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Abstrakt

Abstrakt

Tato prace je vénovana studiu chovani radioaktivnich latek, uvolnénych do hydrosféry
feky Vltavy a nésledné i Labe pii té¢zké havarii jaderné elektrarny Temelin. Je posouzen
zpusob hodnoceni pozadovych hodnot umélych radionuklidi v povrchové vodé —
rezidualni kontaminace po havarii v Cernobylu a po atmosférickych testech jadernych
zbrani. Protoze je migrace kontaminace umélymi radionuklidy ve vodnim toku ovlivnéna
predevsim jejich schopnosti sorbovat se na pevnou slozku hydrosféry, byla sledovana a
vyhodnocovéana sorpce jednotlivych zastupcti umélych radionuklid na dnové sedimenty
a nerozpusténé latky ve vodnim sloupci v nékolika lokalitich podél toku Vltavy a
navazujiciho toku Labe. Déle byla posouzena moznost vyuzit tritia, které je za bézného
provozu vypousténo elektrarnou Temelin, jako stopovaci latky pro ucely modelovani
Sifeni znecisténi.

Klicova slova

Jaderna havarie, radioaktivita, transport, sorpce, povrchové voda

Abstract

This work is focused in the research of the behaviour of radioactive substances released
into the hydrosphere of the VItava 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
trittum, which is discharged during normal operation of the Temelin power plant, as
tracers for the purposes of modelling the migration of pollution, was assessed.
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1 Uvod

1.1 Jaderna energetika a jeji bezpecnost

Jaderna energetika je v souc¢asné dob¢ vyznamnym zdrojem elektrické energie na svéte.
Podle tdaji Mezindrodni agentury pro atomovou energii - International Atomic Energy
Agency (IAEA) se jaderna energie se v roce 2020 podilela na celosvétové spotiebé
energie priblizné 13 % [1]. Je tedy vyznamnym zdrojem, na druhou stranu jaderna
energetika vyvolavd mnohé otazky, predevs§im co se tyCe bezpecnosti a vlivil na zivotni
prostiedi.

Po rozmachu, kterého dosahla vystavba jadernych elektraren v 70. a 80. letech minulého
stoleti, doslo k utlumu jejiho rozvoje po havarii ¢ernobylského reaktoru v roce 1986 a
poté po havarii jaderné elektrarny v japonské FukuSimé v roce 2011. V poslednich letech
zaznamenava jaderna energetika opét oziveni (rostouci pocet reaktorit ve vystavbe) [2].
Otazka bezpecnosti jaderné energetiky je vSak v soucasnosti velmi aktualni a se stala
predmétem celosvétovych diskuzi.

Soucasné jaderné elektrarny pouzivaji nékolikanasobny systém zabezpeceni, tzv.
zabezpeceni do hloubky [3]. Jedna se o systém bezpecnostnich opatteni, ktery zajisti, ze
pii selhani jedné urovné zabezpeceni se uplatni dalsi troven. To je podle IAEA [3] je
zaji$téno v péti Urovnich:

e Prevence abnormalniho provozu a poruch

e Zvladéani abnormalniho provozu a poruch

e Zvladani projektovych nehod

e Zvladani zavaznych situaci, vCetn€ zabranéni zhorSeni nehody a zmirnéni

nasledkl vazné nehody
e Zmirnéni nasledkd havarie a unikt radionuklidt do okoli

V otdzce bezpecnosti jaderné energetiky je tedy predevsim kladen diiraz na prevenci, na
pfedchédzeni havariim a zabranéni Gniku radioaktivnich latek do okoli elektraren. Ov§em
1 ptfi dodrzeni vSech pravidel bezpecnosti jaderné energetiky nelze zcela vyloucit
mimotadnou udélost s dopadem mimo elektrarnu. Podle IAEA [3] je pro maximalni
projektovou nehodu je uvadéna pravdépodobnost 102 za rok — 10 za rok (tnik
radionuklidii se nepiedpoklada, nebo jen v ,pfijatelnych® mezich). Pravdépodobnost
velmi tézké havarie s posSkozenim aktivni zony s tavenim paliva, kdy dojde
k vyznamnému tniku radioaktivnich latek do okoli elektrarny, je mensi nez 107 za rok.

Mimotadné udalosti v jadernych zafizenich jsou hodnoceny podle stupnice INES
(International Nuclear and Radiological Event Scale) [4, 5], jak je ukdzdno na obrazku
obr. 1. Mimotadné udalosti jsou ohodnoceny podle stupné posSkozeni zafizeni, selhani
zabezpeceni a miry uniku radioaktivnich latek do okoli. Stupnice obsahuje 8 stupna —
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stupné 4 — 7 jsou oznacovany jako havarie, stupné 1-3 jako nehody a stupném 0 udalosti,
které nemaji bezpecnostni vyznam. Nejvyssim, sedmym, stupném byly klasifikovany
napt. havarie jaderné elektrarny v Cernobylu v roce 1986 a také havarie v japonské
Fukusimé¢ v roce 2011 [6].

Ve svétle téchto udalosti se ukazuje, ze je tieba byt pfipraven i na znacné
nepravdépodobné scénate, jako jsou velmi tézké havarie jadernych zatizeni, kdy dojde
k uniku radiace a ovlivnéni obyvatelstva a zivotniho prostfedi. Pouze piislusné znalosti
umozni véas a spravné¢ reagovat pii takové havarii. Tento pfistup je v souladu s
doporudenimi IAEA [7] i Statniho Gfadu pro jadernou bezpeénost (SUJB) [8, 9]

1.2 Jaderna elektrarna Temelin

Jaderna elektrirna Temelin lezi v jiznich Cechach nedaleko Tyna nad Vltavou.
Elektrickou energii vyrabi ve dvou blocich s tlakovodnimi reaktory (PWR). Elektrarna
ma instalovany vykon 2 x 1125 MWe [10]. Vyroba elektiiny byla zahéjena v roce 2000,
v soucasné dobé JE Temelin spolu s JE Dukovany vyrabi pfiblizné tfetinu elektrické
energie vyrobené v Ceské republice [11]. V soucasnosti je zvazovana dostavba novych
blokli JE Temelin, posouzeni vlivili tohoto zdméru na Zivotni prostfedi bylo schvaleno
v roce 2013 [12].

JE Temelin pracuje jako tzv. tfiokruhova [13]. Energie je vyrabéna st€penim uranového
paliva v aktivni zon& reaktoru, kterd je chlazena vodou primarniho okruhu. Voda
v primarnim okruhu je v pfimém styku s aktivni zonou, tedy obsahuje radionuklidy, které

Velmi tézka havarie -

Havarie s Sirsimi 5
nasledky
Havarie s mistnimi 4
nasledky
Vazna nehoda 3
Nehoda 2
Anomalie
Odchylka 0

(2adny bezpednostni vyznam)

Obr.-1 » Mezinirodni-stupnice-hodnoceni-zdvaZnostijadernychudalosti INES



vznikaji S$tépnou reakci - S$tépné produkty, nebo které vznikaji aktivaci koroznich
produktii nebo chladiva a transurany. Z primarniho okruhu je vznikla tepelna energie
prevedena ptes parogenerator do sekundarniho okruhu, kde je pomoci turbiny a
generatoru vyrabéna elektricka energie. Sekundarni okruh je od priméarniho oddélen,
takze nedochazi k ptfechodu radioaktivnich latek z priméarniho okruhu do sekundarniho.
Zbytkové teplo je pak odvadéno chladicim (tercidlnim) okruhem pomoci chladicich vézi,
kde se ¢ast vody odpati, do ovzdusi. Chladici okruhy jsou provozovany jako uzaviené,
presto je pro udrzeni pozadované kvality vody nutné ¢ast vody z okruhu odpoustét (tzv.
odluhy) a znovu ji dopliovat.

Jako chladici voda pro JE Temelin je vyuzivana voda v Vltavy, ktera je Cerpana z vodni
nadrze (VN) Hnévkovice. Cést této vody je spotiebovéana v elektrarné (napf. odpafena na
chladicich vézich) a pouzité odpadni vody jsou vypoustény potrubim do feky Vltavy
v oblasti stupné Kofensko [13]. Vodni dilo Kofensko bylo vybudovano pro ucely
vypousténi odpadnich vod jadernou elektrarnou Temelin, aby bylo zajisténo lepsi
promiseni vypousténych kapalnych odpadid s povrchovou vodou [14]. Situace je
zobrazena na mapce na obr. 2.

