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Introduction 
 

Disposal in deep geological media is considered an acceptable option for the final storage of 

spent fuels generating in nuclear power plants (NPP). The deep geological repository may 

retard the migration of isotopes for a sufficiently long time (at least 105 years) before they 

could reach the biosphere, occasionally leaching by groundwater from high-level radioactive 

waste (HLW). 
 

One of the options for disposal of spent fuel in Hungary (produced by NPP Paks) may be the 

storage in the Boda siltstone/claystone formation (BCF) located near Boda village (in the 

Mecsek-mountains). Comprehensive geological investigations have been performed on this 

formation, however the investigations have not included the determination of transport 

properties of long-lived radionuclides present in HLW yet. The knowledge of these properties 

is essential to ascertain the suitability of a geological repository. For this aim I have 

performed sorption and migration experiments using representative isotopes of spent fuels. In 

addition I have examined the applicability of the determined physico-chemical parameters in 

simple transport models of isotopes.  
 

Also the radiation protection of radioactive waste repositories and its environment will be a 

highlighted task for the nuclear environmental protection. Application of calcium-sulphate-

based thermoluminescent dosimeter (TLD) materials is offered as an effective tool to perform 

this task. TLD materials carry out the storage of energy of radiation via charge trapping. 

During my experiments a new sort of calcium-sulphate-based TLD material doped with 

thulium and copper activators has been prepared. By measuring thermoluminescence and 

radioluminescence of the material two properties have been investigated: how it changes the 

efficiency of charge trapping, as well as how the field of application of the new material can 

be extended compared to the CaSO4:Tm dosimeter known already from earlier. 

 

 

Literary background 
 

One of the fundamental difficulties at disposal of HLW-s and spent fuels is caused by the 

presence of long-lived isotopes. These isotopes are generated in spent fuels partly during 

fission process (i.e. I-129, Tc-99, Cs-137), partly by neutron capture (i.e. Np-237, Pu-239, and 
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Am-241). During the reprocessing of spent fuels a certain part of components can be removed 

to re-use later, however, also the vitrified matrix remained - that contains mostly fission 

products - is to be treated as HLW. One of the additional possibilities for removal of the long-

lived isotopes may be the transmutation, however, by this procedure only one isotope can be 

removed - specifically step by step - from the many isotopes. 
 

The most accepted option for the final disposal of HLW-s and spent fuels is the deep disposal 

in a suitable geological media. This option is recommended by International Atomic Energy 

Agency, too. The three-barrier repository system located at 100-1000 meters depth has to 

prevent the radionuclides for sufficiently long time (at least for 105 years) not reaching the 

biosphere. The repository system consists of a corrosion-resistant container, backfill 

materials, and the suitable geological formation. The geological formation - in which the 

repository of radioactive wastes is located - may be clay, granite, rock salt and tuff, depending 

on the conception of the given country. Final repositories are still not operated all around the 

world, such project is under development in the USA, moreover by nowadays France and 

Sweden have not even got close to the final decision concerning development of the 

repository. Nowadays the HLW-s are stored in interim storage facilities which provide about 

50 years storage time.  
 

Before development of a final repository very detailed and sophisticated laboratory and in-situ 

investigations are required regarding the properties of materials applicable at the multi-barrier 

system. The laboratory investigations always have to be followed by in-situ investigations 

performed in an underground laboratory located at the place of the final repository. The 

results of the measurements will be used for preparing of performance assessments and 

radionuclide transport models. By the help of transport models the spreading of isotopes is 

simulated from the place of releasing (at storing containers) to the biosphere, to the human. 

To prepare effective transport models, development of thermodynamic databases are needed 

(i.e. sorption and diffusion constants, solubility product constants etc.). 
 

Migration of isotopes occasionally released from the storing containers may be possible by 

advection with groundwater and by diffusion in the porous system of rocks. In strongly 

compact rocks having low hydraulic conductivity the largest part of migration proceeds via 

diffusion. The processes occurring during the migration of isotopes are essentially influenced 

by pH, by oxidation-reduction potential and by ionic strength of groundwaters. Different 

processes may also occur during the migration of isotopes such as sorption of isotopes onto 
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rock surface, precipitation, hydrolysis, complexation, formation of colloids, sorption onto 

colloid surface, flocculation, ultrafiltration and microbiological processes. Sorption onto 

negatively charged rock surface plays the major role in the retardation of isotopes. This 

process can be characterized by Kd-distribution coefficient and sorption isotherm. During the 

migration of isotopes the anions will be the more mobile components, because they do not 

practically sorb onto rock surfaces. The mobility of positively charged isotopes may be 

enhanced by complexation and sorption onto colloid surfaces. On the ground of migration 

experiments and modelling performed to this time, the I-129 exhibits a highlighted 

importance, because it does not sorb significantly during its transport and it has very long half 

life (107 years).  
 

