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Abstract

This work is focused in the research of the behaviour of
radioactive substances released into the hydrosphere of the
Vltava River and the subsequent Elbe stretch during a
severe accident at the Temelin Nuclear Power Plant. The
background values of anthropogenic radionuclides in
surface water, residual contamination after the Chernobyl
accident and after atmospheric tests of nuclear weapons,
were evaluated using two methods and these methods
were compared. The migration of the accidental
radioactive contaminants in the watercourse would be
mainly influenced by their ability to sorb onto the solid
phase in the hydrosphere. Therefore, the sorption of
particular anthropogenic radionuclides onto bottom
sediments and solids suspended in the water column was
monitored and evaluated at several sites along the Vltava
and the Elbe Rivers. Furthermore, the possibility of using
tritium, which is discharged during normal operation of
the Temelin power plant, as tracers for the purposes of
modelling the migration of pollution, was assessed.



1. Introduction

Nuclear energy is currently a significant source of
electricity in the world. According to the International
Atomic Energy Agency (IAEA), nuclear energy was
approximately 13% of global energy consumption in 2020
[1]. Despite that, nuclear energy raises many questions,
especially in terms of safety and its environmental
impacts.

In the Czech Republic, nuclear energy accounts for about
one third of electric power generation [1], which includes
both Czech nuclear power plants (NPP), the Temelin and
the Dukovany plants. The subject of this thesis is the
Temelin NPP, which is located in southern Bohemia near
the Vltava River, into which the NPP discharges its
wastewater [2]. According to the documentation [15], the
Temelin NPP must handle emergencies, including the
maximum project accident. The probability of a more
serious accident with a significant release of radionuclides
into the environment could therefore occur with a very low
probability. Despite that, it is important to gather
knowledge about this kind of events, since their
consequences could be serious.



2. Aims of the study

The general aim of this thesis is to gain and improve
knowledge about the behaviour and transport of
radioactive pollution in the hydrosphere during a nuclear
accident. Specifically it is focused on the Temelin NPP
and the related Vltava and Elbe River parts. This general
objective was elaborated in three sub-objectives (SO):

SO 1. Existing (pre-accident) content of radionuclides in
the vicinity of the Temelin NPP — comparing of the
evaluation methods

In vicinity of the Temelin NPP, anthropogenic
radionuclides are present as residual contamination
originating from the atmospheric tests of nuclear weapons
and the Chernobyl accident. Their amount in the
hydrosphere has been monitored and evaluated long-
therm. One of the goals of this study was to compare two
alternative methods for evaluating of the activity
concentrations of the anthropogenic radionuclides in the
hydrosphere.

SO 2. Sorption of anthropogenic radionuclides in the
hydrosphere

The migration of radionuclides in a watercourse can be
significantly influenced by their ability to sorb on solid
parts of the hydrosphere - suspended solids and sediments.
There are several water reservoirs built along the studied
section of the Vltava River, the Orlik Reservoir is the most
important. As the water flow slows down, the
sedimentation of suspended solids carried by water



increases. Substances fixed onto them settle down together
with the solid particles and become part of bottom
sediments. Another sub-objective of this thesis was to
quantify the sorption of selected anthropogenic
radionuclides in the studied section of the Vltava and the
Elbe Rivers, as an important factor influencing the
migration of radionuclides in the stream.

SO 3. Transport of contamination and its evaluation
using tritium as a tracer

During normal operation, the Temelin NPP discharges a
low but measurable amount of tritium into the river. As a
result of this release, variable tritium concentration can be
detected in the wastewater recipient.

One of the aims of this work was to verify, whether tritium
measured in surface water below the Temelin wastewater
release could be used to model the migration of
contamination in the Vltava and Elbe Rivers under the
conditions of a nuclear accident.



3. Material and methods

SO 1. Existing (pre-accident) content of radionuclides in
the vicinity of the Temelin NPP - comparing of the
evaluation methods

In SO 1, this study uses data that were collected at the
Department of Radioecology, T. G. Masaryk Water
Research Institute (TGM WRI) and continues the work
presented in [3].