Nejvétsi ¢ast odpadnich vod vypousténych z JE Temelin do Vltavy je tvofena odluhy
z chladiciho (tercidlniho) okruhu elektrarny (93-94 %) [13]. Protoze je chladici okruh
oddélen od aktivni zdény, neobsahuji tyto odluhy radioaktivni latky, které vznikly
v elektrarné. V elektrarné ale vznikaji také radioaktivni odpadni vody, jejich objem je

pomérné nizky, ale obsahuji zna¢né mnozstvi umélych radionuklidid. Tyto vody jsou

Hnévkovice a vypusté odpadni

Obr. 1 Umisténi JE Temelin s vyzna¢enim mista ¢erpani surové vody z VN
vody do VN Kofensko.



dikladné ¢istény (odparky a iontoménice) [13], shromazd’ovany v kontrolnich nadrzich
a az po kontrole ucinnosti odstranéni radioaktivity jsou vypustény spolu s ostatnimi
odpadnimi vodami do vodoteCe. Jedinym radionuklidem, ktery nelze odstranit z
odpadnich vod jaderné¢ elektrarny zadnou bézné dostupnou technologii, je tritium.
Vzhledem k jeho nizké radiologické nebezpecnosti je obvyklym zplisobem, jak se zbavit
tritiovych vod, je fizené vypousténi do recipientu, samoziejmé za piesné definovanych
podminek a za dodrzeni legislativnich limitd.

Jak vyplyva z dokumentace [15], JE Temelin musi kromé béznych provoznich situaci
zvladnout 1 situace havarijni, v€etné maximalni projektové nehody. Za maximalni
projektovou nehodu je povazovéano prasknuti potrubi primarniho okruhu, kdy dojde ke
ztraté chladiva. Pravdépodobnost této havérie je udavana v rozmezi 10 za rok — 107 za
tedy mohlo dojit s pravdépodobnosti nizsi, nez je pravdépodobnost maximalni projektové
nehody.

1.3 Studovany usek Vitavy a Labe

Reky Vltava a Labe jsou nejvétsimi fekami v Ceské republice. Délka toku feky Vltavy je
430 km [14], ro¢ni primérny pratok v profilu Vranany, nedaleko usti Vitavy do Labe, je
152 m*-s! [16]. Délka toku Labe na uzemi ¢eské republiky ¢ini pfiblizné 370 km [17] a
primérny roéni prittok v profilu D&cin je 309 m*-s™! [17].

Usek, sledovany v této praci za¢ina v Kofensku, kde jsou zatstény odpadni vody z JE
Temelin. Charakter tseku toku Vltavy pod Kotenskem vyrazné ovliviiuje fada vodnich
nadrzi, tzv. vitavsk4 kaskdda. Prvni z nich je VN Orlik, ktera je nejvetsi nadrzi ve
sledovaném useku. Jeji vzduti na VItavé zasahuje k vodnimu dilu Kotfensko a miize byt,
v zavislosti na vySce hladiny vice nez 65 km dlouhé[14, 18]. Pti vyssich hladinach vody
ve VN Orlik je stupen Kofensko zatopen a vzduti miiZze dosahovat az k VN Hnévkovice
o 10 km vyse po toku Vltavy. Pfiblizné v poloviné délky VN Orlik se vléva do Vltavy
feka Otava.

Dal§imi vodnimi dily na fece Vltavé je Kamyk, vyrovndvaci nadrz Orliku, a Slapy. VN
Slapy je na sledovaném tuseku druhd nejvétsi, hned po VN Orlik. Déle nésleduji VN
Stéchovice a VN Vrané, jejichz vzduti na sebe navzajem navazuji. Obé tyto nadrze jsou
intenzivné promichdvané (vlivem Spicek elektrarny Slapy a proudéni) [19]. Do prostoru
VN Vrané tsti feka Sazava.

Dale po proudu Vltavy se nachazi systém pratocnych jezi, které zajist'uji splavnost toku.
Do Vltavy nad Prahou vléva Berounka a u Mélnika Vltava usti do Labe.

Labe po soutoku s VItavou tece severozapadnim smérem, za Lovosicemi se staci k severu
a posléze k severovychodu. Nejvétsim piitokem Labe je na sledovaném useku feka Ohfte.

Na toku Labe pod soutokem s Vltavou byla v zdjmu splavnéni feky vystavéna tada
stupfiti. Jsou to vodni stupné Lovosice, Ceské Kopisty (Litoméfice), Roudnice nad
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Labem, Stéti, Dolni Betkovice a nejvyznamnéj$im je zdymadlo Stiekov. P¥ehled vodnich
dél na sledovanych tsecich Vltavy a Labe, sestaveny z dostupnych udajt [14, 18, 20],
[21], je uveden v tab. 1.

Nasleduje asi 40 km dlouhy usek toku s fi¢nim rezimem neovliviiovanym vodnimi
stavbami. Sledovany usek Labe konc¢i v Hiensku, kde feka opousti naSe tzemi. Dale feka
Labe pokracuje pres némecké uzemi a usti do Severnitho mote. Vyskovy profil
studovaného useku, sestaveny na zdkladé udaji Povodi Vltavy, s. p. [21], Povodi Labe,
s. p. [20] a DIBAVOD [22], je zobrazen na obr. 3.

Tab.1  Piechled vodnich dél na sledovanych tsecich Vitavy a Labe

Vodni dilo Tok R. km Objem [mil. m®] | Délka vzduti [km]

Kofensko Vltava | 200,41 | (2,80) (10,0)*- po VN Hnévkovice
65,7 - po VN Hnévkovice

Orlik Vitava 144,65 | 716,501 22,0 - do Otavy
7,0 - do Luznice

Kamyk Vitava 1347 12,981 10,0 - po VN Orlik

Slapy Vitava 91,69 269,30° 43,0 - po VN Kamyk

Stéchovice Vitava 84,32 10,44% 7,3 po VN Slapy

Vrané Vitava |71,33 | 11,10 13,1 - po VN Stéchovice
3,0 - do Sazavy

Modtany Vitava |62,21 |1,73 2:2 32 g::‘;jnky

Stitkovsky jez Vitava |54,14 |2,28 2,9

Staromeéstsky jez | Vitava 53,19 0,61 1,0

Stvanice Vitava |50,69 | 1,68 2,1

Troja Vitava 45,58 2,81 4.7

Klecany Vitava 37,08 2,41 6,5

Dolany Vitava 27,37 4,31 9,6

Mifejovice Vitava 17,98 3,07 9,2

Vranany Vitava 11,55 2,09 6,5

Dolni Befkovice | Labe 103,21 | 456 13,0

Stéti Labe 91,58 | 6,46 11,6

Roudnice Labe 82,34 4,54 9,3

Ceské Kopisty Labe 68,27 | 3,29 14,0

Lovosice Labe 60,13 4,15 8,1

Stiekov labe | 40,36 | 16,10 19,8

! Ovladatelny objem nadrie
? Pfi pIné hlading ovladatelného prostoru VN Orlik je VN Kgfenskg zatopena. Ovladatelny objem a délka vzdutf
jsou obsaZeny v Gdajich o VN Orlik.



Ze zminénych vodnich nadrzi na celém sledovaném tiseku, pouze VN Orlik a VN Slapy
spliuji kritéria pro stanoveni vodniho utvaru povrchovych vod stojatych (pfedevs§im
podminku doby zdrzeni del$i nez 5 dni [19, 23] a projevuje se zde stratifikace. Ostatni
useky sledované ¢asti toku Vltavy jsou klasifikovany jako vodni Gtvary povrchovych vod
tekoucich [16].

Transportem zneciSténi na toku Vltavy, predevSsim ve vitavské kaskadé, se ve svych
pracich zabyval Rudis$ [19, 24]. Transport znecisténi, pritékajiciho viltavskym ramenem
od Kofenska, se v dob¢ stratifikace odehravéa pouze ve vrstvé hypolimnia, pfi izotermii
(jarni a podzimni cirkulace), se pak transportu zneciSténi ucastni cely objem nadrze,
vyjma ramen piitokl. Rychlost transportu znecisténi je kromé aktualniho pratoku v toku
ovliviiovana manipulacemi na piehradé, pfedevsim v obdobi Spickovych pritokt
elektrarnou. Muze se také projevit vliv hustotnich proudt, kdy masa vody vstupuje do
nadrze a nezménéna (nepromisena) ji prochazi. Dochdzi tak ke snizeni dob zdrzeni
v nadrzi [19]. Hustotni proudy, které prosly VN Orlik, ve VN Slapy zanikaji.
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1.4 Kontaminace povrchové vody umélymi radionuklidy

V minulosti bylo Zivotni prostfedi kontaminovano umélymi radionuklidy. Na naSem
uzemi jsou hlavnimi zdroji této kontaminace atmosférické testy jadernych zbrani (v 50. a
60. letech 20. stoleti) a havarie v Cernobylu (v roce 1986) [25]. Toto zne&isténi umélymi
radionuklidy se projevuje pfi pravidelném monitoringu vlivu JE Temelin na hydrosféru,
kdy jsou dlouhodobé sledovany trovné umélych radionuklidé (tritium, *°Sr a '3’Cs)
v tocich v okoli elektrarny, a to v profilech ovlivnénych vypustémi odpadnich vod i
v profilech neovlivnénych pro zjisténi pozadi.

