that with colloids radionuclide sorption favors alkaline 

media slightly more. Results are presented below in Figure 35.  

 

 

Figure 35. 134Cs sorption to colloids. 
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Distribution of 134Cs between crushed VGN and colloids 

Distribution between crushed VGN and colloids was determined by comparing the ratios of 

absorbed activity and initially added activity as a function of time. 

In the beginning of the sorption experiment, 134Cs´s distribution and sorption are larger towards 

colloids than towards the crushed VGN. This result is most likely due to colloids´ much larger 

surface area and sorption capacity. With time this difference in distribution between crushed 

VGN and colloids starts to decrease as sorption to colloids lessens strongly. During one to three 

weeks contact time, radionuclides´ distribution to crushed VGN is dominant in both pHs. 

Distribution towards VGN decreases slightly with increasing contact time but stays relatively 

even in every experiment. 

Distribution to colloids in two different pHs varied slightly, with more radionuclides 

distributing into    colloids in pH 7 than in pH 9. Opposite effect could be detected with 

distribution to VGN, even though the differences in results between two pHs are very small. 

Radionuclide´s distribution between colloids and crushed VGN complement each other in this 

batch sorption experiment. In both pHs the amount of sorption decreases with time as sorption 

sites are filled. Results are presented in Figures 36. and 37.     

 

Figure 36. Distribution of 134Cs to VGN and colloids in pH 7. 
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Figure 37. Distribution of 134Cs to VGN and colloids in pH 9. 

 

Sorption and desorption of 134Cs 

In this section, sorption and desorption results as percentages have been discussed and displayed 

in Figures 38. and 39.  

134Cs sorption to crushed VGN is stronger than desorption in every contact time, reaching 

maximum of 11 % of sorption during the shortest contact time. Sorption percentage seems to 

decrease with increasing contact time, being lowest (approx. 5-6 %) at the longest contact time 

of three weeks. Decreasing sorption percentage as a function of time could be explained by 

filling of sorption sites. 

Desorption does not display any noticeable trend and stays rather low in every contact time, 

varying between 1-3 %. Desorption does not show much of a dependence of pH, though slightly 

increased desorption can be detected with results gained in pH 7.  

Percentagewise, 134Cs´s total amount of sorption to VGN is not very high, but as the amount of 

desorption is very minor, most or almost all of the sorbed caesium ions will stay retained in 

VGN.  
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In Figure 38. 134Cs´s sorption and desorption percentages towards VGN have been presented. 

 

Figure 38. Sorption and desorption of 134Cs in VGN. 

 

134Cs´s sorption to colloids stays relatively low in every contact time and decreases slightly as 

a function of time, as would be expected of as sorption sites are being filled. All in all, sorption 

percentage reaches approximately maximum of 30 % with the experiment of shortest contact 

time. In pH 7 slightly more sorption can be detected to take place when compared to pH 9. 

Desorption from colloids is percentagewise much higher than sorption, being highest at the 

shortest contact time in pH 7 and reaching maximum desorption of 42-52 %. This means that 

up to 50 % of initially sorbed 134Cs can desorb from colloid surface, leaving approximately 

maximum of 15 % of 134Cs sorbed to colloids. 

Desorption decreases greatly towards one week´s contact time and stays relatively low at three 

weeks´ experiments as well. Excluding one day´s experiment, desorption seems to be higher at 

more alkaline pH. Results have been presented in Figure 39. All 134Cs batch sorption results 

have been gathered in Appendix 3. 134Cs batch sorption experiment results.  
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Figure 39. 134Cs´s sorption and desorption in colloids. 

 

 

85Sr sorption to crushed VGN and colloids 

Distribution coefficient (m3/kg) 

Distribution coefficients obtained for 85Sr in crushed VGN varied slightly between two pHs.  

In pH 7 the amount of distribution towards VGN increases rather steadily as a function of time 

and the results of pH 9 show similar trend. In both pHs, there is a drop in distribution values 

during one week´s contact time, giving slightly lower values than originally expected. This 

could be due to an error.  

Highest distribution coefficient values of the experiment are reached at three weeks´ contact 

time in both pHs. Differences in 85Sr sorption towards crushed VGN in two pHs seem minor, 

even though a slight preference over more alkaline media could be detected. Obtained values 

are presented in Figure 40.    
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Figure 40. Sorption of 85Sr to VGN. 

 

Distribution coefficient values obtained for 85Sr´s sorption towards colloids had similar trends 

in both pHs. First, largest distribution to colloids takes place during the shortest contact time 

when empty sorption sites are filled, which is then followed by a decrease in the amount of 

sorbed radionuclide with increasing contact time. When the point of the longest contact time is 

reached, distribution to colloids increases slightly as some of the sorption sites have become 

unoccupied through desorption. This behavior is identical between two pHs with the difference 

that in pH 9 sorption to colloids is higher. Calculated results have been presented in Figure 41.   
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Figure 41. Sorption of 85Sr to colloids. 

 

Distribution of 85Sr between crushed VGN and colloids 

In the beginning of the experiment, strontium is strongly distributed to crushed VGN in both 

pHs whereas distribution to colloids is quite low. Next radionuclide´s distribution to colloids 

increases slightly in both pHs as sorption sites of colloid surfaces are being filled. Around one 

week´s contact time, distribution to both VGN and colloids starts to slowly decrease as a 

function of time as possible sorption sites have already been filled and desorption starts to take 

place.  

In pH 7 distribution between VGN and colloids is more even than in pH 9, where radionuclide´s 

distribution to colloids is lesser and stays very low in every contact time. 

Obtained values are presented in Figures 42. and 43. 
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Figure 42. 85Sr distribution between VGN and colloids in pH 7. 

