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ABSTRACT 
A systematic analysis of nuclear power plant (NPP) operation and radioactive wastes disposal 
(near-surface disposal and geologic disposal) in underground repositories has provided the 
basis for a comparison between the radiotoxicity and chemotoxicity as part of an EIA 
(environmental impact assessment) procedure. 
 
This contribution summarizes the hydrochemical mechanisms of transport and retardation 
processes, chemistry and migration behavior of radionuclides and chemical toxics in natural 
sorbents, especially bentonites. The effect of solubility and dissolution reactions, diffusion and 
sorption/desorption, complexation and variations in the aqueous phase composition, pH-value 
and oxidation-reduction properties and other phenomena affecting distribution coefficients 
(Kd values) is discussed.  
 
INTRODUCTION 
 
Natural microporous materials include several types of minerals such as clay minerals, 
zeolites, iron and manganese oxides/hydroxides/oxo-hydroxides occurring in different 
geological environments and soil formations. The crystal structure of these materials is 
characterized by the presence of intracrystal micropores (channels, interlayer void spaces) 
providing them with high microposity/surface area and distinctive physicochemical properties 
(sorptive and catalytic). The usefulness of these materials to environmental technology was 
very soon recognized.  Natural clay and zeolite minerals already have useful applications as 
heavy metal- and radionuclide sorbents.   These materials also have wide applications as 
engineering barriers in nuclear waste and industrial repositories.  
 
Our effort has been to interpret the sorption data, particularly for radionuclides of cesium, 
strontium, technetium and iodine as representative of multivalent elements. This information 
has important implications for modeling sorption processes. For strontium and cesium 
adsorption on bentonites, the well known ion exchange properties of the bentonites provide a 
major sorption mechanism, resulting in extremely high Kd values. The attention is devoted to 
thermodynamic modeling and its validation for evaluation of various phenomena in natural 
sorbents. Surface/ground water systems and the mechanisms of transport and retardation 
processes, chemistry and migration behavior of chemically toxic low and intermediate level 
radioactive waste in engineered barriers have been summarized.Speciation determination is of 
fundamental importance to explain and evaluate the mobility, the toxicity and the risk 
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resulting from the presence of trace elements in natural systems. A “critical group of toxic 
non-radioactive substances” in various radioactive wastes is proposed for thorough 
investigation of their retardation properties in near-field regions. 
 
The use of different combinations of barriers and the modeling of releases from waste forms 
and disposal facilities and transfer between environmental media (transfer to surface soil and 
transfer to surface water and groundwater for individual cases) have been discussed. 
Comparisons have been made for one example of radwast disposal from NPP production in 
Temelin (surface water assessment) and for geological disposal of radwaste in various 
localities - repositories of institutional radioactive wastes and wastes containing natural 
radionuclides (ground water assessment).  
 
Environmental conditions in surface water 
 
Assessment of the hydrosphere has been aimed at examining pre-operational environmental 
conditions to establish a reference level.  This included measurement of concentrations of 
radioactive and non-radioactive polluting substances in various components of the 
environment, particularly in the hydrosphere, as a basis for predicting possible impacts of 
future operation of Temelín NPP. Special attention paid to the hydrosphere was associated 
with requirements for protection of water quality in the Vltava River, which serves as drinking 
water resource for Prague capital.  
 
Temelín NPP is located on the upper Vltava River in south Bohemia. The Vltava, an important 
resource of drinking water for Prague, also affects the quality of the Elbe River in the territory 
of both the Czech Republic and the Federal Republic of Germany. 
 
The observation and assessments of pre-operational environmental conditions included 
radioactive and non-radioactive polluting substances in surface water, groundwater, 
precipitation, suspended solids, bottom sediments and biomass   in wider environs of the 
Temelín NPP, and   also temperature and transport conditions in the Orlík and other reservoirs 
built downstream from the Temelín on the Vltava River.  The   examination of the 
hydrosphere prior to the operation of Temelín NPP is particularly important in terms of 
radioactive substances because some of the radionuclides  (such as 3H, 90Sr, 134Cs and 137Cs) 
potentially present in effluent returns from Temelín NPP are identical to those remaining in 
the environment after the Chernobyl accident and tests of nuclear weapons. Measurement of 
radionuclides was made mainly by gamaspectrometric and liquid scintilation coctail (LSC) 
methods described in more detail in reports (1-3). 
 