Od 90. let 20. stoleti, kdy byl monitoring zahajen, byl pozorovéan pokles aktivit *°Sr a
137Cs ve viech sledovanych slozkach hydrosféry, ktery je rychlejsi, nez by odpovidalo
pouhé radioaktivni pteméné. V soucasné dob¢ jsou aktivity téchto umélych radionuklida
v Ceské republice velmi nizké [26]. Podobné trendy byly pozorovény i v jinych ¢astech
Evropy [27-31].

Jak bylo zminéno v kapitole 1.2, pfi bézném provozu JE Temelin uvolituje do zivotniho
prostiedi dekontaminované radioaktivni odpadni vody. Ve vypousténé vycisténé odpadni
vod¢ se nachdzi také ur¢ité mnozstvi tritia. Tento radionuklid neni mozné z odpadnich
vod dostupnymi technologiemi ucinn¢€ odstranovat, proto je fizené¢ vypoustén do
vodote¢e. Déle odpadni vody obsahuji zbytkové mnozstvi ostatnich aktivacnich a
Stépnych produktl, které je vSak velmi nizké. Vypousténé mnozstvi radionuklidi je
peclivé sledovano [32] a pfi uvoliovani radionuklidit do Zivotniho prostfedi musi byt
splnény vSechny podminky dané legislativou [33, 34] i rozhodnutim piislusnych urada
[35].

Objemova aktivita tritia, které pochdzi z JE Temelin, je méfitelnd v podélném profilu
Vltavy a Labe az po hrani¢ni profil Hfensko. Objemové aktivity ostatnich aktiva¢nich a
Stépnych produktl jsou tak nizké, Ze jsou prekryvany kontaminaci hydrosféry v disledku
haviérie jaderného reaktoru v Cernobylu a atmosférickych testi jadernych zbrani [36-38].

V ptipadé tézké havarie JE Temelin by mohlo dojit ke kontaminaci hydrosféry tfemi
hlavnimi zptsoby [15]:

e Depozice z atmosféry: Po tniku radioaktivnich latek do atmosféry bude dochazet
k depozici radioaktivnich latek na povrch, vcetné hladiny vodnich ploch.
Depozice miiZze probihat tzv. suchou depozici, kdy dochazi k vypaddvani
radioaktivnich latek vdzanych na Castice rozptylené do atmosféry, a mokrou
depozici, kdy jsou radioaktivni latky z atmosféry vymyvany srazkami.

e Pfimy Gnik v kapalném stavu: Jednad o pfimy unik radioaktivniho zneciSténi v
kapalném stavu do vodotece, pravdépodobné potrubim pro vypousténi odpadnich
vod do oblasti VN Kofensko. Mira kontaminace toku feky Vltavy zavisi na
mnozstvi uniklych radioaktivnich latek a na aktualnim pratoku ve vodoteci [15]

e Prisakem do podzemnich vod: V piipadé¢ tniku radioaktivnich latek do
geologického podlozi a kontaminace podzemnich vod se budou radionuklidy
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pohybovat ve sméru proudéni podzemnich vod, popt. budou sorbovany na pevné
¢asti a tim fixovany v horninovém prostfedi. Podle prace [39] je smér toku
podzemnich vod z temelinského navrsi vSemi sméry. Zjisténé migracni doby
radionuklidii jsou znacné a davaji prostor pro ozdravna opatfeni po piipadném
uniku radioaktivnich latek do podzemnich vod. Zavazna kontaminace povrchové
vody ve Vltavé timto zpisobem je nepravdépodobna.

Radioaktivni kontaminaci je oznacovana smeés Siroké Skdly radionuklidii a rGznymi
fyzikélnimi 1 chemickymi vlastnostmi. Podle studie Energoprojektu [40] je nutné pfi
ptipadné t€zké havarii uvazovat nasledujici skupiny radionuklidi:

e Vzicné plyny Vyznamné pii kontaminaci atmosféry, neni vSak relevantni
uvazovat je v pfipadé kontaminace povrchovych vod spadem po tUniku
radioaktivnich latek do atmosféry.

e Jod (zejména *'1): Vzhledem k polocasu rozpadu 8,04 dni je vyznamny pro
kratkodobé a stiednédobé néasledky havarie, kontaminace povrchové vody 'l se
relativné rychle snizuje.

e Cesium (zejména *’Cs): Hlavni zdroj ozafeni z dlouhodobého hlediska (polocas
rozpadu 30,0 let), dlouhodoba kontaminace zivotniho prosttedi i potravinového
retézce.

e Ostatni $tépné produkty (zejména Te, Sr, Ru, La, Ce, Ba) a aktinoidy: Pfi t¢zké
havarii jsou uvolilovany v nezanedbatelném mnozstvi, avS§ak méné vyznamném
nez ¥’Cs.

Nejzavaznéjsi z hlediska rizik pro lidské zdravi a kontaminace ekosystému jsou ty
radionuklidy, které maji relativn€ dlouhy polo€as rozpadu, vysilaji vysoce ionizujici
zéfeni a jsou vyznamn¢ akumulovany Zivymi organismy.

Transport radioaktivnich kontaminantli v povrchové vodé ovliviiuji predev§im fyzikalni
faktory, kterymi se zabyval napt. Monte [41] nebo Rudis$ [19] (vitavska kaskada):

e Rychlost proudéni: Radioaktivni latky se pohybuji spolu s vodnimi masami,
dochazi k pistovému Sifeni znecisténi ve sméru toku.

e Disperze: V zavislosti na turbulenci proudéni je znecisténi rozptylovano a dochazi
k miseni jednotlivych vodnich mas sriznym obsahem kontaminujicich
radioaktivnich latek.

e Sorp¢ni procesy: Dochazi k sorpci radionuklidi na nerozpusténé latky obsazené
ve vode, které pozdéji sedimentuji, pfipadné jsou radionuklidy sorbovany jiz
uloZzenymi sedimenty. Toto rozd€leni mezi pevnou a kapalnou fazi ovliviiuje
migraci radionuklidi v zivotnim prostiedi a jejich pronikani do potravnich
retézcu.

e Diftze: Difize mlize mit vliv na Sifeni znecisténi mezi jednotlivymi vodnimi
masami nebo na prestup latek v systému sediment-voda. Hnaci silou diftize je
koncentra¢ni gradient. Rychlost difuze ve vodé je obecné pomérné mala.
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2 Cile prace

Obecnym cilem této prace je ziskat a rozSifit znalosti o chovéani a transportu
radioaktivniho znecisténi v hydrosféte pii zavazné radiacni udalosti, konkrétné je prace
zam¢iena na JE Temelin a stfedni a dolni tok Vltavy a navazujici tok Labe. Tento obecny
cil byl rozpracovan ve tiech dil¢ich cilech (DC):

DC 1. Stavajici (predhavarijni) obsah radionuklidi v okoli JE Temelin —
porovnani metod hodnoceni

V hydrosfére v okoli JE Temelin jsou umélé radionuklidy pifitomny jako rezidudlni
kontaminace po atmosférickych testech jadernych zbrani a havarie v Cernobylu. Jejich
urovenl je dlouhodob¢ sledovdna a vyhodnocovana. V soucasné dob¢ vSak monitoring
Casto Celi problémlim, které jsou diisledkem poklesu obsahu radionuklidii ve vodnim
prostiedi, kdy se n¢které objemové aktivity ve vodé€ dostavaji se na hranici méfitelnosti.
Stejné tak metody vyhodnocovani namétenych dat prochazi vyvojem.

Jednim z dil¢ich cila této prace bylo vyzkouset, navrhnout a ptipadné zhodnotit Gcelnost
vyuziti alternativnich metod vyhodnocovani objemovych aktivit radionuklidii
v hydrosfére.

Tento DC je zpracovan v publikaci [45].