 

Figure 43. 85Sr distribution between VGN and colloids in pH 9. 
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Sorption and desorption of 85Sr 

85Sr`s sorption percentage to rock is highest during the shortest contact time when most of the 

sorption sites are free. Difference in sorption percentages between other, slightly longer contact 

times of 4d, 1w and 3w does not vary largely, sorption percentage staying approximately at 30 

%. Sorption of 85Sr does not show direct dependency on pH either, taking place equally in both 

studied pHs. Slightly less than half of the radionuclides will sorb to the rock surface at 1-day 

contact time, and maximum of 45-49 % of sorption are reached in both pHs. Results show that, 

as expected, 85Sr´s overall sorption to VGN´s minerals is not very strong8 and thus not a lot of 

retention is expected to happen. 

Desorption percentage stays low in every contact time, variating between 5-15 %. At 1-day 

contact time slightly more desorption takes place (12-15 %) than in other contact times whereas 

at three weeks contact time least amount of desorption from rock happens, variating between 5 

and 6 %. In some of the experiments slightly more resuspension to the liquid phase occurs at 

pH 7. Results are presented below in Figure 44. 

 

Figure 44. 85Sr´s sorption and desorption in VGN. 
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With colloids, 85Sr´s overall sorption percentage is even lower than its sorption to crushed VGN, 

reaching approximately 30 % of sorption at its highest. Sorption percentage is highest at pH 7 

in every experimental setup.  

Large portion of these attached radionuclides will resuspend from colloids as 20 – 50 % of them 

will go through desorption, leaving total amount of approximately 15 – 24 % of initial 85Sr 

radionuclides attached to colloids. Most of the desorption takes place during 4-days contact 

time (30-53 %), and least desorption occurred during the shortest (in pH 7 21-26 %, in pH 9 

33-34 %) and longest contact time (in pH 7 25-31 %, in pH 9 37-38 %). As 85Sr´s desorption 

percentage to colloids is relatively high when compared to initial sorption percentage, total 

amount of attached 85Sr on colloid surface remains small. Results have been presented in Figure 

45.  85Sr batch sorption results have been gathered in Appendix 4. 85Sr batch sorption experiment 

results.  

 

Figure 45. 85Sr´s sorption and desorption in colloids. 
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6.3 Column experiments 

Veined gneiss 

Colloid breakthrough from veined gneiss column 

Colloid breakthrough from VGN was studied by measuring particle concentration from every 

50th sample and the results have been presented below as a function of time in Figure 46. Colloid 

solutions used in column experiment were measured to have DCR values of 900 to 1200.  

Figure 46. shows that colloid breakthrough from VGN column varies largely and that in the 

beginning of the experiment breakthrough is very minor.  In the beginning, more colloids are 

retained within empty pores of a rock and later, pores being already filled, system stabilizes, 

and more colloids can go through. Water flow rate used in this experiment was fastest possible 

(3 mL/h), diminishing the effect of sedimentation caused by gravitational forces and preventing 

colloids from suspending on rock surfaces. Based on measurement results, approximately half 

of the colloids came through and half were filtered within rock pores, column tubes or retained 

in stagnant pools of the flow channels74. Colloid breakthrough measurement results have been 

presented in Appendix 5. Colloid breakthrough from VGN column.   

 

Figure 46. Colloid breakthrough from VGN column. 
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134Cs breakthrough from VGN column 

Column experiments were started by studying 134Cs´s breakthrough with colloids from 80 cm 

VGN column and experiment was run for one month. During this time period, no activity was 

detected to breakthrough from the column and thus 134Cs column experiment was transferred 

to a smaller Kuru grey granite column of 28-centimeters, of which mineral composition 

included less sorbing minerals7, such as biotite, and could thus provide a better insight on 

colloids´ effect on enhancing caesium´s migration. Results from this one month´s experiment 

showed that the presence of colloids did not enhance caesium´s breakthrough from the VGN 

column.    

To study the true effect of colloid-facilitated transport on caesium´s migration in VGN column, 

experiment should be repeated and run for at least the amount of time that would take for 

caesium to breakthrough from VGN column without the presence of colloids to be able to 

evaluate if colloids would truly have any enhancing effect on caesium´s breakthrough.  

 

85Sr breakthrough from VGN column 

In 85Sr VGN column experiment radionuclide´s breakthrough was successful, and the highest 

peak of activity was reached quite early, already between hours 50 and 65, reaching as high as 

119 counts / minute. After this, the activity breakthrough slowly decreases until it reaches the 

background level. Presented results have been background corrected (BG = 15.1 cpm) and they 

have been presented with respect to the added activity as a function of time. In Figure 47. 

breakthrough spectrum of 85Sr is presented. 85Sr column experiment results have been presented 

in Appendix 6. 85Sr breakthrough from VGN column. 
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Figure 47. Migration of 85Sr in column as a function of time. 

 

85Sr´s high mobility can be seen from the results of column experiment. In the beginning, tracer 

which has not sorbed to VGN surface will be transported with colloids and as free radionuclide 

from the column via groundwater simulant. After this high activity peak, those radionuclides 

that have sorbed weakly to rock surface start to desorb and resuspend to the liquid phase. 

Migration out of the column decreases with time, and this could be caused by colloid filtration 

and clogging which decreases the permeability of the column.  

 

Kuru grey granite 

Colloid breakthrough from Kuru grey granite column 

Kuru grey granite´s colloid breakthrough has been previously determined in literature7, and thus 

it was not determined again. Result of this study has been presented below in Figure 48. 
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Figure 48. Colloid breakthrough from Kuru grey granite column.7 

 

Colloid breakthrough from Kuru grey granite column has been previously studied in two 

different pHs (pH8, pH10) and with two different flow rates (0.3 mL/h, 0.8 mL/h). From Figure 

48. it can be seen that colloid breakthrough is strong in the beginning, for a moment almost 100 

%, but starts to decrease as flow paths are being filled and clogged with colloids and 

breakthrough drops to approximately 20-25 % at its lowest point. Colloids being filtered into 

the tubing as well as into the stagnant areas of the flow channel also decrease breakthrough. 

Total amount of colloids that breakthrough from the Kuru grey granite column could be 

estimated to be 55-60 %.  