Methods used in implementing the projects were verified and recommended by the 
International Atomic Energy Agency in Vienna (4) within the framework of its technical 
assistance organized in co-operation with the Ministry of the Environment of the CR and the 
State Office for Nuclear Safety (2). These methods are described in report (3). 
 
The results of the studies include data on levels of naturally occurring and artificial 
radionuclides in the environment. The Chernobyl accident in 1986 and tests of nuclear 
weapons performed in the nineteen-sixties are the main factors responsible for the levels of 
artificial radionuclides detected in the environment. A peak after the Chernobyl accident 
followed by a decrease is a typical pattern of their concentration in all of the observed 
components of the environment. This can be demonstrated by the following examples. 
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Concentrations of radionuclides in surface water have been measured in the Vltava River 
(upstream and downstream from Temelín) and in its main tributaries since 1990. The 
concentrations of radionuclides were determined from evaporation residues from large-volume 
(about 50 L) samples taken four times per year. Figure 1 shows trend curves derived from 
137Cs concentrations measured in the Vltava River at Hněvkovice (water abstraction for 
Temelín); in the Lužnice River (at Koloděje) which discharges into the Vltava upstream from 
Kořensko Dam; in the Otava River (at Písek) discharging into the Vltava upstream from Orlík 
Dam (downstream from Kořensko); and in the Vltava at Solenice (outflow from the Orlík 
Reservoir). The decreasing trend in the concentrations at all of the above sites, and, 
furthermore, the lowest concentrations in the Vltava at Solenice indicate that a large amount of 
137Cs is deposited in the Orlík Reservoir. Values of the observed half-life of 137Cs were in a 
range between 3.1 and 3.9 years. The current total concentrations are about 1 becquerels per 
cubic meter (Bq/m3), in both dissolved and suspended substances.  On average, the ecological 
half-life was 4.0 years.  
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Figure 1. Time change in 137Cs concentration (av) in surface water sampled from selected rivers  
 
Data on tritium concentrations in surface water in the vicinity of Temelín from the period 
1991-2000 were used for derivation of a trend curve and prediction of the future 
concentrations until 2010.  For the period when nuclear weapons were tested it was derived 
that the decrease in tritium concentration in surface water was related to radioactive decay 
with a half-life of about 5 years. Since this period, the slope of the decrease has been 
decreasing, which is attributable to natural tritium occurrence responsible for about 0.4 
Becquerels per liter (Bq.L-1) (cB) and tritium releases from nuclear facilities responsible for 
about 0.1 Bq.L-1 (cND).   The decrease is presently at a level attributable to a half-life of about 
10 years and the mean concentration is about 1.5 Bq.L-1. 
 
The vertical distribution of 226Ra, 228Ra and 137Cs in bottom sediments in the Orlík Reservoir 
in 1995 shows that the maximum concentration of 137Cs of 820 Bq.kg-1 was measured in a 
subsurface layer (at a depth between 10 and 15 cm), which indicates that contamination 
resulting from Chernobyl is overlaid. Concentrations of 134Cs, 137Cs and 90Sr in the bottom 
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sediments   are   high. It was calculated that about 57 giga Becquerels (GBq) of 137Cs is 
deposited in the upper  
10 cm thick bottom layer in the Orlík Reservoir. However, the concentrations are decreasing 
with time. In 1990, the average concentration of 137Cs was 214 Bequerels per kilogram (Bq.kg-

1) (134Cs of 26 Bq.kg-1), while it was 56 Bq.kg-1 in 2000 (134Cs was below 1.5 Bq.kg-1). 
Concentrations of naturally occurring radionuclides are constant both in time and in vertical 
profile (1-3). In the period 1990-2000, the mean concentrations were 68 Bq.kg-1 of 226Ra and 
80 Bq.kg-1 of 228Ra. 
 