DC2. Sorp¢éni vlastnosti umélych radionuklidii v hydrosfére

Zptsob migrace radionuklidli ve vodnim toku miZze byt z velké miry ovlivnén jejich
schopnosti sorbovat se na pevné ¢asti hydrosféry - nerozpusténé latky a sedimenty. V
oblastech vodnich nadrzi, kterych se na studovaném useku nachézi celd fada, dochazi ke
zpomaleni toku a zvySeni sedimentace nerozpusSténych latek unaSenych vodou. Spolu s
nimi se usazuji 1 latky na nich adsorbované a stavaji se soucasti dnovych sedimenti.
ProtoZe ,,radioaktivni kontaminace* je pfedstavovana riznorodou smési latek s riznymi
fyzikéalnimi a chemickymi vlastnostmi, lze pfedpokladat, ze i mira jejich zachytavani na
pevnych latkach v toku bude riizna.

Dal8im z cild prace tedy bylo zjistit miru sorpce vybranych umélych radionuklidi ve
studovaném Useku Vltavy a Labe, kterd predstavuje vyznamny faktor ovliviiujici migraci
radionuklidii v toku.

Tento DC je zpracovan v publikacich [49, 50].

DC 3. Transport kontaminace v toku a jeho vyhodnoceni s vyuZitim tritia
jako stopovaci latky

Za bézného provozu vypousti JE Temelin do toku méfitelné mnozstvi tritia. Odpadni
vody obsahujici tritium jsou shromazd’ovany v kontrolnich nadrzich, které jsou po
ovéfeni obsahu radioaktivnich latek vypuStény do toku Vltavy. V duasledku tohoto
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vypousténi je v recipientu odpadnich vod mozno méfit v Case proménlivé objemové
aktivity tritia.

Dil¢im cilem této prace je ovéfit, zda lze vyuzit tritia métené¢ho v povrchové vodé pod
zausténim odpadnich vod z JE Temelin k vyzkumu migrace kontaminace ve Vltavé a
Labi za podminek jaderné nehody s uvolnénim radioaktivnich latek do hydrosféry.

Tento DC je zpracovan v publikacich [51, 52].
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3 Metodika

DC 1. Stavajici (predhavarijni) obsah radionuklida v okoli JE Temelin -
porovnani metod hodnoceni

V DC 1 prace vyuziva data, kterd byla shromazdéna na pracovisti Radioekologie VUV
TGM, v. v. 1., v ramci monitoringu hydrosféry v okoli JE Temelin, ktery probihal od roku
1993 a navazuje na praci [42].

Jiz diive byla tato data vyhodnocovéna, zejména ve snaze popsat rezidualni kontaminaci
povrchovych vod, ktera pochazi z atmosférickych testii jadernych zbrani a havérie
v Cernobylu, jak je popsano v kapitole 1.4. Je patrné, Zze obsah umélych radionuklidi *°Sr
a ¥’Cs v ¢ase v hydrosféte ubyva, a to rychleji, nez by odpovidalo pouhé radioaktivni
pfeméné téchto radionuklidi. Roli zde hraji transportni procesy, které v Zivotnim
prostiedi probihaji. Ve VUV TGM, v. v. i., [38] i na jinych pracovistich [27, 30, 43] byla
pro popis ubyvani umélych radionuklidii z hydrosféry pouzivana kinetika 1. fadu:

c=cqy-ekt (1)
) — In2 )
Tery
kde

c je objemova aktivita radionuklidu v povrchové vodé [Bq/m?]

co objemova aktivita radionuklidu v povrchové vodé€ na po€atku monitoringu nebo
v jiném vztazném okamziku [Bq/m?]
k rychlostni konstanta ubyvani [1/rok],

t doba, kterd uplynula od zacatku monitoringu nebo jiného vztazného okamziku
[rok],

Ty efektivni ekologicky poloc€as ubyvani [rok],

Tato rovnice muze byt pouzita nejen pro povrchovou vodu, jak je popsano, ale také pro
sediment, pokud zaménime objemovou aktivitu v povrchové vodé ¢ [Bq/m?®] za
hmotnostni aktivitu v sedimentu a [Bq/kg].

Jako alternativni ptistup byl zkouméan model [27, 43, 44]:

c=co (@ et +(1—a) ekt 3)
In2 In2

k, =2 g =

Y Teppd TF T Terp )

kde

c je objemova aktivita radionuklidu v povrchové vodé [Bq/m’]
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co objemova aktivita radionuklidu v povrchové vodé¢ na pocatku monitoringu nebo
v jiném vztazném okamziku [Bq/m?]

ki k> rychlostni konstanta ubyvani pro rychlé, resp. pomalé procesy [1/rok],

t doba, ktera uplynula od zac¢atku monitoringu nebo jiné¢ho vztazného okamziku
[rok],

a empirickd konstanta

Tep1, Tepp efektivni ekologicky polo€as ubyvani pro rychlé, resp. pomalé procesy
[rok],

Stejné jako ptredchozi rovnice, 1 tato mize byt pouzita nejen pro povrchovou vodu, jak je
popsano, ale také pro sediment, pokud zaménime objemovou aktivitu v povrchové vodé
¢ [Bgq/m®] za hmotnostni aktivitu v sedimentu a [Bg/kg].

DC 2. Sorp¢ni vlastnosti umélych radionuklidia v hydrosféie

Sorpce radionuklidd v hydrosféte byva popisovana pomoci distribu¢niho koeficientu Ky
[43]:

Ka je distribu¢ni koeficient [I/kg],

K, =—= 5
17 ¢, (5)
de hmotnostni aktivita radionuklidu v pevné fazi v rovnovazném stavu [Bg/kg],
Ce objemova aktivita radionuklidu ve vodné fazi v rovnovazném stavu [Bq/l]

Pro ucely této prace byla vyvinuta metodika stanoveni Ky pro umélé radionuklidy
v systému sediment — voda a nerozpusténé latky — voda [46]. Metoda vychéazi ze
standartnich metodik [47, 48], které byly optimalizovany a odzkouSeny pro vodni
prostiedi a umélé radionuklidy [49].

Pomoci této metody byly stanoveny hodnoty Kz v sedmnécti lokalitach na toku Vlitavy a
Labe, vzdy pro sediment i pro nerozpusténé latky, a to pro sedm vybranych zastupct
umélych radionuklid: P'I, 134Cs, %Sr, ®Co, **'Am, '¥Ce, '*°Ba. Sledované umélé
radionuklidy byly vybrany tak, aby byly zastoupeny ty radionuklidy, které mohou byt
v ptipad¢ jaderné havarie nejvyznamnéjsi, a to v kratkodobém 1 dlouhodobém métitku.

DC 3. Transport kontaminace v toku a jeho vyhodnoceni s vyuZitim tritia
jako stopovaci latky

Pro ovéfeni, ze Ize tritia vypousténého JE Temelin do toku Vltavy vyuzit jako stopovaci
latky, byla pouzita data dlouhodobé méfena ve VUV TGM, v. v. i., na nékolika profilech
Vltavy a Labe: Kotensko pod, Solenice, St&chovice, Podoli, Zel¢in a Hiensko, které jsou
ovlivnény vypustémi tritiovych vod z JE Temelin, a ve dvou profilech referencnich,
neovlivnénych tritiovymi vypustémi: Hluboka a Lysa nad Labem (viz mapka na Obr. 4).
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Tritium je vuvedenych profilech sledovano s frekvenci 1 x mésiéné az 2 x tydné,
v laboratofi je stanovovano metodou kapalinové scintilacni spektrometrie,
v neovlivnénych profilech je zafazena wunikdtni pteduprava elektrolytickym
zakoncentrovanim, kterd umoziuje stanoveni velmi nizkych objemovych aktivit tritia,
zejména ve srazkovych, podzemnich vodach, nebo ve vodich povrchovych
neovlivnénych tritiovymi vypustémi z jadernych elektraren [51].

sko
Zelcin
Lysa n. L.
Podoli
Stéchovice
Solenice
Korensko
Profil monitoringu tritia
QOvlivnény
Hluboka o vy ,
Referencni
10 20 30 40
Km

Obr.4  Mapka profili odbéru povrchové vody pro stanoveni objemové aktivity tritia
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4 Hlavni vysledky a diskuze

DC 1. Stavajici (predhavarijni) obsah radionuklida v okoli JE Temelin -
porovnani metod hodnoceni

Z dlouhodobého pozorovani bylo jiz dfive zjiSténo, Ze hodnota Tef se v prubehu casu
meéni — polocas se prodluzuje a tedy Ze umélé radionuklidy z hydrosféry ubyvaji pomaleji
pracovistich [27, 30]) byla tato skutecnost zohlednéna pii vyhodnocovani dat tim, ze
obdobi pozorovani bylo rozdéleno na dva i vice Casovych usekt, kde v kazdém je rychlost
ubyvani popisovana konstantnim 7 podle rovnic (1) a (2), ktery se mezi témito tseky
skokoveé méni. To ale odporuje piedstavé ptirozenych procest v zivotnim prostiedi, kdy
jich probiha vice najednou, nebo plynule mezi sebou prechdzi, ¢i nekteré nabyvaji na
dilezitosti s tim, jak se jiné vytraci. U tohoto pfistupu je problematicka i volba hranice
mezi jednotlivymi ¢asovymi useky, kterd mize mit vliv na vysledky vyhodnoceni.