 

134Cs breakthrough from Kuru grey granite column 

Based on results, there was no breakthrough of 134Cs with colloids during the KGG column 

experiment. No activity was detected, and measured counts were just slightly above the 

background. Colloids did not show to have much effect in transporting 134Cs through the KGG 

column, even though stronger sedimentation via slower water flow was ruled out by using a 

faster water flow rate. 134Cs column experiment results have been presented in Appendix 7. 

134Cs breakthrough from KGG column. 
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Retention of 134Cs into KGG column could be caused by several factors, including 

radionuclide´s sorption nature, amount of mica (especially biotite) in column rock, 

hydrodynamic forces and colloid filtration. Results of 134Cs column experiment are presented 

below in Figure 49. and they have been background corrected (BG = 15 cpm). 

 

Figure 49. Migration of 134Cs as a function of time. 

 

In Figure 49. measured activity levels are slightly larger right at the beginning of the 

experiment. This could be caused by pseudocolloids and free radionuclides flowing through the 

column right at the beginning of the experiment before colloid filtration begins to block rock 

pores while decreasing permeability. Other possible reason for achieved results could be 134Cs´s 

sorption nature. 

From VGN batch sorption experiments it could be detected that with passing time 134Cs tends 

to favor sorption to rock over colloid surfaces. Even though KGG´s mineral composition 

includes less Cs+ sorbing minerals than VGN, batch sorption results compliment those received 

from column experiment, and no radionuclide breakthrough can be detected. With longer 

experimental time, increasing desorption of radionuclides and resuspension of colloids is more 

likely to occur and increase 134Cs´s breakthrough.  
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6.4 Discussion 

Sorption results of 134Cs showed that caesium´s distribution to crushed VGN did not vary 

largely between two pHs. Distribution to VGN surface was very strong and increased steadily 

with passing time. This was expected, as VGN´s mineral composition includes many minerals, 

like biotite, that sorb caesium strongly. Most of the sorption sites were filled instantly during 

the shortest contact time, which is the reason that sorption percentage would not grow higher 

in longer contact times. Very low desorption percentages in every contact time and in both pHs 

also support 134Cs´s strong retention on the surface of crushed VGN, decreasing even more with 

time. Because of this, 134Cs´s sorption towards VGN surface could almost be seen as 

irreversible. Results were supported by literature5,8,45,75, which implied caesium´s strong 

sorption towards biotite.  

Literature suggests that pH should have a strong effect on Cs´s sorption towards minerals76 in 

such a way that increasing pH should increase the amount of sorption. Distribution of 

radionuclide to VGN was slightly larger in pH 9 (Fig. 37) than in pH 7, but differences were 

minor. There is a possibility that small concentration of caesium could have diminished the 

differences between two pHs but also the increased presence of Na+ in solutions of pH 9 could 

have decreased caesium´s sorption5 and led to rather unexpected outcome. 

134Cs´s distribution to colloids was slightly larger at alkaline media, but otherwise in both pHs 

distribution coefficient values seemed to grow slowly with time. At the shortest contact time 

134Cs´s distribution to colloids was larger than towards crushed VGN, which is most likely 

because of colloid´s larger sorption capacity and surface area. After some time, distribution 

towards VGN surface starts to dominate while distribution towards colloid surfaces decreases. 

At this point, sorption sites on colloid surfaces are mostly filled and they cannot sorb anymore 

radionuclides, which can be seen as a decrease in the amount of distribution towards colloids 

with increasing time.  When the highest amount of sorption takes place (time and pH), highest 

amount of desorption happens as well. Relative desorption percentage decreases with 

decreasing sorption percentage but ranges throughout the experiments between 20 – 50 % of 

the initial sorption amount. These results show that 134Cs´s sorption to colloids is more 

reversible than its sorption to VGN´s minerals.  

It must be noted, that in higher pH colloids are slightly more stable than what they are in more 

neutral media and this stability will be seen in colloid-facilitated transport, with less aggregation 

and sedimentation. In caesium´s case, if groundwater pH were to rise enhancing caesium´s 
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sorption to colloids, stability of the colloids would in turn enhance caesium´s migration. This 

scenario could happen in a situation, where glacial melting waters were to mix with current 

saline groundwater, or the groundwater would be replaced with meteoritic fresh water due to 

isostatic rebound. Basically, if groundwater´s salinity would allow increased formation of 

colloids and if alkaline pH would increase caesium´s sorption to these colloids, caesium´s 

migration through colloid-facilitated transport would possibly be enhanced.  

Sorption results of 85Sr showed a slight preference over alkaline media in its distribution 

towards crushed VGN, but the difference between two pHs is minimal. Received distribution 

coefficient values77 are very small in the beginning of the experiment in both pHs, but they 

grow steadily with growing contact time. Slight decrease in distribution coefficient values can 

be detected at one week´s contact time, which is most likely due to an error. Strontium´s 

distribution to VGN is highest at the shortest contact time when highest amount of sorption 

takes place, but after this distribution starts to decrease as contact time increases. Distribution 

is slightly higher in pH 7 but differences are not too distinct. Overall sorption percentage stays 

low in every contact time, and approximately slightly less than half of the 85Sr will be sorbed 

to VGN surface. As radionuclide´s sorption to VGN is not very strong, not a lot of retention is 

expected to happen. Those strontium ions which do sorb onto VGN surface, do not desorb very 

eagerly, as only 5-15 % of absorbed radionuclides will be resuspended to liquid phase. Even 

though the amount of desorption is very low, total amount of sorbed radionuclides does not 

grow very high, especially in longer contact times. Desorption follows changes in sorption, 

increasing and decreasing in the same range with sorption percentage (pH, time).  

85Sr´s colloid distribution coefficient values78 were found to be explicitly higher in pH 9 but 

otherwise two pHs follow same identical trend in distribution coefficient values. Distribution 

coefficients are highest at the shortest contact time and start decreasing after this. At three 

weeks´ contact time, these values increase slightly, possibly caused by resuspension and 

suspension taking place at sorption sites.  