For the period 1986-2000 the change over time in mean annual concentrations of 137Cs and 
134Cs in the bottom sediments and their ratio was calculated from observed data and from the 
Chernobyl mixture. The observed half-life in the period 1990 – 2000 was 6.0 and 1.6 years for 
137Cs and 134Cs respectively. The ecological half-life was 7.7 for 134Cs and 7.5 for 137Cs.  
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Figure 2 Change over time in mean annual concentrations of 137Cs (A1) and 134Cs (A2) in the bottom 

sediments   in the Orlík Reservoir and their ratio, calculated from observed data and from the 
Chernobyl mixture  

 

For assessing conditions of surface waters under which the productivity of aquatic ecosystems 
would not deteriorate and the diversity of aquatic species would not significantly decrease, fish 
species and aquatic macrophytes were investigated in the Orlík Reservoir. A peak after 
Chernobyl and a subsequent decrease was observed also in the concentration of artificial 
radionuclides (90Sr, 134Cs and 137Cs) in the biomass (dry weight). The change over time in 
137Cs concentrations in fish sampled in the Temelín vicinity has been evaluated. In the period 
after Chernobyl, the observed half-life for both piscivorious and herbivorious fish species was 
about 2.8 years. The ecological half-life was 7.1 years.  
 
In predicting the impact of standard operation of Temelín NPP on the Vltava River at 
Kořensko, water quality observed at this site during 1998 and 1999 was taken as a reference 
level. As a consequence of the effluent returns discharged into the Vltava River at Kořensko, 
the concentration of polluting substances downstream from the outlet will increase by 3.5 – 
43.1 %.  This applies to BOD5 (five days biochemical oxygen depletion), CODMn (chemical 
oxygen depletion on KMnO4), CODCr (chemical oxygen depletion on K2Cr2O7), Cl-, SO4

2-,  
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dissolved  substances, Ca2+, N-NO3
-, PO4

3- and also to radioactive substances other than 
tritium. In terms of non-radioactive substances emitted from the plant under normal operation, 
the most important are the returns from the cooling system. The amount of these substances is 
proportional to quality of the abstracted water. This water, totaling1600 Liters per second (L.s-

1) for two reactors, will be concentrated primarily by evaporation, which is the main factor 
causing water quality deterioration. However, water quality affected by the increased 
concentration of the polluting substances will not exceed pollution limits specified by Czech 
Government Decree 82/1997, which establishes indices for acceptable water pollution in the 
Czech Republic. A prediction of impact of wastewater from Temelín NPP on average quality 
of water in the Vltava River at Kořensko and Prague is shown in Table I. 
 
 
 
 
Table I 

Emission limits as set out in Decision of District Authority in České Budějovice for selected water quality 
parameters in waste waters from Temelín NPP, and mean concentrations (observed in the period prior to the 

operation of the plant and increases predicted for an alternative when the polluting substances are discharged in 
amounts corresponding to the emission limits) of these substances for Q355 (355 day discharge from flow duration 
curve) in the Vltava River at Kořensko where the plant discharges the waste waters and at Prague where water is 

abstracted for water supply purposes. 
 
Parameter Emission 

limit 
[ton.year-1] 

River site  

 
 

 Kořensko 
Q355 = 9.45 m3.s-1 

Prague 
Q355 = 40 m3.s-1 

  Mean 
concentration  
[mg.L-1] 
  

Impact of NPP predicted 
for the emission limits 

Mean 
concentration 
[mg.L-1] 

Impact of NPP 
predicted for the 
emission limits 

   [mg.L-1] [%]  [mg.L-1] [%] 
BOD5 58 5.7 0.20 3.51 3.2 0.05 1.56 
CODMn 148 8.7 0.49 5.63 5.9 0.12 2.54 
CODCr 360 26.8 1.21 4.51 22.8 0.28 1.22 
Cl- 1020 12.4 3.42 27.58 17.6 0.81 4.60 
SO4

2- 3850 30.0 12.92 43.07 46.7 3.05 6.54 
Dissolved substances 8600 148.0 28.85 19.49 198.7 6.82 3.43 
Ca2+ 1470 19.2 4.93 25.67 32.0 1.17 3.66 
N-NO3

- 58.8 1.6 0.2 12.5 3.5 0.05 1.43 
PO4

3- 15 0.14 0.05 35.7 0.21 0.01 4.76 
 
 
 