Z uvedenych divodi byly zkoumany moZnosti vyuziti popisu kinetiky ubyvani
radionuklidii v hydrosféfe takovym zpiisobem, ktery by respektoval plynulost dé&je pii
zachovani popisu zpomalujiciho se ubyvani radionuklidi z hydrosféry v case. Jako
vhodny néstroj pro vyhodnoceni dat se jevi model (3). Vyhodou uvedeného modelu (3)
je, Ze popisuje ubyvani souvisle v celém obdobi sledovani a soucasné respektuje ménici
se rychlost ubyvéni, a tim vice odpovida skuteCnosti. Zda se tedy pro popis ubyvani
umélych radionuklidii z hydrosféry jako vhodné&jsi nezZ model popsany rovnici (1). I tento
pfistup ale nardzi na nékterd omezeni, ktera vychazi zejména zrozsahu a kvality
zpracovavané datové sady. Pfistup (3) je vhodny zejména pro dlouhé a konzistentni
Casové fady kvalitnich dat. Pokud datové sady nespliuji tato kritéria, vysledky
poskytované timto modelem nejsou relevantni pro popis déje, protoZe maji pfili§ vysokou
nejistotu, jak je uvedeno v ¢lanku [45].

Z uvedeného plyne, Ze model (3) vérnéji popisuje ubyvani umélych radionuklidi
z hydrosféry jako komplexni d¢&j, ktery se sklada z dil¢ich procesii riznych rychlosti. Je
vSak vhodny jen pro omezené mnozstvi velmi kvalitnich a dlouhodobych ¢asovych tad.
V ostatnich piipadech tento model nedava relevantni vysledky. Dlouhodobé, méné
konzistentni ¢asové fady je nutno popisovat pomoci modelu (1) a rozdélit sledované
obdobi na dva nebo vice samostatn¢ vyhodnocovanych tsekil, a to i s védomim omezeni
z toho vyplyvajicich. Kratkodobé ¢asové fady je vhodné popsat jednoduchou kinetikou
prvniho fadu (1), protoZe v téch piipadech byva zména v rychlosti ubyvani zanedbatelna.

DC 2. Sorp¢ni vlastnosti umélych radionuklidia v hydrosfére

Ackoliv pojem ,,umélé radionuklidy” oznacuje skupinu kontaminantli Zivotniho
prostiedi, kterd mize mit zna¢né rozdilné vlastnosti a chovani, 1ze fici, Ze sorpce hraje pfi
jejich transportu v hydrosféfe podstatnou roli, samoziejmé v zavislosti na vlastnostech
konkrétniho radionuklidu. Tento fakt je jesté v podminkach okoli JE Temelin umocnén
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tim, Ze v jeji blizkosti, na toku tésné pod vypusti odpadnich vod z elektrarny, se nachazi
VN Orlik a také dalsi nadrze vltavské kaskady, jak bylo popsano v kapitole 1.3. Zde
dochdzi k vyznamnému zpomaleni toku [19], coz umoziiuje sedimentaci nerozpusténych
latek a na n¢ vazanych kontaminantt. Tim je transport téchto kontaminantt dale po toku
omezen.

Bylo zjisténo, ze mira sorpce jednotlivych radionuklidi na dnové sedimenty a na
nerozpusténé latky se zna¢né lisi. Rozdil je pficitan piredev§im odliSné zrnitosti téchto
dvou slozek hydrosféry. Dale se hodnoty Ky 1isi pro jednotlivé radionuklidy, coz bylo
v souladu s oéekavanim. V priiméru se hodnoty K, snizovaly v fadé: 1*°Ce > 134Cs > 1**Ba
> 24 Am > %0Co > 858r > 13! pro sorpci na sedimenty, °Co >13Ce > 2! Am > 133Ba > 13!]
> 134Cs > 85Sr pro sorpci na nerozpusténé latky. Mezi hodnotami Ky, zjisténymi pro tyto
radionuklidy v jednotlivych lokalitach, byla také variabilita zna¢na, a to i o fad pro stejny
radionuklid. Podrobné vysledky jsou uvedeny v ¢lanku [50].

Pro vysvétleni zminénych rozdili v hodnotach Ky v jednotlivych lokalitach byla pro
systém sediment-voda provedena analyza zavislosti sorpce zkoumanych umélych
radionuklidi na vlastnostech sedimentu. Za i¢elem tohoto vyhodnoceni byly v externi
geotechnické laboratofi stanoveny vlastnosti sedimentli: zrnitost (stfedni rozmér ¢astic,
podil prachovych ¢astic s rozmérem niz$im nez 0,063 mm) a mineralogické slozeni (podil
kfemene, podil zivcl, podil organické hmoty - jako ztrata zihanim). Pro nerozpusténé
latky tato analyza provedena nebyla, protoZe mnoZstvi odebrané pevné faze v tomto
ptipad€ neumoznovalo provést stanoveni jejich vlastnosti.

Pro vyhodnoceni zavislosti byla pouzita metoda multilinearni regrese. NejCastéji sorpce
radionuklidii zavisela na ukazatelich zrnitosti, ale nejednalo se o zji§téni univerzalni, coz
bylo vrozporu s ocekavanim. Ani v parametrech mineralogického sloZeni nebyly
zjiStény univerzalni zavislosti. Prokéazalo se tedy, Ze sorpce je komplexni proces, ktery
ovliviiuje mnoho faktorti, véetné téch, které nebyly zahrnuty do studie.

DC 3. Transport kontaminace v toku a jeho vyhodnoceni s vyuZzitim tritia
jako stopovaci latky

Na profilech ovlivnénych vypustémi z JE Temelin jsou hodnoty navySeny v disledku
vypousténi tritiovych odpadnich vod, jak je popsdno v kapitole 1.2. Nejvyssi hodnoty
objemové aktivity tritia byly naméfeny v profilu Vltava Kotfensko pod, ktery se nachazi
tésné pod zdrojem znecisténi, nejnizsi v Hiensku na Labi, které je od zdroje nejdale. V
jednotlivych sledovanych profilech objemovéa aktivita tritia klesala se vzdalenosti od
vypusté odpadnich vod z Jaderné elektrarny Temelin s tim, jak je navySovana vodnost
toku pfitoky s pozadovou objemovou aktivitou tritia a trittum vypousténé z Jaderné
elektrarny Temelin je fedéno [52].

Na zaklad¢ bilance tritia v jednotlivych monitorovanych profilech byly vypocitany
objemové aktivity tritia v némecké ¢asti toku Labe. Tyto namodelované objemové
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aktivity byly poté porovnany s hodnotami naméfenymi mistnimi organy, se kterymi byly
ve velmi dobré shod¢ [52].

Vyuziti tritia jako stopovaci latky pro ucely stanoveni dob dotoku kontaminace do
zajmovych mist ve studovaném tseku toku je problematické a vyzaduje dalsi zkoumani.
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5 Zavéry

Prace se zabyva situaci, kdy dojde k havarijnimu tniku radioaktivnich latek do toku
Vltavy a navazujiciho tseku Labe. Tato situace je velmi malo pravdépodobna, protoze
JE Temelin splnuje veskeré bezpecnostni pozadavky kladené na zatizeni tohoto typu.
Nasledky takové udalosti by ale byly velmi zavazné, proto je tfeba se jimi zabyvat.

Aby bylo mozno vyhodnotit vliv JE Temelin na okolni prostfedi, je nutné znat jeho
referen¢ni stav. V soucasnosti probihd monitoring okoli JE Temelin, kdy jsou méteny 1
um¢lé radionuklidy v okolni hydrosfére. Detekovany jsou zustatkové aktivity umélych
radionukliddi, které pochézeji z havarie v Cernobylu a atmosférickych testdl jadernych
zbrani v minulém stoleti, v soucasné dobé jsou tyto aktivity velmi nizké a pribézné
klesaji.

Stavajici zplisob vyhodnoceni sniZovani aktivit umélych radionuklidt v hydrosfére neni
zcela vyhovujici, byl proto hledédn alternativni pfistup, ktery by zohlediioval komplexnost
probihajicich procest. Bylo vSak zjiSténo, Ze je vhodny jen pro urcité datové sady,
v ostatnich pfipadech je nutné zachovat stavajici zptisob vyhodnoceni i s védomim jeho
nedostatkl.