For the aim of final disposal of spent fuels generated at NPP Paks, comprehensive geological 

investigations have been performed in Hungary, too. The most comprehensive investigations 

were performed on BCF in the 1990’s, when - over the normal laboratory investigations of 

rock and of water samples - hydrogeological and rock-mechanical investigations were also 

performed in underground laboratory. The major statement of the investigations performed is, 

that no circumstance arose which could exclude the suitability of BCF for institution of final 

repository.  
 

Processes influencing migration of isotopes significantly are intensively investigated 

nowadays on the course of international projects. One of these significant projects of 

European Union recently has been the FUNMIG (Fundamental Processes of Radionuclide 

Migration) organized by EURATOM in 2006-2008 years. The project provided possibility to 

compare BCF with other type of argillaceous rocks investigated for the aim of final disposal 

(i.e. Callovo-Oxfordian clay - France, Opalinus clay - Switzerland and Boom clay - Belgium). 
 

Application of TLD materials is offered as an effective device for radiation protection of 

radioactive waste repositories. The advantage of such dosimeters is the small dimension (a 

few milligram material is enough for one measurement), in addition the first step of detection 

of radiation (absorption) does not require any energy. The evaluation of dosimeters is rather 

simple, fast, and it can easily be automated, in addition the dosimeters can be used many 

times. Due to the irradiation charged particles (electron-hole) are generated in the TLD 

materials. The amount of generated charged particles is proportional to the dose of irradiation. 

A certain part of charged particles will be trapped in the crystal-lattice, and then the trapped 

charged particles will be recombined due to the heating followed by light emission. The 
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intensity of the thermoluminescent light (TL) generated by heating can be used for 

determination of dose of irradiation (glow-curve). For the proper ability of luminescence the 

presence of small amount of vacancies and activator ions are required. 
 

Among the TLD materials the calcium-sulphate based dosimeters exhibit numerous 

outstanding properties. The CaSO4:Dy and the CaSO4:Tm TLD materials are widely used in 

environmental-, reactor-, radiotherapic- and space dosimetry, typically in 10-6-1 Gy dose 

range. The range of linearity of dose-response can be extended in direction of the higher doses 

by building in of co-activator ions. After numerous building in experiments (i.e. P, Mo, Mn, 

SO3, Li, Na) remarkable results were achieved by preparation of CaSO4:Dy:Cu when the 

range of linearity of CaSO4:Dy:Cu was extended with more than one order of magnitude (~25 

Gy). Experience proves that the co-activator ions also change the charge trapping efficiency 

characteristic of TLD material. One of the effective methods for determination of charge 

trapping efficiency is the comparison of the TL and the radioluminescent light (RL) emission. 

The TL is generated by heating, while the RL is generated during irradiation.  

 

 

Experimental methods 
 

For the sorption and migration investigations of argillaceous rock samples of BCF origin 

representative isotopes of spent fuels were chosen such as I-125, Sr-85, Cs-137 and Co-60. To 

get closer to the real conditions original groundwater was used for the measurements. The 

solutions made from groundwater have contained only radiotracer in the predominant part of 

experiments, but in the other experiments inactive carrier was also added beside the tracer. At 

the end of the experiments I measured the radiation of individual isotopes using scintillation 

and semiconductor detectors. Kd-distribution coefficients values characteristic for sorption of 

individual isotopes were determined on crushed rock samples during batch experiments. 

Diffusion experiments were performed on borecore samples under static conditions. Diffusion 

of all isotopes was investigated using method of in-diffusion. Considering the highlighted 

importance of iodine, also I determined the diffusion of I-125 using method of through-

diffusion, in addition the migration behaviour of iodine was also studied in high-pressure cell 

simulated deep geological conditions („in-situ”, 100 bar, 50 C°). 
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The CaSO4:Tm,Cu TLD material used for TL and RL investigations was prepared by 

dissolution of calcium-sulphate, thulium-oxide and copper-sulphate in concentrated sulphuric 

acid, by slow evaporation of sulphuric acid, and finally by heating. Materials having different 

concentrations of copper were prepared by changing the initial concentration of copper (0,05 

mol% - 0,30 mol%). The dose-response of CaSO4:Tm,Cu was determined using normal TL 

reader. The efficiency of charge trapping of the TLD material was determined by 

simultaneous measuring of TL and RL intensities. The measurements were carried out by an 

instrument specially designed for this aim at Institute of Isotopes of HAS. 