As strontium´s distribution to crushed VGN was found to be highest at the beginning of the 

experiment, distribution to colloids was found to be low. With time, radionuclide´s distribution 

to colloids increases slightly in pH 7 but decreases again at three weeks´ contact time. In pH 9 

distribution to colloids stays low in every contact time and sorption was found to favor pH 7 

more. Total amount of sorption towards colloid surfaces is even lower than its sorption towards 
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crushed VGN, and large desorption of 20-50 % will diminish radionuclide´s sorption to colloids 

even more.  

Kd values from both radionuclides´ batch sorption experiments are gathered and compared in 

Figures 50. and 51. In both cases, differences between two radionuclides are visible.  

 

 

Figure 50. 134Cs and 85Sr´s sorption to VGN. 

 

From Figure 50. it can be seen that 134Cs´s sorption to crushed VGN is three to four times larger 

than that of 85Sr´s. In these experiments, caesium favored pH 7 in its sorption to VGN whereas 

strontium´s sorption did not show as strong dependency on pH.   
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Figure 51. 134Cs and 85Sr´s sorption to colloids. 

 

In a case of colloids, when obtained distribution coefficient values are set next to each other 

and compared (Fig. 51), strontium´s sorption to colloids is almost non-existent when compared 

to values obtained for caesium. Still, both seem to favor pH 9 in their sorption towards colloids. 

From batch sorption75 experiment results differences in two radionuclides´ sorption behavior 

can be seen easily. Even though both share the same sorption mechanism, their chemical and 

physical properties set them apart. Smaller ion size and larger hydration sphere with more 

negative hydration enthalpy makes it harder for ion to sorb on to negative sorption sites and 

form outer sphere complexes. This causes decrease in total amount of sorption and formed 

complexes are weak because of repulsive powers. This outcome is visible in 85Sr´s sorption 

results.   

In 85Sr´s column experiment with VGN radionuclide´s breakthrough from the column was 

clearly visible during three months´ experimental time. Breakthrough was strongest in the 

beginning of the experiment, followed by a slowly decreasing slope of activity until background 

levels were met and experiment was finished. From the batch sorption results it can be seen that 

in a sorption competition between VGN and colloid surfaces, VGN surface is more likely to 

retain 85Sr even though a small percentage of radionuclide could sorb to colloids and be filtrated 
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in pores and stagnant pools. This is rather unexpected, as montmorillonite is the strongest 

sorbing mineral for strontium, and hence this, strontium´s sorption to bentonite colloids with 

large amount of sorption sites could have been expected to be higher. Even still, results show 

that 85Sr is very likely to migrate outside of repository facility´s area (with or without colloids) 

and into the surrounding geosphere with notable velocity, which is dependent of the prevailing 

groundwater flow rate. Strontium´s VGN column experiment shows, that even if the 

surrounding rock material and groundwater particles include minerals that have been 

determined to sorb radionuclide strongly (like micas or montmorillonite), radionuclide will not 

be retained if its ion structure is not suitable for being suspended.   

In 134Cs´s column experiment with KGG column, radionuclide´s breakthrough during three 

months´ experimental time was very weak and relatively non-existing. Same outcome was met 

with caesium´s one-month column experiment with VGN. Caesium was strongly retained 

within both columns, and neither high flow rate of solution nor presence of colloids could 

enhance radionuclide´s breakthrough during these time windows. Caesium´s suspension to 

VGN column could have been expected as VGN has a considerable amount of biotite in its 

mineral composition. In KGG main minerals that could have retained caesium to granitic 

column are plagioclase (21 wt%), potassium feldspar (36 wt%), amphiboles and biotite (8 

wt%)5. These minerals make up most of the KGG´s mineral composition (total of 65 wt%), 

quartz being the only main mineral in KGG´s composition that does not sorb Cs+ ion. Besides 

main minerals, amount of accessory minerals in KGG is minor, but they still include minerals 

such as muscovite and hornblende, that have been previously proven by literature to be highly 

sorbing minerals for Cs+ ion5. Experiments proved that if caesium is released in an environment, 

where bedrock´s mineral composition is made mostly of minerals with high sorption towards 

Cs+  -ion, caesium´s migration from its leakage point will be slow and the presence of negatively 

charged particles have little effect on its detachment from the rock surface, especially if its 

sorption is irreversible.  

If caesium attaches itself to frayed edge sites of the mineral, it is very likely to be retained 

irreversibly in bedrock with very low resuspension percentage. Batch sorption experiments 

show that caesium´s sorption to rock increases with increasing contact time, and as had been 

previously suggested by the literature5, in a sorption competition between rock and colloid, 

radionuclide´s sorption towards rock will prevail in the long run. Still, it has to be noted that 

some amount of desorption will take place via ion exchange all the time, but as the possibility 

for 134Cs ion to be suspended again is high, its migration is expected to be very slow.  
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Column experiment results complimented batch sorption experiments by showing that there 

was a noteworthy difference in two radionuclides´ sorption behavior and migration. As used 

colloid solution was same in both experiments, difference in column results can be mainly 

explained with different sorption natures of two radionuclides. Based on theory and batch 

sorption results it could be seen that 134Cs has much stronger sorption nature and more suitable 

ion structure for suspension than that of 85Sr´s and is thus retained more within the column, in 

an extent where no activity could be detected from the samples. 85Sr´s results are a complete 

opposite, as the largest amount of 85Sr´s activity breakthrough was detected in an early phase 

of the experiment. In a case of SNF leakage, 85Sr mobility and presence as a free radionuclide 

in groundwater could be expected to be high.  

Used colloid solution was diluted as not to have high particle concentration that could have 

hindered the breakthrough of the radionuclides substantially. If colloid solution with pH 9 

would have been used in column experiments, sorption towards colloids could have been 

increased in the case of both studied radionuclides and colloids could have been more stable 

and thus migrated further, increasing the colloid breakthrough from the columns. It is expected 

that bentonite water increases groundwater´s pH in the near vicinity of bentonite buffer, but as 

natural groundwater´s pH at repository level varies between 7.3-8.820, pH 7 colloid solution 

was chosen to be used in column experiments. Flow rate of 3 mL/h was used to minimize the 

sedimentation and suspension of colloids, but flow rate´s effect could be further studied by 

repeating the experiments with slower flow rate to study how this would affect the sorption and 

breakthrough of colloids and radionuclides from the columns.  