Pii transportu radioaktivniho zne€isténi, které by uniklo z JE Temelin do toku Vltavy, by
vyznamnou roli hrala sorpce radioaktivniho znecisténi na pevnou fazi v hydrosféfe: na
dnové sedimenty a na nerozpusténé latky ve vodé. Pro vétSinu radionuklidii byly zjistény
hodnoty Ku pro sorpci na sedimenty a na nerozpusténé latky, které znamenaji, ze velka
¢ast radioaktivniho znecisténi by byla navazana na tuto pevnou slozku a zlstala by
zachycena v dnovych sedimentech VN Orlik. Vyjimku tvoii radionuklidy '*'T a *Sr, které
vykazovaly sorpci niZsi, takZe by mohly piekonat VN Orlik a byt transportovany dale po
toku. U !**Cs byla zjiténa vysoka sorpce na sedimenty, u nerozpusténych latek byla ale
sorpce nizsi, takze 1ze ocekavat, Ze se by pod VN Orlik mohlo dostat i vyznamné mnoZstvi
izotopll cezia. Obecné lze ale konstatovat, Ze VN Orlik by v takové havarijni situaci
mohla piisobit jako vyznamny zachyt kontaminace a snizovat jeji pronikani niZe po toku.
V cCasné fazi kontaminace hydrosféry tedy sorpce zneciStujicich latek na nerozpusténé
latky a sedimenty ptsobi snizeni kontaminace toku.

Byly také hodnoceny souvislosti sorpce jednotlivych radionuklidii a vlastnosti sedimenti.
Casteéné bylo potvrzeno odekavani, Ze je sorpce vyssi pro jemnozrnnéjsi material, dale
nékteré zavislosti na mineralogickém sloZeni, ale nebyl mezi zkoumanymi parametry
nalezen Zadny, ktery by platil univerzalné pro sedimenty odebrané ve vSech lokalitach.
Vyznamnou roli zde tedy ziejmé& hraji procesy a parametry, které nebyly zafazeny do
analyzy. Hodnoty Ky jsou tedy specifické pro danou lokalitu a pro dany radionuklid,
mohou se liSit i fddové€ a je vhodné je pro modelovani transportu znecisténi v hydrosfére
stanovit vzdy pro konkrétni tcel.

Dale bylo posuzovéno, zda lze vyuzit tritium, vypousténé z JETE do toku Vltavy, jako
stopovaci latku pro odhad Sifeni znecisténi. Tritium je jako izotop vodiku soucasti
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molekul vody, takze jeho sledovanim je mozno urcit pohyb vodnich mas jako takovych.
Bylo zjisténo, ze v tomto ohledu je tritium dobrym stopovacem, neni ovlivnén sorpci na
pevné ¢asti hydrosféry, jeho ubyvani v disledku radioaktivni pfemény lze vzhledem
k dobam dotoku ve Vltavé a Labi zanedbat, stejné jako napt. ztraty v disledku vyparu.
S uspéchem bylo pouzito pro modelovani rocnich primérnych aktivit tritia v lokalitach
dale po toku. Pro odhad dob dotoku, zejména pro vyhodnoceni havarijnich situaci na
¢eském izemi, je jeho vyuziti problematické a bude predmétem dalSiho vyzkumu.
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SUJB Statni Girad pro jadernou bezpecnost

INES Mezinarodni stupnice jadernych wudélosti (International Nuclear and

Radiological Event Scale)
VN vodni nadrz

VUV TGM, v. v.i. Vyzkumny ustav vodohospodafsky T. G. Masaryka, vefejna
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Abstract A significant amount of artificial radionu-
clides has been introduced into the environment in
the last century during atmospheric nuclear weapons
tests and the Chernobyl accident. In this study, we
investigated the temporal changes of concentrations
and amounts of these radionuclides (°°Sr and '*"Cs)
in surface water and river bed sediments. In order to
evaluate the artificial radionuclide contamination
diminution, we used and compared two different
approaches: using a kinetic equation of the first
order and, if needed, dividing the monitored period
into two intervals, and in addition expressing the
whole process in one equation with a series of
exponential functions. Effective ecological half-
lives were estimated as rates of decrease. In most
cases, the ecological processes were proven to affect
the radionuclide removal from the hydrosphere be-
sides their radioactive decay. Furthermore, based on
the assessment made, the *°Sr and '*’Cs data were
extrapolated and the radionuclide concentrations,
which occurred in the hydrosphere after the fallout
deposition in 1986, were estimated.
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1 Introduction

In the last century, during atmospheric tests of
nuclear weapons and, later, during the accident at
the Chernobyl nuclear reactor, artificial radionu-
clides were introduced into the environment (Izrael
2007). Nowadays, mainly tritium (3H), strontium 90
(QOSr) and caesium 137 ('37Cs) are found in sam-
ples of surface water and other components of the
hydrosphere, not only in the vicinity of the
destroyed Chernobyl power plant (Bondar et al
2015) but also at more remote locations. However,
these radionuclides have been observed to decrease
continuously since they were introduced into the
environment (Hanslik et al. 2009; Hanslik and
Ivanovova 2010; Smith and Beresford 2005;
Vakulovsky et al. 1994; Zibold et al. 2002).

These artificial radionuclides have also been detected
in our area, in the hydrosphere of the Vltava River and
its tributaries in the Czech Republic. The Temelin nu-
clear power plant operates in this region and releases its
waste water into the stream of the Vltava River, as
shown in Fig. 1. The impact of radioactivity released
by the nuclear power plant is negligible, with the excep-
tion of tritium, as we described elsewhere (Hanslik et al.
2009, 2010). Because the power plant’s contribution to
the total amounts of "*’Cs and *Sr in the recipient is so
low that it is covered with the old contamination, the
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All samples were collected and processed according
to standardized methods—ISO 5667-6 (2014) and ISO
5667-12 (1995). For analysis of '*’Cs and *’Sr, large
samples of water (50 |) were taken at a frequency of four
samples per year. Immediately afier that, water samples
were stabilized with nitric acid to pH 2 and then, after
transporting to the laboratory, dried by vaporization.
The dry samples were ignited (350 °C) and then
analysed.

Sediment samples were collected once a year by a
diver from the sediment top layer (about 10 cm deep).
The locations were identical to the surface water sam-
pling sites. After collection, the sediment samples were
dried at 105 °C, hermetically sealed in measuring con-
tainers. Grain size of the sediment samples was gener-
ally less than 2 mm.

The "*’Cs concentrations were analysed using
gamma-spectrometry (ISO 10703 2007), for which a
Canberra device (HPGe semiconductor detector) was
used. The measurement duration was set up in order to
achieve the requested minimum detectable activity
(MDA) at a level of significance of a=/3=0.05. Indeed,
a counting time of 2 days was necessary to bring the
MDA of '*’Cs in water down to required 0.5 mBq 1.
OSr was determined a standard method after radiochem-
ical separation (Eaton et al. 2005). Although the
methods were adjusted to reach low MDAs, some ac-
tivity concentrations still remained below the detection
limits. However, these values were included in the as-
sessment as MDA, Activity concentrations of '*’Cs and
%0Sr were determined in total solids (both in dissolved
and suspended solids); '*’Cs and *Sr concentrations in
sediments were expressed in becquerel per kilogram of
dry matter.

3 Calculation

The analytical data on the activity concentrations of
radionuclides in surface water were assessed by
using several mathematical methods which are
briefly described below. The temporal changes of
the radionuclide amounts in the hydrosphere can be
described with first-order kinetics (Smith and
Beresford 2005).

__In2
¢ = cpre Ter (1)

where

c is the radionuclide activity concentration in
surface water (Bq m ) which can be substituted
with a—radionuclide specific activity in sediment

(Bqkg )
T 1s the effective ecological half-life (year)
t is the time elapsed from the beginning of the

monitoring (year)

co 1s the activity concentration in water at the
beginning of the observation (Bq m ) which can
be substituted with ap—radionuclide specific
activity in sediment at the beginning of the
observation (Bq kg ')

The effective ecological half-life 7,g describes the com-
plex process of the activity concentration decline in the
hydrosphere generally. It involves both physical radioac-
tive decay and decrease resulting from ecological process-
es occurring in water environment. To describe the rate of
the ecological processes only, ecological half-life (7..)
can be used. Ecological half-lives were calculated using
the following equation (Smith and Beresford 2005):

111 )
-chul -ch'f Tp
where

Tecol s the ecological half-life (year)

T, is the physical half-life (year)

As the collected data indicate, the effective rate of
radionuclide decline changes in proportion to the time
elapsed from the beginning of the observation. In the
early stage, decrease of the radionuclide concentration
appears significantly faster than in the later period, so
describing the process by simple first-order kinetics is
insufficient. That is a result of aging of the radionuclide
bonds in the environment, when the initial weak inter-
actions transform to stronger bonds as radionuclides
become incorporated to the environmental structures
(soil, biomass, sediment). Therefore, we searched for a
more appropriate method of data assessment.