 

 

Results 
 

Kd values - determined in sorption experiments using radiotracer - were found to 1200-15500 

in the case of Co-60, to 600-5300 in the case of Cs-137, to 70-170 in the case of Sr-85 and to 

0.2-0.3 in the case of I-125, in cm3/g unit. On the ground of international experience, in the 

case of higher Kd values (Kd>100) the sorption exhibits a highlighted importance in the 

retardation of the given isotope. By substitution of Kd values into the Kd-model, a preliminary 

estimation can be given for the filtration rate of radionuclides (vradionuclide) concerning filtration 

rate of groundwater (vgroundwater~10-9 m/s):  

vradionuclide/vgroundwater=1/[1+(1-ε/ε)ρ Kd] 

where ρ is the density of rock (2600 kg/m3) and ε is the average porosity of rock (0,015). The 

filtration rate of iodine exhibiting a slight sorption can be approximated with filtration rate of 

groundwater (~10-10-10-9 m/s). This might be 300 m migration distance in perspective of 105 

years. In the case of cations strong retention can be expected. In the case of caesium and 

cobalt the process is practically blocked. Also in the case of strontium exhibiting the weakest 

sorption among the cations extremely low filtration rate was found (~10-14 m/s). This might be 

a few centimetres migration distance, in perspective of 105 years. 

 

The sorption isotherm and sorption capacity of caesium were determined using carrier –

containing solutions in 10-7-10-1 mol/dm3 concentration range. In the case of cobalt and 

strontium owing to the occurrence of precipitation and of hydrolysis (formation of Co(OH)2, 

CoCO3⋅Co(OH)2, SrSO4 and SrCO3), it was not possible to determine the parameters 

mentioned above, under the experimental conditions applied. Freundlich-isotherm was fitted 
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to the linear range of sorption isotherm of caesium (in 4*10-7-10-4 mol/dm3 equilibrium 

concentration range) in addition the sorption capacity determined - using saturation range of 

isotherm - was found to 2*10-2 mol bounded caesium/kg rock. On the ground of parameters of 

isotherm it can be stated that the sorption of caesium - characteristically for argillaceous rocks 

- is dominated on the illite mineral component of BCF. 
 

During the in-diffusion experiments the order of migration distances was found to 

cobalt<caesium<strontium<iodine, where the iodine has exhibited the fastest diffusion rate. 

On the ground of penetration profiles, 10-12 m2/s diffusion rate for strontium and 10-11 m2/s 

diffusion rate for iodine were obtained, respectively. In addition in the case of cobalt and 

caesium exhibiting significant sorption approximately 3-20 mm diffusion distance was 

measured after the 210 days experimental time. Diffusivity values of iodine determined with 

through-diffusion method and under high-pressure in-situ conditions, both fall in the same 

order of magnitude (10-12 m2/s). My results are in good agreement with the results determined 

for other type of argillaceous rocks investigated relating the final disposal (i.e. Callovo-

Oxfordian clay - France, Opalinus clay - Switzerland and Boom clay - Belgium). 
 

The effective and apparent diffusivity values determined for iodine with three different 

experimental layouts show a certain scatter that does not exceed one order of magnitude. 

There is a possible explanation of the reason for the scatter that is during the oxidation the 

redox state of iodine changes (negative→natural). The connecting reduction process may be 

the Fe3+→Fe2+ transformation, since the minerals of BCF contain ferric-ions, in which the 

process mentioned can easily take place. All these were supported by Mössbauer-

spectroscopy investigations, in which different proportions of the Fe2+/Fe3+-ions were 

determined in rock samples originated from different places of BCF. 
 

Otherwise the reliability of diffusivity values obtained for iodine can be verified with a simple 

estimation, too. The Bruggeman-approximation describes the diffusion of non-sorbing 

species:                                                      De=(ε1,5)*Dw  

where Dw is the self-diffusion constant of iodine in aqueous electrolytes (2*10-9 m2/s), ε is the 

average porosity characteristic of BCF, and De is the effective diffusion constant. On the 

ground of the expression above, the effective diffusivity values of non-sorbing ions are 

expected to be in the order of 10-12 m2/s. Taking into account the slight sorption of iodine, the 

effective diffusivity values of iodine may still lay in this range. Considering that in the case of 
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pure diffusion processes the characteristic distance of diffusion (x) is proportional to the 

square root of time (t):                                   x ~ 2*(D*t)1/2 

this distance of diffusion can be estimated for about 3.5 meters calculated with diffusion 

constant of 10-12 m2/s order, and projected to 105 years duration. 
 