Tritium is most important in terms of the concentrations of radioactive substances. The 
authorized limit for tritium discharges in wastewaters from the two reactors of the plant is 40 
tera Becquerels per year (TBq.yr-1), while the limit for the remaining radionuclides is 1 giga 
Becquerels per year (GBq.yr-1). Based on a prediction of tritium concentrations in a 
longitudinal profile of the Vltava River under conditions of operation of the two reactors and 
alternatively mean flow (Qm) and minimum flow (Q355) in the river the concentrations are 
lower that the above limits. For the minimum flow, the average concentrations of tritium 
downstream from the outlet from Temelín would increase by 133 Bq.L-1, while short-term 
maxima could reach 550 Bq.L-1. However, these concentrations would be diluted by water 
from the Otava River and other tributaries and thus tritium average concentration in the Vltava 
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River at Prague (the site where water is abstracted for drinking water supply purposes) will be 
at level approximately 2 % of the limit, which is 700 Bq.L-1 for drinking water supply 
watercourses (Indicators III of Czech Government   Decree 82/1997). The average 
concentration of tritium in the Elbe River at Hřensko (Czech-German boundary site), 
including the background level, will be around 5 Bq.L-1.  
 
Water quality deterioration is predicted in terms of tritium concentrations, particularly in the 
Vltava River reach located directly downstream from the outlets of waste and cooling water 
from the plant. However, the resulting concentration in Prague will be far below the limit 
specified for watercourses in use or intended to be used for drinking water supply purposes and 
thus the deterioration will not affect this use of the Vltava River in Prague. For the 
Czech-German boundary site of the Elbe River at Hřensko, a fourfold increase in mean 
concentration of tritium is predicted as a consequence of the plant operation. However, the 
resulting concentration is predicted to be only about 1% of the above limit. Increases in 
concentrations of other radionuclides are not expected to exceed their concentrations in the 
period prior to the operation of the plant. 
 
Data and results of the analyses conducted within the scope of the projects represent a reference 
level for future assessments of possible environmental changes resulting from the operation of 
Temelín NPP. 
 
During the pilot operation of the first reactor of Temelín NPP in 2001,  the discharged amounts 
and concentrations of both radioactive and non-radioactive substances have been far below the 
authorized limits (4).  
 
Impact of radioactive waste disposal on ground water 

 
Evaluation of the mechanisms of transport and retardation processes, chemistry and migration 
behavior of chemically toxic low and intermediate level radioactive waste in engineered 
barriers is the basis for prediction of the long-term impact of radioactive and chemically toxic 
components on the hydrosphere. 
 
The use of different combinations of barriers and modeling releases from waste forms and 
disposal facilities and transfer between environmental media – transfer to surface soil and 
transfer to surface water and groundwater for individual cases - have been discussed (5).  
Comparisons in this paper are made for radwaste disposal in three localities representing two 
types of repositories – repository of radioactive wastes from nuclear plants production (near-
surface disposal) and repositories of institutional radioactive wastes located in Litomerice and 
wastes containing natural radionuclides in the area of Jachymov (geologic disposal).   
 
A systematic analysis of radioactive waste disposal (near-surface disposal and geologic 
disposal) in underground repositories has provided the basis for a comparison between the 
radiotoxicity and chemotoxicity as part of the EIA (environmental impact assessment) 
procedure. 
 
Richard, one of above-mentioned repositories is an example of using rock cavities in an 
abandoned limestone mine as a near surface repository. This repository serves for disposal of 
so called institutional radioactive waste, which contains some organic and inorganic hazardous 
materials from research laboratories and hospitals (chlorides, nitrates, sulfates, lead from 
shielding materials, zinc compounds, beryllium from neutron sources etc). These wastes are 
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becoming the focus of nuclear research programs. Some of these are quite well defined (for 
example, those with large quantities of Pb, Cu and asbestos), while others must be regarded as 
illustrative only. The highest masses were accumulated for Pb, followed by Ni, Cr Cu and V. 
Lead is used as gamma-radiation shielding, Ni and Cr are alloying metals in a variety of 
stainless steels. These wastes derive mainly from common laboratory radwastes, contaminated 
laboratory equipment and also contaminated building materials. They can contain very large 
spectra of chemically toxic materials. The neutron sources (Pu-Be, Am-Be, Ra-Be, Po–Be) 
contain toxic beryllium, but in comparison with other types of chemically toxic LLW the 
amount of this toxic material is low. A preliminary assessment was carried out for the 
hazardous materials and it was found that no serious threat to the environment exists. For that 
reason problems connected with spent scaled radiation sources do not represent a threat from 
the viewpoint of chemical toxicity. 
 