The collected data on radionuclides in the hydro-
sphere were analysed in two different ways:

» Approach 1: Using the kinetic equation of the first
order (1) and, if needed, dividing the monitored
period into two intervals and assessing the data in
these two periods separately. This approach is wide-
ly accepted for evaluating the radionuclide behav-
iour in rivers. For example, it was used by Maringer

@ Springer



Water Air Soil Pollut (2015) 226: 335

Page Sof 11 335

Fig. 2 Evaluation of the e
data measured in surface water at
the monitoring sites, evaluated
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concentrations of *’Cs were below 1.5 mBq 1" in the
surface water of all monitored sites in 2014 (see
Table 1). In the beginning of the monitoring, the 37Cs
concentrations in surface water were notably higher in
comparison to the values measured in Spain in a similar
time period (Sanchez-Cabeza et al. 2000). That corre-
sponds to significantly lower deposition of '*’Cs after
the atmospheric nuclear weapons tests and the Chemo-
byl accident (De Cort et al. 1998). The '*’Cs concentra-
tions measured in the region of Middle Europe were
similar to our results (Maringer et al 2004 and Maringer
et al. 2009).

To express the activity concentration decline in num-
bers, we compared two ways of evaluation—approach 1
and 2—described in Section 3. Table 2 compares the
results of assessing the temporal changes of '*'Cs ac-
tivity concentrations gained using both models. To dis-
tinguish spatial differences, the calculated values of

effective ecological and ecological half-lives are shown
for various sites.

As can be seen, when using approach 1, the evaluated
effective ecological half-lives were in the range of 1.5—
2.2 years in the first period and significantly longer in
the second period, 8.3-15 years. Ecological half-lives
were in the range of 1.5-2.4 years in period 1 and 11.4-
28 years in period 2. The fact that the effective ecolog-
ical half-lives are shorter than the half-life of the '*'Cs
radioactive decay (30.1 years) indicates that there are
still other processes of the radionuclide removal from
the hydrosphere than the radioactive decay (e.g. desorp-
tion and washout).

These results show that the second approach,
assessing the data with a series of exponential functions
in the whole period altogether, gives results comparable
to approach 1. The half-lives (ecological and effective
ecological), describing the fast early phase of the

Table 3 Specific activities of '*’Cs measured in bed sediments in the beginning of the monitoring (including standard deviations—STD)

and in 2014 (including the standard measurement uncertainty)

a (]37Cs) (Bq kgﬁl) Vltava Hnévkovice LuZnice Kolodéje Otava Pisek Vltava Solenice
Average 1990-1993 (STD) 242 (89) 146 (50) 196 (171) 131 (66)
2014 19.8+0.7 36.5+0.7 81.3x1.6 3.3+0.2
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Table 5 Average annual concentrations of *’Sr in surface water in 1993 (beginning of the monitoring) and in 2014 (including standard

deviations—STD)

¢ ("°Sr) (mBq 1) Vltava Hnévkovice Luznice Kolodgje Otava Pisek Vltava Solenice
Average 1993 (STD) 8.9 (1.5) 15.8 (0.1) 8.6 (0.1) 7.6 (0.8)
Average 2014 (STD) 2.5(0.9) 2.9(0.8) 2.5(0.6) 2.9 (0.6)

81 Bq kg ', as it is shown in Table 3. Since any
significant change in the rate of the decrease was
not identified, the changes in '*’Cs concentrations
in bed sediments were studied with approach 1
during the whole monitoring period (1993-2014),
not divided into two intervals. Other approaches of
evaluation were not relevant here. The data evalu-
ation is shown in Fig. 3.

The effective ecological half-lives, evaluated using a
kinetic equation of the first order (1), range from 3.9 to
28 years and ecological half-lives from 4.5 to 370 years,
as shown in Table 4. The values of the effective ecolog-
ical half-life at the Pisek site is getting close to the value
of the half-life of the radioactive decay of '*’Cs
(30.1 years), and the ecological half-life is very high.
That could mean that the ecological processes of '*’Cs
removal from the sediment at this site have been prac-
tically blocked and the decline of the 137Cs amount in
the sediment is governed mostly by its radioactive de-
cay. That can be a result of the 137Cs-sediment aging:
the initially weakly bound 137Cs becomes a part of the

Fig.4 Evaluation of the *’Sr data
measured in surface water at the
monitoring sites, evaluated with

sediment structure. This in combination with the '*’Cs
supply from the Pisek site surrounding (higher '*’Cs
Chemobyl deposition comparing to the other monitor-
ing sites) can cause the apparent suppression of the
activity decrease. Yet, it is necessary to take into con-
sideration the uncertainty of this evaluation that signif-
icantly affects the reliability of this statement.

4.3 °Sr in Surface Water

According to the data collected, the concentrations of
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toring has been started, the annual average *’Sr concen-
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15.8 mBq 1", As a result of the continuous decline,
the activity concentrations of *°Sr were a few
millibecquerels per litre in the surface water of all mon-
itored sites in 2014 (see Table 5).
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Fig.5 Evaluation of the *’Sr data
measured in bed sediments at the
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3.6 Bq kg ' (average value 1993-1996). In 2014, the
Gt concentrations were below the detection limit,
which was between 1.1 and 1.8 Bq kg, as it is shown
in Table 7. Comparing to *’Sr in surface water, the data
set of *Sr in sediments is smaller (sampling only once a
year) and a significant amount of the values lies below
the detection limit. This constrains identification and
evaluation of any trends that could be present. Due to
that, the changes in *’Sr concentrations in bed sediments
were studied with approach 1 during the whole moni-
toring period (1993-2014), not divided into two inter-
vals, likewise *’Sr in surface water. Other approaches of
evaluation were not relevant here. The data and their
evaluation are shown in Fig. 5.

The effective ecological half-lives, evaluated using a
kinetic equation of the first order (1), range from 20.7 to

26.5 years and ecological half-lives were very long, as
shown in Table 8, which would indicate that the main
process of the “Sr removal from sediments is its radio-
active decay (half-life 28.8 years). However, this state-
ment has not been proven sufficiently, because the ef-
fective ecological half-lives evaluated for *°Sr in sedi-
ments were determined with a high uncertainty. That is
due to the significant number of values below the de-
tection limit of the *°Sr analysis.

4.5 Estimated "*’Cs and *°Sr Concentrations A fter
the Chernobyl Accident in 1986

Based on the results of the long-term radioactivity mon-
itoring described above, estimations of the '*’Cs and
%S concentrations in surface water and river bed

Table 8 Parameters of kinetics of *°Sr activity concentration decrease in bed sediments

Sampling site Vltava Hnévkovice Luznice Kolodé&je Otava Pisek Vltava Solenice
Approach 1: simple first-order kinetics
Period 1 1993-2014 1993-2014 1993-2014 1993-2014

a (Bq kg™") 32420 28+1.8 349 29+1.7

Tor (vear) 27445 21424 20+90 26434

Tocor (year) 2204270 70£160 70+110 190250
Period 2 Not relevant

Approach 2: series of exponential functions

Not relevant
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Table 9 Estimated '*’Cs concentrations after the Chernobyl accident in 1986

Reference date: January 6, 1986 Vltava Hnévkovice Luznice Kolodgje Otava Pisck Vltava Solenice
Approach 1: simple first-order kinetics

c137¢s (mBq 17" (water) 80<+110 50+70 180+260 60+80

a37cs (Bq kg ') (sediments) 260+360 100+130 90+130 330+460
Approach 2: series of exponential functions

¢137¢s (mBq ) (water) 200+80 111+26 Not relevant 120+50

a37cs (Bq kg_') (sediments) Not relevant

Not relevant Not relevant Not relevant

sediments were calculated. As can be seen in Table 9,
according to the evaluation with approach 1, surface
water contained between 51 and 183 mBq 1" of *’Cs
in 1986 and the bed sediments from 88 to 328 Bq kg '
of '¥"Cs. It is noticeable that approach 1 estimations are
not markedly reliable due to large uncertainties. Accord-
ing to approach 2, the '*’Cs concentrations in surface
water ranged from 111 to 200 mBq "', with acceptable
uncertainties. These estimates are in a good harmony
with "*’Cs concentrations in alpine lakes in 1986 pub-
lished by Zibolt et al. (2002) and Putyrskaya et al.
(2009) (Table 10).