1% order kinetics was used in the TGM WRI [4] and
elsewhere [5-7] to describe the decrease of anthropogenic
radionuclides in the hydrosphere. However, the rate of the
decrease changes over time, so it was necessary to divide
the long-term observation series into several time periods
and evaluate them separately. This traditional approach
has been compared with the Smith model [5, 8], which
describes the complex process in a single time period.

SO 2. Sorption properties of anthropogenic radionuclides
in the hydrosphere

For the purposes of this study, a method of distribution
coefficient (Ky) determination was developed [9],
considering the specific properties of the anthropogenic
radionuclide sorption onto the sediment and suspended
solids. The method was based on standard methodologies
[10, 11], which were optimized and tested for the aquatic
environment and anthropogenic radionuclides.

Using this method, K, values were determined at
seventeen sites along the Vltava and Elbe Rivers, for both,
sediment and suspended solids. Seven representative



anthropogenic radionuclides were selected: '*'I, 13*Cs,
8581, ©0Co, 24! Am, 1°Ce, 1**Ba.

SO 3. Transport of contamination and its evaluation
using tritium as a tracer

To verify that tritium discharged from the Temelin NPP
into the Vltava River can be used as a tracer, long-term
data measured by TGM WRI were used. Tritium was
monitored at several sites along the Vltava and Elbe Rivers
which were affected by tritium water discharges from NPP
Temelin: Kofensko, Solenice, Stéchovice, Podoli, Zel&in
and Hfensko and at two reference sites: Hlubok4 and Lysa
nad Labem.

Tritium was monitored at the above mentioned sites with
a frequency from once a month to 2 times a week. In the
laboratory, trittum was determined wusing liquid
scintillation spectrometry. For samples from reference
sites a unique pre-treatment by electrolytic concentration
was included, which allows determination of very low
trittum concentration [12].

Based on these data, the tritium concentration was
modelled further downstream, in the German part of the
Elbe River. The calculation was made based on the
assumption that the amount that flows through a particular
site per year did not change along the river.



4. Results and discussion

SO 1. Existing (pre-accident) content of radionuclides in
the vicinity of the Temelin NPP - comparing of the
evaluation methods

The amount of *°Sr and '3’Cs, the residual anthropogenic
radionuclides, decreases in the hydrosphere over the time,
faster than it would correspond to their radioactive decay.
Compared to the traditional 1% order kinetics equation, the
advantage of the Smith model [5, 8] is that it describes the
decrease continuously throughout the long-therm
observation period and at the same time, it respects the
changing rate of decrease. That means it corresponds
better to the processes taking place in the environmental
system. Therefore, it seems more appropriate to describe
the decrease of the anthropogenic radionuclides from the
hydrosphere. However, even this approach shows some
limitations, which are mainly based on the length and
quality of the processed data set. The Smith approach is
suitable especially for long and consistent series of good
quality data. If the datasets do not meet these criteria, the
results provided by this model are not reliable, as they
have too high uncertainty, as stated in the article [13].

SO 2. Sorption properties of anthropogenic radionuclides
in the hydrosphere

The measured K; values showed that most studied
radionuclides sorb to the solid particles in the hydrosphere
significantly. It was found that the sorption of particular
radionuclides onto bottom sediments and suspended solids
varies considerably. The difference is mainly attributed to



the different grain sizes of these two components of the
hydrosphere.

Furthermore, the K, values differ among particular
radionuclides, as well as among monitored sites. Despite
variability was predicted, it exceeded all expectations. The
Kq values varied even by an order of magnitude for the
same radionuclide at particular sites. Detailed results are
given in the article [14].

To explain the mentioned differences in Ky values, their
relations to the sediment properties were evaluated. Most
often, the sorption of radionuclides depended on grain size
indicators, but this was not a universal finding, which was
contrary to expectations. Universal dependencies were not
found for the mineralogical composition either.