In pH 7 (and lower) colloids tend to aggregate more than in alkaline pHs, which increases 

sedimentation caused by gravitation. Hence this, it must be noted that on average half of the 

original colloids fed to the column came through whereas half were retained within tubes, pores 

of the rock and stagnant pools. Based on these notions, current saline Finnish groundwater 

conditions do not seem to favor colloid formation, stability nor sorption towards colloids, which 

ultimately inhibits colloid-facilitated radionuclide transportation. Groundwater´s salinity and 

pH are expected to change due to intrusion of post-glacial melting waters or land uplift, but by 

the time these changes are expected to happen, activities of isotopes of caesium and strontium 

in SNF (excluding 135Cs) have halved several times and they have most likely ceased to exist 

(Fig. 4)9. This emphasizes colloids´ role in migration of longer-lived radionuclides such as 

actinides. In Grimsel20, Switzerland, groundwater is less saline than in Finland and there the 

study of caesium and strontium´s migration stays relevant in this present day as well.   
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Effects of salinity and pH on colloid stability are well known, but one question is, how and how 

much decay heat emitted from the SNF canisters will affect colloid stability and colloid´s ability 

to transport radionuclides, and would this change in temperature enhance or inhibit radionuclide 

migration.  

As experiments were conducted in normal room temperature, effect of temperature in normal 

environmental conditions onto sorption and interactions between different species (solute, 

colloids, solid matrix) and substrate surfaces could not be simulated in this study. Underground 

temperature is more stable than on the surface, but because of high decay heat emitted from the 

SNF, temperatures near SNF canisters are likely to grow high. Higher temperatures could 

increase the rate of reaction kinetics and enhance radionuclide sorption to particles and surfaces. 

The effect of higher temperatures on properties and structure of bentonite buffer should also be 

addressed. 

In the future, experiments conducted for this study could be further complemented with addition 

of several factors that are likely to affect radionuclide migration in environmental conditions. 

Experiments conducted with several possible absorbing species (microbes/other organic matter, 

bentonite colloids and rock surface) could provide information about absorption competition 

and interaction between species and radionuclide distribution. Interaction between high 

temperature modified bentonite buffer with its colloids and microbes should be studied. Effect 

of several different mobile radionuclide carriers present in liquid phase and their ability to retain 

radionuclides in rock matrix could be studied in different pHs.  

To determine the stability of the colloids in samples, zeta potential values should be determined. 

As measuring particle size and concentration cannot directly give information about the state 

of the colloids in a sample, measuring zeta potential could give more information about particle-

particle interactions and possible agglomeration of particles during column experiment. Current 

results and samples could be further studied with PHREEQC.  

Even though factors such as ionic strength, pH, colloid clogging, and hydrodynamic flow were 

considered in this study, a couple of other factors from the natural environment conditions, such 

as the presence of microbes and temperature, were not taken into account. Thus, results gained 

are not directly applicable to real environmental conditions but can work as a theoretical basis 

for further investigations and experiments.   
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VII. Conclusion 

Object of this thesis work was to study the efficiency of colloid-facilitated transport of two 

different radionuclides within granitic drill core columns. Besides column breakthrough 

experiments, experimental study included batch type sorption and desorption experiments as 

well as colloid characterization with SEM. These experiments were conducted to support and 

to provide better insight of the results of column experiments.  

Experimental setup used in this study imitated groundwater conditions in a situation, where 

glacial melting waters have mixed with current saline groundwater of Olkiluoto island´s 

bedrock or land uplift has decreased groundwater´s salinity at repository level. Column 

experiments with granitic drill core columns VGN and KGG were planned to simulate low 

salinity groundwater conditions in deep geological repository in a situation where chemical 

erosion of bentonite buffer would act as a potential colloid generator. Allard water was used in 

the experiments to simulate low salinity groundwater. 

Strontium´s breakthrough from VGN column was successful whereas caesium did not 

breakthrough with colloids from VGN nor KGG columns. Two radionuclides share the same 

sorption mechanism, but they have differences in their ion sizes and hydration spheres, which 

was seen to affect their sorption behavior and breakthrough from the columns. Breakthrough 

was not only influenced by radionuclide properties, but also by colloid breakthrough as well. 

With both radionuclides, presence of colloids was not found to enhance migration notably. 

Experiments could be further complemented by introducing new factors to column experiments 

but also by conducting batch type sorption and desorption experiments with crushed KGG to 

gain more insight on caesium´s migration within KGG drill core column as well as conducting 

column experiments in pH 9. In a case of caesium, adjusting pH with NaOH should be 

addressed more in the future to improve the accuracy of sorption results.   
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Appendixes 

Appendix 1. Equations 

Equation 1. Distribution coefficient 

                                                    𝐾𝑑 =
𝐴𝑏𝑒𝑛𝑡,𝑘𝑜𝑙∗𝑉0(𝑚𝑙)

𝐴𝐿∗𝑚(𝑔)
                                               (1) 

 

where                         𝐴𝑏𝑒𝑛𝑡,𝑘𝑜𝑙 = activity in colloids/rock, 

                                  𝑉0(𝑚𝑙) = the measured volume at the beginning of the experiment, 

                                  𝐴𝐿 = the time corrected activity at the end of the experiment 

                                 𝑚(𝑔) = the weight of the crushed rock. 

 

Equation 2. Standard deviation 

                                                            𝑠 = √
1

𝑁
∑ (𝑥𝑖 − �̅�)2𝑁

𝑖=1                                              (2) 

 

where                         𝑁 = the number of subsamples, 

                                  𝑥𝑖 = observed values of the samples   

                                  �̅� = the mean value of the observations. 