The dose-response of CaSO4:Tm,Cu was determined using glow-curves obtained on the 

course of measurements of TL intensities. For the determination integral- and peak-method 

were used, respectively. On the ground of the concordant results of both methods, all the 

samples containing copper co-activator exhibited a linear dose-response up to ~2000 Gy value 

of dose. Above ~2000 Gy the dose characteristic curves turn into saturation, they become 

supralinear. Consequently the new TLD material seems to be suitable for measuring of high-

doses, too. Compared my results with the results known from the literature, it can be stated, 

that dose-response of the CaSO4:Tm and the CaSO4:Dy is linear up to ~1 Gy, and dose-

response of the CaSO4:Dy,Cu is linear up to ~25 Gy, respectively. 
 

By the help of simultaneous measurements of TL and RL, it can be given the Q-factor 

characteristic of charge trapping efficiency:                  Q=TL/(TL+RL)  
 

By means of values of the Q-factor it can be stated, that with increasing the amount of copper 

co-activator the charge trapping efficiency exhibits a tendentious decreasing. The 

approximately 80 % value of Q-factor characteristic of copper-free CaSO4:Tm decreased 

below 50 % in the case of CaSO4:Tm,Cu containing the highest amount of copper. The above 

mentioned phenomena may serve as possible explanation of linear dose-response expanding 

in direction of the higher doses.  
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Theses 
 

Scientific statements based on the results presented I am summarizing in the theses as follows. 

 

1.   By means of sorption investigations performed in crushed rock samples using radiotracers 

I verified, that the Co-60 and the Cs-137 exhibit strong sorption, the Sr-85 exhibits 

medium sorption, and the I-125 exhibits slight, but detectable sorption on the surface of 

rock samples of BCF origin. On the course of measurements using inactive carrier I 

ascertained, that the sorption isotherm and sorption capacity – owing to the precipitation 

and hydrolysis of caesium and cobalt – can be determined only in the case of caesium, 

under the experimental conditions applied. Analysing the sorption isotherm of caesium I 

showed that the sorption of caesium dominated on the illite mineral component of BCF.1,3 

 

2. By means of in-diffusion measurements performed under static conditions on borecore 

samples I demonstrated that among the Co-60, Cs-137, Sr-85 and I-125 isotopes the iodine 

exhibited the highest diffusivity. The order of diffusivity of isotopes was 

cobalt<caesium<strontium<iodine. I determined the diffusivity of iodine by through-

diffusion method and by method simulating deep geological (“in situ”) conditions, too. I 

ascertained that reliable diffusivity values - falling into the same order of magnitude - 

could be determined for iodine with different experimental layouts applied. The diffusivity 

values determined for iodine fall in the same order of magnitude than diffusivity values 

determined on other types of argillaceous rocks. Moreover I demonstrated that the iodine-

rock interaction might be influenced by redox processes.2-5 

 

3.  Applying the determined physico-chemical parameters in simple isotope transport models I 

ascertained that the value of diffusion constant of anionic component (iodine) - which 

interacts only weakly with the mineral components of BCF - falls into the magnitude of 

self-diffusion measurable in aqueous solutions. Namely for estimation of long term 

migration of the iodine also the occasional filtration of groundwater has to be taken into 

account, while owing to the strong sorption ability of cationic components, their migration 

occurring by filtration will not be significant.1-3,5 

 



10 
 

4. In order to develop a widely applicable dosimeter (also applicable for dosimetry of 

radioactive waste repositories) I have prepared a new, CaSO4:Tm,Cu type TLD material. 

Investigating the dose-response of the material I verified that building in copper ions - 

compared to the already known CaSO4:Tm TLD material – increased the linearity of the 

dose-response with three orders of magnitude in direction of high doses. By means of 

simultaneous investigations of TL and RL I demonstrated that building in copper ions 

decreased the charge trapping probability in the CaSO4:Tm,Cu system.6,7 

 

 

Applicability of the results 
 

On the ground of sorption and migration experiments an initial picture was developed 

concerning migration properties of radioisotopes indicated against argillaceous rock (BCF). 

On the ground of the results the direction of the additional migration investigations of 

isotopes can be appointed. In addition the physico-chemical parameters determined may form 

a part of such thermodynamic database whose development is essential for the comprehensive 

performance assessment of a deep geological radioactive repository. 
 

The CaSO4:Tm,Cu has linear dose-response of about nine orders of magnitude, which makes 

the new TLD material suitable for wide range of applications in dosimetry, from 

environmental dosimetry entirely to accidental dosimetry and high-dose irradiation: for 

example dosimetry of radioactive waste repositories and its environment, gamma irradiation 

facilities, electron accelerators, nuclear power plants, radiotherapy and other clinical 

activities.  
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