SO 3. Transport of contamination in the stream and its
evaluation using tritium as a tracer

At the sites affected by discharges from the Temelin NPP,
the trittum concentrations are increased above the
reference level. The highest values of tritium
concentration were measured at the Korensko site, which
is located just below the source of pollution. The lowest
concentration was in Hfensko at the Elbe River, which is
furthest from the source. At the monitored sites, the tritium
concentration decreased with the distance from the
Temelin NPP, as it was diluted by the tributaries [15].
Based on the tritium balance at the individual monitored
sites, the trittum concentrations in the German part of the
Elbe River were calculated. These modelled
concentrations were then compared with the values
measured by the local authorities, with which they were in
good agreement [15].



5. Conclusions

The thesis is concerned with a situation of an accidental
leakage of radioactive substances into the Vltava River
and following section of the Elbe River. This situation is
very unlikely, because the Temelin NPP meets all safety
requirements for facility of this type. However, the
consequences of such event would be serious, so they need
to be dealt with.

In order to evaluate the impact of the Temelin NPP on the
environment, if needed, it is necessary to know the
hydrosphere reference state before the event. That
includes very low residual activities of anthropogenic
radionuclides, which come from the Chernobyl accident
and the atmospheric nuclear weapon tests in the last
century. The current evaluation method is not entirely
convenient; therefore, an alternative approach was sought,
which would take into account the complexity of the
processes in the hydrosphere. However, it was found that
the alternative approach was only suitable for certain data
sets, in other cases it is necessary to maintain the current
method of evaluation, even with its limitations.

The sorption of radionuclides onto the solid phase of the
hydrosphere, bottom sediments and suspended solids,
would play an important role in the transport of radioactive
contamination, if it would be released from the Temelin
NPP into the Vltava River. For most radionuclides, a high
sorption on sediments and suspended solids was
evaluated. This means that in such an emergency, the Orlik
Reservoir could keep most of the contamination and
reduce its penetration downstream. Searching for the
relations among sorption and sediment properties did not
bring satisfactory results, which could be used for
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generalization of the local measured Ky values. These
values are site-specific and have to be measured for the
local conditions.

Further, it was assessed, whether tritium discharged from
the Temelin NPP into the Vltava River can be used as a
tracer for estimating the pollution migration. It was found
that tritium amount along the stream changes mostly only
because of dilution, it is not affected by sorption on the
solid particles. Its decrease due to radioactive decay can
be neglected in terms of flow times in the Vltava and Elbe
Rivers, as well as losses due to evaporation. As a hydrogen
isotope, trittum is part of water molecules, so by
monitoring it it is possible to determine the movement of
water itself.

11



6.
[1]

[2]

[3]

[4]

[5]

References

BUFKA A., VEVERKOVA J., BLECHOVA-
TOURKOVA J.. Vyvoj hrubé vyroby elektiiny a
tepla k prodeji v energetické bilanci CR, vyroba a
dodavky v letech 2010-2018. Ministerstvo
pramyslu a obchodu. 2020. Available from:
https://www.mpo.cz/assets/cz/energetika/statistika/
elektrina-a-teplo/2020/1/Elektrina---teplo-2010-
2018-final.pdf

CEZ, a.s. Jaderna elektrarna Temelin/Historie a
soucasnost Elektrarny Temelin. Skupina CEZ - O
Spole¢nosti. 2021 [2021-08-25]. Available from:
http://www.cez.cz/cs/o-cez/vyrobni-zdroje/jaderna-
energetika/jaderna-energetika-v-ceske-
republice/ete/historie-a-soucasnost

IVANOVOVA D. Studie chovani 137Cs, 90Sr a
3H v okoli Jaderné elektrarny Temelin, 2010.
Diserta¢ni prace. Univerzita Karlova,
Ptirodovédecka fakulta.

HANSLIK E., JEDINAKOVA-KRIZOVA V.,
IVANOVOVA D., KALINOVA E., SEDLAROVA
B., SIMONEK P. Observed half-lives of 3H, 90Sr
and 137Cs in hydrosphere in the Vltava River basin
(Bohemia). Journal of Environmental
Radioactivity. 2005, 81(2-3), 307-320. ISSN
0265-931X. doi: 10.1016/j.jenvrad.2004.01.042

SMITH J., BERESFORD N. A. Chernobyl —
Catastrophe and Consequences. 1. vyd. Berlin,
Heidelberg: Springer, 2005. Springer Praxis Books.