 

Equation 3. Stokes-Einstein equation 

                                                          𝐷𝜏 =  
𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
                                                         (3) 

 

 

where                          𝑘𝐵 = Boltzmann coefficient (1.380 x 10-23 kgm2s-2K-1),  

                                   𝑇 = an absolute temperature, 

                                   𝜂 = the viscosity of medium 

                                  𝑅ℎ = hydrodynamic radius. 
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Equation 4. Half-life corrected activity 

                                                               𝐴 =  𝐴0 ∗  2
− 

𝑡

𝑡1/2                                                    (4) 

 

where                                         𝐴0 = activity on reference date 

                                                   𝑡 = time between the reference date and the corrected date 

                                                  𝑡1/2 = radionuclide´s half-live 

 

Equation 5. Net counting rates 

                                                         𝑅𝑛𝑒𝑡 = 𝑅𝑔𝑟𝑜𝑠𝑠 − 𝑅𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑                                        (5) 

 

where                                             𝑅𝑔𝑟𝑜𝑠𝑠 = gross count rate 

                                                      𝑅𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = background count rate 
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Appendix 2. Scanning electron microscopy pictures 

1st SEM imaging session: Concentrated colloid solution 

 

2nd SEM imaging session: Diluted colloid solution
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2nd SEM imaging session: Concentrated colloids solution 
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Appendix 3. 134Cs batch sorption experiment results 

 

Sorption to VGN: Kd -values (m3/kg) 

 1D 4D 1W 3W 

PH7 (81.0 ± 12.0)*10-3 (90.0 ± 2.0)*10-3 (149.0 ± 2.0)*10-3 (148.0 ± 22.0)*10-3 

PH9 (73.0 ± 3.0)*10-3 (94.0 ± 3.0)*10-3 (99.0 ± 8.0)*10-3 (142.0 ± 13.0)*10-3 

 

Sorption to colloids: Kd-values (m3/kg) 

 1D 4D 1W 3W 

PH7 26.9 ± 10.6 157.4 ± 68.8 192.2 ± 0.8 326.3 ± 43.6 

PH9 50.0 ± 0.4 235.9 ± 48.2 376.1 ± 49.7 295.6 ± 111.0 

 

Sorption and desorption percentage in VGN (%) 

PH7 1D 4D 1W 3W 

SORPTION %     

SAMPLE 1 11.1 % 9.3 % 5.6 % 6.4 % 

SAMPLE 2 9.1 % 9.0 % 5.7 % 5.2 % 

DESORPTION %     

SAMPLE 1 3.8 % 2.7 % 3.5 % 2.5 % 

SAMPLE 2 2.8 % 2.4 % 3.4 % 2.0 % 

 

PH9 1D 4D 1W 3W 

SORPTION %     

SAMPLE 1 10.7 % 8.5 % 7.9 % 6.3 % 

SAMPLE 2 11.2 % 8.9 % 8.8 % 5.6 % 

DESORPTION %     

SAMPLE 1 3.0 % 1.5 % 1.9 % 1.7 % 

SAMPLE 2 3.8 % 1.6 % 3.8 % 1.7 % 
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Sorption and desorption percentage in colloids (%) 

PH7 1D 4D 1W 3W 

SORPTION %     

SAMPLE 1 34.0 % 8.4 % 4.9 % 3.3 % 

SAMPLE 2 22.5 % 4.6 % 5.0 % 2.7 % 

DESORPTION %     

SAMPLE 1 45.8 % 34.0 % 13.7 % 15.8 % 

SAMPLE 2 55.7 % 31.1 % 19.0 % 20.0 % 

 

PH9 1D 4D 1W 3W 

SORPTION %     

SAMPLE 1 16.6 % 3.6 % 2.6 % 2.6 % 

SAMPLE 2 16.8 % 4.7 % 1.9 % 4.4 % 

DESORPTION %      

SAMPLE 1 42.9 % 37.1 % 20.2 % 32.9 % 

SAMPLE 2 33.6 % 45.3 % 13.0 % 33.0 % 

 

DCR and Z-average values 

Sorption 

DCR: PH7 1D 4D 1W 3W 

SAMPLE 1 54.4 ± 16.4 

 

47.7 ± 2.0 377.6 ± 50.5 97.3 ± 11.8 

SAMPLE 2 54.6 ± 5.3 69.7 ± 8.0 79.8 ± 9.6 65.0 ± 3.8 

 

DCR: PH9 1D 4D 1W 3W 

SAMPLE 1 49.2 ± 1.1 54.9 ± 3.0 72.0 ± 7.9 86.2 ± 3.3 

SAMPLE 2 44.0 ± 6.2 98.8 ± 6.5 55.8 ± 1.3 82.0 ± 11.1 
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Z-AVE: PH7 1D 4D 1W 3W 

SAMPLE 1 846.1 ± 190.6 583.8 ± 27.1 943.1 ± 121.5 661.5 ± 25.6 

SAMPLE 2 594.3 ± 55.1 552.1 ± 44.3 645.5 ± 35.4 635.8 ± 315.3 

 

Z-AVE: PH9 1D 4D 1W 3W 

SAMPLE 1 712.7 ± 67.5 788.1 ± 10.4 722.0 ± 40.7 633.7 ± 13.2 

SAMPLE 2 700.2 ± 64.1 415.3 ± 46.9 612.9 ± 22.5 428.7 ± 11.1 

 

Desorption 

DCR: PH7 1D 4D 1W 3W 

SAMPLE 1 63.2 ± 5.9 19.1 ± 3.0 14.5 ± 6.8 85.8 ± 16.5 

SAMPLE 2 62.5 ± 18.6 105.1 ± 19.2 12.6 ± 6.2 11.2 ± 1.2 

 

DCR: PH9 1D 4D 1W 3W 

SAMPLE 1 25.9 ± 5.0 52.0 ± 10.1 31.4 ± 2.8 101.7 ± 28.6 

SAMPLE 2 30.1 ± 6.2 68.5 ± 45.0 95.8 ± 15.6 31.0 ± 2.6 

 