A critical group of toxic inorganic and organic substances possibly contained in radioactive 
waste packages to be disposed of has been examined. The most important chemotoxic 
substances are mercury, cadmium, lead, chromium, beryllium, thallium, silver, copper, 
molybdenum, cobalt, arsenic, selenium, uranium, thorium, plutonium, bismuth, antimony, 
vanadium, tellurium, zinc and its compounds, and asbestos. Organic chemotoxic substances 
include some alicyclic and aliphatic compounds, halogenated benzenes and phenyl derivates, 
halogenated phenols, heterocyclic compounds, complexing agents, detergents and halogenated 
diphenylmethane derivatives.  
 
This presentation is focused more specifically on the physico-chemical speciation of radwaste 
in the environment, with emphasis on the behavior in the hydrosphere, using experimental data 
and speciation calculations, as well as using a more theoretical approach. To evaluate the 
hazard of toxic materials, the concept of hydro- and geotoxicity has been worked out. The 
results show that the chemical toxicity is a significant factor with respect to the safety of final 
disposal of institutional radioactive wastes. 
 
In some cases it is difficult to separate the radiotoxicity and chemotoxicity of radwaste 
components. For that reason it is necessary to maintain a conservative approach when 
assessing the environmental impact. In this connection no standardized measure of toxicity is 
used.  
 
The aim of this study is to investigate the suitability of natural bentonites to remove heavy 
metals and radionuclides in cationic and anionic forms from the hydrosphere.  The results will 
provide valuable information about the suitability of these natural materials for the safe 
disposal/burial of nuclear waste in geological formations containing these materials. 
 
Conservative parameter values were used to ensure that the calculation of the peak 
contaminant concentrations in soil and water, peak human ingestion and inhalation levels of 
each contaminant, and live health risks from one year’s exposure to each contaminant at peak 
concentration were not underestimated. 
 
The study has shown how an approach based upon those commonly used for the assessment of 
radioactive waste disposal has been successfully used to derive disposal limits for chemically 
toxic substances found in low level wastes. It has also demonstrated the potential need for the 
concentration of non-radioactive substances in such wastes to be considered when deciding 
upon suitable disposal options for the wastes. 
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Consideration of representative low level waste streams has shown that, whilst many 
waste streams have inorganic contaminant concentrations which are well above the derived de 
minimums limits, waste and facility specific calculations could be expected to show that most 
are likely to be acceptable for disposal in an appropriate shallow facility. 

 
Assessment of the chemotoxicity of such substances has been carried out in the following 
sequence: 
• Investigation of the amounts of materials and compounds in the waste packages and in the 

repository 
• Identification of classes of chemotoxic materials and typical representative compounds 
• Identification of transformation reactions of organic material compounds in the repository 

and assessment of the reaction products 
• Assessment of the reaction rates for both chemical and radiochemical reactions 
 
Table II. Significance of Various Pollutants 
 
Pollutant Meaning Medium Pollutant Meaning Medium 
Arsenic T, E Water, air Strontium T Air 
Barium T Soil, food Mercury T, E Water, food 
Beryllium T Water, food Uranium T, (E) Water, food 
Cadmium T, E Air, water, 

food, soil 
   

Cobalt T Soil Nitrates E, T Water, food 
Chromium T, (E) Water, food Chlorides E Water, soil 
Nickel T, E Air, soil, food Sulfates E Water, soil 
Lead T, E Air, water, 

food, soil 
   

T – toxicologically significant pollutant in the environment 
E – ekotoxicologically significant pollutant 
 
 
 