12



[6]

[7]

[8]

[9]

[10]

ISBN 978-3-540-23866-9. doi1:10.1007/3-540-
28079-0

MARINGER F. J., GRUBER V., HRACHOWITZ
M., BAUMGARTNER A., WEILNER S., SEIDEL
C.. Long-term monitoring of the Danube river-
sampling techniques, radionuclide metrology and
radioecological assessment. Applied Radiation and
Isotopes. 2009, 67(5), 894-900. ISSN 1872-9800.
doi:10.1016/j.apradiso.2009.01.053

Handbook of Parameter Values for the Prediction
of Radionuclide Transfer in Terrestrial and
Freshwater Environments. Vienna: International
Atomic Energy Agency (IAEA). 2010 [2021-08-
20]. Technical Reports Series. Available from:
https://www.pub.iaea.org/mtcd/publications/pdf/trs
472 web.pdf

SMITH J., CLARKE R., SAXEN R. Time-
dependent behaviour of radiocaesium: A new
method to compare the mobility of weapons test
and Chernobyl derived fallout. Journal of
Environmental Radioactivity. 2000, 49, 65-83.
doi:10.1016/S0265-931X(99)00088-0

JURANOVA E., HANSLIK E. Determination of
sorption characteristics for anthropogenic
radionuclides in the hydrosphere. JOURNAL OF
RADIOANALYTICAL AND NUCLEAR
CHEMISTRY. 2015, 304(1), 21-26. ISSN 0236-
5731. doi:10.1007/s10967-014-3665-1

Standard Test Method for Distribution Coefficients
of Inorganic Species by Batch Method. C1733-10.

13



[11]

[12]

[13]

[14]

West Conshohocken, PA,: ASTM International.
2010. doi:10.1520/C1733-21

ROY W. R, KRAPAC . G.,,CHOU S. F.J,,
GRIFFIN R. A. Batch-type procedures for
estimating soil adsorption of chemicals. Technical
resource document. EPA/530-SW-87-006-F. B.m.:
United States Environmental Protection Agency.
1992. Available from:
https://nepis.epa.gov/Exe/ZyPDF.cgi/100018S4.PD
F?Dockey=100018S4.PDF

MARESOVA D., HANSLIK E., JURANOVA E.,
SEDLAROVA B. Determination of low-level
tritium concentrations in surface water and
precipitation in the Czech Republic. JOURNAL OF
RADIOANALYTICAL AND NUCLEAR
CHEMISTRY. 2017, 314(2), 681-687. ISSN 0236-
5731. doi:10.1007/s10967-017-5410-z

JURANOVA E., HANSLIK E., MARESOVA D.
Temporal Development of Radiocaesium and
Radiostrontium Concentrations in the Hydrosphere-
Methods of Evaluation. WATER AIR AND SOIL
POLLUTION. 2015, 226(10). ISSN 0049-6979.
doi:10.1007/s11270-015-2601-5

JURANOVA E., HANSLIK E., DULANSKA S.,
GRISA T., SEDLAROVA B., MARESOVA D.
Sorption of anthropogenic radionuclides onto river
sediments and suspended solids: dependence on
sediment composition. JOURNAL OF
RADIOANALYTICAL AND NUCLEAR
CHEMISTRY. 2020, 324(3), 983-991. ISSN 0236-
5731. do0i:10.1007/s10967-020-07174-w

14



[15] JURANOVA E., SEDLAROVA B., MARESOVA
D. Tritium in the Vltava and Elbe Rivers —
monitoring and modelling. In: Magdebursky
seminaf' o ochrané vod 2021. Revitalizace vod a
vodni rezim v povodi Labe: Magdebursky seminar
o ochrané vod 2021. Revitalizace vod a vodni
rezim v povodi Labe - Sbornik. Programovy vybor
Magdeburského seminafe o ochran¢ vod 2021,
Mezinarodni komise pro ochranu Labe, 2021, p.
137-139.