Z-AVE: PH7 1D 4D 1W 3W 

SAMPLE 1 396.9 ± 22.4 1528.0 ± 175.9 840.1 ± 95.39 2981.0 ± 695.0 

SAMPLE 2 338.0 ± 48.0 1465.0 ± 171.8 2247.0 ± 754.9 2177.0 ± 213.0 

 

Z-AVE: PH9 1D 4D 1W 3W 

SAMPLE 1 1838.0 ± 67.65 5969.0 ± 3071.0 2818.0 ± 1116.0 2047.0 ± 293.2 

SAMPLE 2 2188.0 ± 540.1 1572.0 ± 353.0 3285.0 ± 1195.0 3098.0 ± 291.0 
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Appendix 4. 85Sr batch sorption experiment results 

Sorption to VGN: Kd-values (m3/kg) 

 1D 4D 1W 3W 

PH7 (10.0 ± 1.0)*10-3 (22.0 ± 1.0)*10-3 (17.0 ± 0)*10-3 (24.0 ± 4.0)*10-3 

PH9 (11.0 ± 0)*10-3 (20.0 ± 0)*10-3 (19.0 ± 1.0)*10-3 (24.0 ± 1.0)*10-3 

 

Sorption to colloids: Kd-values (m3/kg) 

 1D 4D 1W 3W 

PH7 1.6 ± 0.4 0.6 ± 0.1 0.6 ± 0.1 0.9 ± 0.2 

PH9 2.4 ± 0.2 1.8 ± 0.1 1.8 ± 0.4 2.2 ± 0.1 

 

Sorption and desorption percentage in VGN (%)  

PH7 1D 4D 1W 3W 

SORPTION %     

SAMPLE 1 46.9 % 29.5 % 34.5 % 29.6 % 

SAMPLE 2 49.0 % 30.0 % 33.8 % 25.2 % 

DESORPTION 

% 

    

SAMPLE 1 16.0 % 10.2 % 11.1 % 6.9 % 

SAMPLE 2 12.6 % 10.2 % 13.1 % 5.2 % 

 

PH9 1D 4D 1W 3W 

SORPTION %     

SAMPLE 1 45.9 % 30.8 % 32.8 % 27.1 % 

SAMPLE 2 45.5 % 30.4 % 31.0 % 28.0 % 
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DESORPTION 

% 

    

SAMPLE 1 13.0 % 9.0 % 8.0 % 5.5 % 

SAMPLE 2 12.0 % 9.6 % 8.8 % 6.4 % 

 

Sorption and desorption in colloids (%) 

PH7 1D 4D 1W 3W 

SORPTION %     

SAMPLE 1 17.5 % 29.1 % 28.5 % 28.5 % 

SAMPLE 2 13.2 % 34.9 % 35.0 % 21.3 % 

DESORPTION 

% 

    

SAMPLE 1 21.1 % 30.8 % 43.0 % 25.4 % 

SAMPLE 2 26.7 % 53.2 % 43.0 % 31.3 % 

 

PH9 1D 4D 1W 3W 

SORPTION %     

SAMPLE 1 11.2 % 13.9 % 12.1 % 11.8 % 

SAMPLE 2 10.3 % 13.4 % 16.1 % 11.4 % 

DESORPTION 

% 

    

SAMPLE 1 33.5 % 40.5 % 36.7 % 37.4 % 

SAMPLE 2 34.0 % 46.7 % 78.5 % 38.2 % 

 

DCR and Z-average 

Sorption 

DCR: PH7 1D 4D 1W 3W 

SAMPLE 1 52.5 ± 16.2 89.7 ± 22.0 45.6 ± 0.7 28.3 ± 0.9 

SAMPLE 2 41.4 ± 12.7 26.7 ± 4.5 40.4 ± 0.6 53.6 ± 13.4 
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DCR: PH9 1D 4D 1W 3W 

SAMPLE 1 17.0 ± 7.7 95.5 ± 8.4 36.8 ± 4.3 54.5 ± 2.1 

SAMPLE 2 34.2 ± 11.4 57.7 ± 24.2 52.8 ± 7.9 71.2 ± 12.0 

 

Z-AVE: PH7 1D 4D 1W 3W 

SAMPLE 1 322.2 ± 15.1 669.3 ± 98.5 500.0 ± 20.9 663.7 ± 40.9 

SAMPLE 2 372.3 ± 63.3 614.7 ± 22.6 364.5 ± 24.5 349.4 ± 33.5 

 

Z-AVE: PH9 1D 4D 1W 3W 

SAMPLE 1 278.4 ± 71.8 718.4 ± 81.3 591.6 ± 63.5 350.3 ± 9.4 

SAMPLE 2 415.3 ± 49.2 785.1 ± 88.6 487.4 ± 41.4 928.0 ± 88.3 

 

Desorption 

DCR: PH7 1D 4D 1W 3W 

SAMPLE 1 32.2 ± 6.6 108.5 ± 6.7 39.0 ± 16.6 26.4 ± 11.4 

SAMPLE 2 49.4 ± 5.9 116.4 ± 11.3 55.4 ± 37.7 26.8 ± 13.0 

 

DCR: PH9 1D 4D 1W 3W 

SAMPLE 1 88.4 ± 11.0 230.7 ± 17.2 10.0 ± 4.5 23.0 ± 9.8 

SAMPLE 2 62.4 ± 15.5 154.6 ± 3.9 57.0 ± 15.4 39.2 ± 5.9 

 

Z-AVE: PH7 1D 4D 1W 3W 

SAMPLE 1 375.9 ± 34.0 395.1 ± 4.4 1445.0 ± 204.8 574.3 ± 499.2 

SAMPLE 2 521.0 ± 13.6 857.5 ± 68.1 1322.0 ± 155.0 317.7 ± 279.6 

 

Z-AVE: PH9 1D 4D 1W 3W 

SAMPLE 1 3693.0 ± 87.8 332.9 ± 8.2 1758.0 ± 557.7 376.9 ± 19.4 

SAMPLE 2 590.9 ± 71.9 229.1 ± 6.7 1218.0 ± 214.9 4443.0 ± 748.0 
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Appendix 5. Colloid breakthrough from VGN column  