 
Physico-chemical processes 
 
Hydrolysis, oxidation and reduction processes can significantly affect the fate of substances 
that are present in aqueous environments. Hydrolysis is most important for substances that 
have functional groups that can be rapidly altered in the presence of water. Because hydrolytic 
reactions are driven by the availability of hydrogen and hydroxide ions, the pH of the 
environment can have a dramatic influence on the rate of hydrolysis. Hydrolytic 
transformations that are relatively slow at neutral pH can occur at rates that are several orders 
of magnitude greater under acidic or basic conditions. Many inorganic and organic substances 
can undergo oxidation or reduction reactions in the environment. The rate at which a 
contaminant moves through the environment will often depend on the redox state. The 
atmosphere is also a very reactive medium in which large quantities of toxic substances are 
converted into oxidized products of lesser environmental concern. Oxidation/reduction 
transformations are highly dependent on the local chemistry (Eh, pH, temperature etc.). 
Primary characteristics of ground water chemistry related to near-field performance are the 
pH, the redox potential (Eh), and abundance of anions that may form soluble complexes with 
components, colloid content, and alkali metal ion concentration.  
Conclusions regarding the potential for transformations is based on conditions in the disposal 
environment (5). 
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Hydrolysis and oxidation /reduction processes leading to the transformations of disposed 
waste components can influence the transport of contaminants in the environment (for 
example release of contaminant gases from disposal facilities, migration in geosphere). 
 
There are several concerns that are related to near-field chemistry during this period:  
(1) changes in the composition of intruding water arising from interactions with near-field 
rocks at potentially elevated temperature, 
(2) changes in the composition resulting from interactions with engineered barriers, 
(3) potential alteration or loss of function of backfill arising from chemical reactions 
(4) corrosion of a canister, 
(5) microbiological mediation,  
(6) possible gas generation, and 
(7) radiation effects on groundwater chemistry during the entire post-emplacement period. 
 
 
Mechanisms of transport and retardation processes, the chemistry and migration behavior of 
chemical toxic compounds of radwastes in natural sorbents, especially bentonites used as 
engineered barriers, has been evaluated. Bentonites buffering and sorption properties have 
been investigated in five types of natural bentonites from various sources (R- Rokle, S- 
Stránce, H – Hroznětín , N – commercial product, A – activated comercial product).  
 
 
Table III. Cation exchange capacity (CEC)-value for bentonites from various localities  
 

Type CEC (mol/kg) S (%) 
Bentonite R 0.70 1.6 
Bentonite S 0.81 1,2 
Bentonite H 0.81 1.3 
Bentonite N 0.80 1.0 
Bentonite A 0.80 1.3 

 
 
Chapman´s method (7) of determination of the cation-exchange capacity for soil analysis has 
been modified and optimized for use for the bentonites. 
Bentonites possess relatively high cation exchange capacity (CEC is 0.70 – 0.81 mol/kg) Table 
III). However, bentonites have a low sorption capacity for anions (anion-exchange capacity 
AEC = 0.10 mol/kg). For that reason the anionic forms of radionuclides like TcO4

- and I- are 
sorbed only partially (5).  The relationship between Kd and ion exchange capacity uses mainly 
ion-exchange models of cation sorption. The ion exchange model correctly predicts the 
sorption curve of Cu2+, Sr2+, Ba2+ and Tl+ onto bentonite as a function of their concentrations. 
 
To confirm that sorption is the main and dominant mechanism controlling the retardation of 
radionuclides, the sorption isotherm has been measured. It is evident from the experimental 
data (Fig. 3) that the isotherm is linear in the concentration range in which all sorption 
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Fig. 3 Sorption isotherm (134Cs, bentonite R, V/m = 10 mL/g) (6) 
 
experiments have been carried out (see detail). That means sorption is the dominant 
mechanism of radionuclide retardation. 
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Fig. 4 Comparison of distribution coefficients determined by the batch method and calculated from the 

diffusion data (6) 
 
 
Comparison of Kd values obtained by batch sorption and through-diffusion methods for  
monovalent and divalent ions  leads to the conclusion that distribution coefficients derived 
from both diffusion experiments and batch sorption experiments can be simulated by using an 
ion exchange model (6). Kd values determined by the batch sorption method and calculated 
from diffusion data and hydrodynamic parameters have been plotted on the same graph. Very 
good agreement of data points with the regression line indicates that sorption and diffusion 
processes are coherent and both diffusion and sorption data are consistent for assessment of 
properties of natural bentonites.  
 
 
This research was supported by Ministry of Education of Czech Republic under Project CEZ:JI9/98:223400008 
and by Ministry of Industry under Project FD-K2/35 
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