15



7. Curriculum vitae

Personal Information

EVA JURANOVA

Orcid ID: 0000-0001-9021-7307
WoS Researcher ID: J-2048-2017
Scopus Author ID: 25825022700

Education

2012 — present Ph.D. study

Institute for Environmental Studies, Faculty of Sciences,
Charles University in Prague, Czech Republic

Study programme: Environmental Science

Ph.D. thesis: Behaviour of radioactive substances in the
Vltava and Elbe Rivers during nuclear accident

1996 — 2001: Master degree.

Department of Water Technology and Environmental
Engineering, Faculty of Environmental Technology,
University of Chemistry and Technology, Study
programme: Water Technology

Career

2017 - present: T. G. Masaryk Water Research Institute,
public research organization, Head of Branch of Analysis
and Assessment of Environmental Components,.
Responsibility for research teams of hydrochemistry,
microbiology, hydrobiology and radioecology and for
Testing Laboratory of Water Technology and
Environment Components.

16



2002 — 2017: T. G. Masaryk Water Research Institute,
public  research  organization,  Department  of
Radioecology. Researcher.

Selected Research Projects

V104000017 - Wastewater monitoring used as an early
warning tool for epidemic outbreak

TK02010064 - Conception of new system of
modelling of anthropogenic radionuclide spreading in
hydrosphere during the common operation of NPP and its
accident with external impact including data assimilation
according to the state requirements. (Present)
V120192022142 Innovative methods for detecting ultra-
low level radioactivity for water-source vulnerability
evaluation after nuclear accident. (Present)
CZ.07.1.02/0.0/0.0/16_040/0000380 — Analysis of
measures for mitigation of the impacts of the climate
change and urbanization onto water regime in the Prague
locality. (2018-2020)
CZ.07.1.02/0.0/0.0/16_040/0000382 —  Recreational
potential of water in Prague — presence and future. (2018-
2020)

VG20122015088 - Investigation of the Temelin Power
Plant accident on contamination of Vltava and Elbe Rivers
up boundary profile Elbe at Hiensko (2012-2015)
Selected publications

Selected publications

JURANOVA E., SEDLAROVA B., MARESOVA D.
Tritium in the Vltava and Elbe Rivers — monitoring and
modelling. In: Magdebursky seminaf o ochrané vod
2021. Revitalizace vod a vodni rezim v povodi Labe:

17



Magdebursky seminai o ochrané vod 2021. Revitalizace
vod a vodni rezim v povodi Labe - Sbornik. Programovy
vybor Magdeburského seminéie o ochrané vod 2021,
Mezinarodni komise pro ochranu Labe, 2021, p. 137—
139.

MARESOVA D., JURANOVA E., SEDLAROVA B.
Vliv Jaderné elektrarny Temelin na obsah vybranych
radionuklidii v povrchovych vodéach. Vodohospodarské
technicko-ekonomické informace. 2020, vol. 62, no. 4,
pp. 38-43. ISSN 03228916, 1805-6555.

JURANOVA E., HANSLIK E., DULANSKA S., et al.
Sorption of anthropogenic radionuclides onto river
sediments and suspended solids: dependence on sediment
composition. JOURNAL OF RADIOANALYTICAL
AND NUCLEAR CHEMISTRY. 2020, vol. 324, no. 3,
pp- 983-991. ISSN 0236-5731. doi:10.1007/s10967-020-
07174-w

HANSLIK E., MARESOVA D., JURANOVA E,, et al.
Kinetics of H-3, Sr-90 and Cs-137 content changes in
hydrosphere in the Vltava River system (Czech
Republic). JOURNAL OF ENVIRONMENTAL
RADIOACTIVITY. 2018, vol. 188, pp. 1-10. ISSN
0265-931X. doi:10.1016/j.jenvrad.2017.11.029

MARESOVA D., HANSLIK E., JURANOVA E,, et al.
Determination of low-level tritium concentrations in
surface water and precipitation in the Czech Republic.
JOURNAL OF RADIOANALYTICAL AND
NUCLEAR CHEMISTRY. 2017, vol. 314, no. 2, pp.
681-687. ISSN 0236-5731. doi:10.1007/s10967-017-
5410-z

18



HANSLIK E., MARESOVA D., JURANOVA E,, et al.
Zmény obsahu radionuklidt v povrchové vodé¢ v okoli
Jaderné elektrarny Temelin v obdobi 1990-2016.
Vodohospodaiské technicko-ekonomické informace.
2017, vol. 59, no. 6, pp. 18-23. ISSN 0322-8916, 1805-
6555.