 

Sample Time (h) Z-average DCR/DCR0 (%) 

50 66.67 213±6,839 20.18 

100 133.33 296,3±19,03 17.23 

150 200 312,2±12,06 7.45 

200 266.67 379,9±28,95 3.81 

250 333.33 231,3±6,713 35.92 

300 400 210,2±1,595 35.98 

350 466.67 204,9±2,606 38.01 

400 533.33 210,8±0,4933 51.18 

450 600 217,4±3,158 64.08 

500 666.67 226,6±2,219 75.78 

550 733.33 244,3±11,06 62.82 

600 800 213,6±5,036 44.46 

650 866.67 223±4,05 42.65 

700 933.33 225,1±13,19 57.69 

750 1000 220,6±0,6028 40.58 

800 1066.67 244,4±24,5 41.31 

850 1133.33 225,2±3,053 45.65 
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Appendix 6. 85Sr breakthrough from VGN column (CPM) 

 

Sample Time (h) CPM (background 

corrected) 

10 13.3 4.7 

20 26.7 14.2 

30 40.0 5.6 

40 53.3 104.2 

50 66.7 80.1 

60 80.0 53.0 

70 93.3 61.1 

80 106.7 42.7 

90 120.0 53.3 

100 133.3 50.4 

110 146.7 46.1 

120 160.0 45.9 

130 173.3 40.8 

140 186.7 59.4 

150 200.0 56.2 

160 213.3 57.6 

170 226.7 52.1 

180 240.0 50.6 

190 253.3 46.4 

200 266.7 44.8 

210 280.0 37.2 

220 293.3 45.1 

230 306.7 47.4 

240 320.0 41.1 

250 333.3 41.7 

260 346.7 50.2 

270 360.0 41.4 
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280 373.3 42.0 

290 386.7 42.1 

300 400.0 34.8 

310 413.3 36.1 

320 426.7 32.0 

330 440.0 37.3 

340 453.3 35.8 

350 466.7 31.2 

360 480.0 26.9 

370 493.3 29.9 

380 506.7 33.4 

390 520.0 36.2 

400 533.3 31.9 

410 546.7 30.0 

420 560.0 27.6 

430 573.3 22.7 

440 586.7 27.9 

450 600.0 22.9 

460 613.3 22.5 

470 626.7 23.3 

480 640.0 25.5 

490 653.3 29.4 

500 666.7 32.8 

510 680.0 44.8 

520 693.3 29.4 

530 706.7 26.0 

540 720.0 21.1 

550 733.3 23.9 

560 746.7 21.1 

570 760.0 27.2 

580 773.3 23.4 

590 786.7 11.9 
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600 800.0 19.9 

610 813.3 13.1 

620 826.7 15.1 

630 840.0 16.1 

640 853.3 20.1 

650 866.7 19.3 

660 880.0 18.8 

670 893.3 16.5 

680 906.7 17.5 

690 920.0 15.9 

700 933.3 19.5 

710 946.7 18.3 

720 960.0 16.9 

730 973.3 14.7 

740 986.7 14.2 

750 1000.0 14.4 

760 1013.3 15.9 

770 1026.7 14.6 

780 1040.0 10.3 

790 1053.3 12.9 

800 1066.7 15.0 

810 1080.0 8.7 

820 1093.3 10.7 

830 1106.7 8.1 

840 1120.0 16.8 

850 1133.3 21.6 

860 1146.7 19.9 

870 1160.0 13.8 

880 1173.3 20.6 

890 1186.7 15.4 

900 1200.0 16.8 

910 1213.3 10.9 

920 1226.7 8.3 
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930 1240.0 11.6 

940 1253.3 9.9 

950 1266.7 11.9 
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Appendix 7. 134Cs breakthrough from KGG column (CPM) 

Sample Time (h) CPM (background 

corrected) 

10 13.3 2 

20 26.7 6 

30 40.0 7 

40 53.3 2 

50 66.7 7 

60 80.0 2 

70 93.3 5 

80 106.7 6 

90 120.0 6 

100 133.3 3 

110 146.7 5 

120 160.0 6 

130 173.3 3 

140 186.7 1 

150 200.0 1 

160 213.3 3 

170 226.7 5 

180 240.0 3 

190 253.3 4 

200 266.7 3 

210 280.0 5 

220 293.3 2 

230 306.7 2 

240 320.0 1 

250 333.3 6 

260 346.7 3 

270 360.0 3 

280 373.3 7 

290 386.7 4 
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300 400.0 1 

310 413.3 5 

320 426.7 5 

330 440.0 3 

340 453.3 5 

350 466.7 5 

360 480.0 4 

370 493.3 1 

380 506.7 4 

390 520.0 4 

400 533.3 3 

410 546.7 1 

420 560.0 2 

430 573.3 5 

440 586.7 4 

450 600.0 2 

460 613.3 7 

470 626.7 1 

480 640.0 5 

490 653.3 2 

500 666.7 5 

510 680.0 1 

520 693.3 3 

530 706.7 9 

540 720.0 5 

550 733.3 2 

560 746.7 5 

570 760.0 7 

580 773.3 4 

590 786.7 1 

600 800.0 4 

610 813.3 2 
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620 826.7 5 

630 840.0 6 

640 853.3 2 

650 866.7 3 

660 880.0 3 

670 893.3 3 

680 906.7 4 

690 920.0 3 

700 933.3 5 

710 946.7 5 

720 960.0 4 

730 973.3 3 

740 986.7 3 

750 1000.0 6 

760 1013.3 3 

770 1026.7 8 

780 1040.0 2 

790 1053.3 4 

800 1066.7 3 

810 1080.0 6 

820 1093.3 3 

830 1106.7 4 

840 1120.0 4 

850 1133.3 3 

860 1146.7 0 

870 1160.0 8 

880 1173.3 2 

890 1186.7 0 

900 1200.0 3 

910 1213.3 8 

920 1226.7 3 

930 1240.0 3 

940 1253.3 6 
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950 1266.7 1 

 

 

 

 

 