HANSLIK E., MARESOVA D., JURANOVA E,, et al.
Comparison of balance of tritium activity in waste water
from nuclear power plants and at selected monitoring
sites in the Vltava River, Elbe River and Jihlava (Dyje)
River catchments in the Czech Republic. JOURNAL OF
ENVIRONMENTAL MANAGEMENT. 2017, vol. 203,
pp. 1137-1142. ISSN 0301-4797.
doi:10.1016/j.jenvman.2017.06.056

HANSLIK E., MARESOVA D., JURANOVA E,, et al.
Dependence of Selected Water Quality Parameters on
Flow Rates at River Sites in the Czech Republic.
JOURNAL OF SUSTAINABLE DEVELOPMENT OF
ENERGY WATER AND ENVIRONMENT SYSTEMS-
JSDEWES. 2016, vol. 4, no. 2, pp. 127-140. ISSN 1848-
9257. doi:10.13044/j.sdewes.2016.04.0011

JURANOVA E., HANSLIK E., MARESOVA D.
Temporal Development of Radiocaesium and
Radiostrontium Concentrations in the Hydrosphere-
Methods of Evaluation. WATER AIR AND SOIL
POLLUTION. 2015, vol. 226, no. 10. ISSN 0049-6979.
doi:10.1007/s11270-015-2601-5

JURANOVA E., HANSLIK E. Determination of sorption
characteristics for anthropogenic radionuclides in the
hydrosphere. JOURNAL OF RADIOANALYTICAL
AND NUCLEAR CHEMISTRY. 2015, vol. 304, no. 1,

19



pp. 21-26. ISSN 0236-5731. do01:10.1007/s10967-014-
3665-1

HANSLIK E., MARESOVA D., JURANOVA E. Vliv
atmosférickych testll jadernych zbrani a vyznamnych
jadernych havarii na obsah radioaktivnich latek v
povrchovych vodach na izemi Ceské republiky.
SOVAK. 2013, vol. 22, no. 10, pp. 12—15. ISSN 1210-
3039.

Selected Conference Contributions

JURANOVA E., SEDLAROVA B., MARESOVA D.
Tritium in the Vltava and Elbe Rivers — monitoring and
modelling. Magdebursky seminafi o ochrané vod 2021.

Revitalizace vod a vodni rezim v povodi Labe. On-line.
October 7 — 8, 2021

JURANOVA E., SEDLAROVA B., MARESOVA D.,
POHLOVA L.: Tritium in ground water of the Czech
Republic. 17th international conference on environmental

science and technology. Athens, Greece. September 1 -4,
2021

MARESOVA D., JURANOVA E., SEDLAROVA B.:
Determination of low level tritium concentrations in the
Czech Republic for tritium tracing applications.
ENVIRA2019, Prague, Czech Republic. September 8 —
13, 2019.

JURANOVA E., HANSLIK E. Fate of accidental
radioactive contamination released into the hydrosphere:
Interaction with solid particles. 10th Conference on
Sustainable Development of Energy, Water, and
Environment Systems. September 27 — October 2, 2015.

20



JURANOVA E., HANSLIK E., MARESOVA D.
Continuous decline of background activity concentrations
of 3H, *°Sr and '*’Cs in hydrosphere. ICRER 2014 -
Third International Conference on Radioecology and

Environmental Radioactivity. Barcelona, Spain.
September 7 — 12, 2014.

JURANOVA E., HANSLIK E. Method for determination
and evaluation of radionuclides sorption in the
hydrosphere. IASWS 2014 Symposium. Grahamstown,
South Africa. July 15-18, 2014.

21