5 Conclusion

A decrease of '¥’Cs and °°Sr concentrations was ob-
served in surface water and bed sediments at all moni-
tored river sites. The decreased rate of these radionu-
clides has slowed down since they were introduced into
the environment. Nowadays, long-term processes of
their removal from the hydrosphere dominate. The faster
phase of the decline was observed and evaluated in
surface water. On the contrary, the decline rate slow-
down was not confirmed in sediments.

Where relevant, the decrease of the radionuclide
concentrations was described using two approaches:

first, dividing of the data set into two time intervals
and describing each of them separately with a first-
order kinetics and second, using an equation consisting
of a series of exponential members and describing the
measured data all at once. Using these two models,
similar results are obtained. The second approach allows
evaluating the data set without a necessity to estimate
the dividing point of the separately assessed intervals,
which can affect results of the evaluation. On the other
hand, the use of the second approach is limited to long-
term data sets with a considerable number of reliable
values. For evaluation of more tenuous data sets, the
first approach appears to give better results, while the
second approach does not give relevant results. For a
short-term monitoring, the simple first-order kinetics is
fully sufficient.

The evaluated effective ecological half-lives are usu-
ally shorter than the half-lives of the radioactive decay
of '¥’Cs and °°Sr (30.1 and 28.8 years). That means
there are ecological processes that play a significant role
in the removal of these radionuclides from the hydro-
sphere. An exception was found for '*’Cs in bed sedi-
ments at one of the monitored sites and *’Sr in bed
sediments, but these results are depreciated by their high
uncertainty.

In most cases, the effective ecological half-lives of
the removal of '*’Cs are comparable to those found for

Table 10 Estimated *’Sr concentrations after the Chemobyl accident in 1986

Reference date: January 6, 1986 Vltava Hnévkovice Luznice Kolod¢je Otava Pisek Vltava Solenice
Approach 1: simple first-order kinetics
Copsy (MBq 1) (water) 14+18 26+33 9+11 17+21
agos: (Bq kg ') (sediments) 4+4 3+4 3+4 343
Approach 2: series of exponential functions
ooy (MBq 1) (water) 100+70 99+43 Not relevant Not relevant
agos: (Bq kg ') (sediments) Not relevant Not relevant Not relevant Not relevant

@ Springer



Water Air Soil Pollut (2015) 226: 335

Page 11 of 11 335

%Sr. Comparing the concentration decline rates in sur-
face water and in sediments, the effective ecological
half-lives are similar for '*’Cs at two sites (Hnévkovice
and Kolodéje). That reflects the state of equilibrium that
the system sediment-water reached at these sites. The
137Cs concentration at the Solenice site decreases faster
in sediments than in water. In this case, we do not expect
a real decontamination of the river bed sediments, but
we explain the rapid '*’Cs concentration decrease by
covering of the highly contaminated sediments from the
beginning of the observation with a layer of newly
settled cleaner sediments, as the Solenice site represents
stagnant water of a reservoir.

In conclusion, the results of monitoring represent a
reference level for assessment of the impact of the
Temelin nuclear power plant. Because this reference
level depends on time, continued monitoring is neces-
sary to evaluate the precise radionuclide background
decline.
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Abstract Adsorption onto solid particles plays an
important role in the transport of radioactive contaminants
in the hydrosphere. Sorption is usually described with a
distribution coefficient: a ratio of radioactivity fixed on
solid phase and dissolved in water in equilibrium. In this
study, we developed, optimised and verified a method that
uses a series of batch experiments for determination of the
distribution coefficients of radionuclides in sediment—water
and suspended solids—water systems. This can be further
used for describing radionuclide behaviour in river courses.
This work was funded by the Czech Ministry of Interior, as
a part of Safety research project.

Keywords Sorption - Artificial radionuclide -
Hydrosphere - Sediment - Suspended solids - Distribution
coefficient

Introduction

When surface water is polluted, the contaminants are
transported together with water; they travel along a river
course. During this migration, radionuclides can be fixed
onto solids suspended in water, which can settle down after
that, or they are sorbed directly onto sediments already
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160 00 Prague 6, Czech Republic
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deposited on the river bed. These sorption processes
influence the migration of radionuclides in the environment
and their entrance into food chains.

Sorption is a complex process generally affected by
many factors. Primarily, it is the quality of sediments and
suspended solids, especially grain size and chemical
composition, which can influence the sorption properties
significantly. Since it is mainly composed of clay particles,
the solid phase in the hydrosphere (sediments and sus-
pended solids) predominantly restrains cations [1, 2] in the
pH range common in natural surface water. Moreover, the
sorption process is significantly influenced by the sorbed
compound properties, especially the size and charge of ions
and its chemical species. The latter is dependent on the
surrounding environment: pH value, redox conditions or
the presence of other substances in the solution [1-3]. In
addition, temperature can influence sorption.

Concerning sorption Kkinetics, it runs rapidly in the
beginning, while the slow processes become gradually
noticeable later. Equilibrium of the rapid phase is often
reached in several hours. However, it can last several
weeks till true equilibrium, including the slow processes, is
reached. The topics of sorption kinetics and time necessary
to reach equilibrium are discussed in several studies [4, 5].

Sorption can be described with the distribution coeffi-
cient Kp [6], which expresses the distribution of radionu-
clide between the water and solid phase in equilibrium
state:

Kp=2¢, (1)
Ce

where Kp is distribution coefficient (1 g_l), a, radionuclide

activity sorbed on solid phase in equilibrium (Bq g~ '), c.

radionuclide concentration in water in equilibrium

(Bq1").
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This parameter, which is based on an assumption of
linear relationship between the sorbed and dissolved
amounts of the radionuclide, is often employed for the
sorption description due to its ease of use [3, 5-9]. With the
condition that the concentration of the sorbed substance in
system is very low, the distribution coefficient can describe
the sorption with satisfactory accuracy.

The distribution coefficients are often determined in
laboratories using batch tests. However, results of such
experiments depend substantially on conditions of the
determination; therefore, various data sets can be hardly
comparable. Determination of the distribution coefficient is
described in documents by the US Environmental Protec-
tion Agency (EPA) [10] and ASTM C1733—10 [11].
However, these methods are not specific for determination
of sorption parameters in the hydrosphere, but they intro-
duce rather general instructions, not taking into account
particularities of river sediments; sorption on suspended
solids is not included at all.

In our study, a method for distribution coefficient
determination was compiled and tested for artificial ra-
dionuclides in sediment-surface water and suspended sol-
ids-surface water systems. This paper aims to unify
methods for determining the distribution coefficient for
radioactive substances in the hydrosphere, so the gained
results are not only comparable but also represent the sit-
uation in real water environments.

Proposed procedure of determination

Since sorption depends on a number of factors, it is
important to respect the natural conditions of the tested
site, when conducting the laboratory experiments. In
addition, the fundamental requirement is for the test to be
easy so that it can be readily used in common radiological
laboratories.

The method of distribution coefficient determination for
radionuclides in sediments and suspended solids was pro-
posed regarding our former tests, which optimised condi-
tions for the determination, especially solid-liquid ratio,
contact time or sample conservation method.

All experiments were conducted under oxic conditions
and laboratory temperature.

Method principle

In order to determine the distribution coefficient, the
method uses batch tests, when a mixture of solid phase and
water with a spike of tested radionuclides is closed into a
vessel. This experimental sample is mixed till the sorption
equilibrium is reached, and after that, the solid phase is
separated from water. Finally, radionuclide amounts in
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both separated phases are measured and the distribution
coefficient is evaluated.

Preparation of test samples

Distribution coefficient determination requires a sample of
sediment to be used always with corresponding surface
water and sampled in the same site under similar condi-
tions. In the case of suspended solids, it is crucial to collect
water samples (containing suspended solids) during a
normal state of the river, which means avoiding increased
or extremely low flow rates that could influence concen-
trations of suspended solids or other parameters in the
water. If the sediment sample contains coarse particles (for
example, stones or plant fragments), they need to be
removed. Otherwise, the samples are used without any
treatment. Whenever the collected samples are not pro-
cessed immediately in the laboratory, it is necessary to
store them in a refrigerator. If the sediment samples must
be stored for a longer period, they can be frozen. Other
ways of sample conservation are not recommended, since
they can influence sorption properties of the solid phase
[12, 13].

To prepare the experimental batch, the wet sediment is
placed into vessels in an amount that corresponds to 100 g
of dry matter per litre of water. The water, contained in the
sediment, is replenished to the required amount with the
matching surface water. In the case of suspended solids, the
surface water is used for preparing the test sample with its
natural suspended solids concentration, without any treat-
ment. That is the reason why it should be as close to the
common suspended solids concentration in the site as
possible. The volume of the test samples is selected based
on the sample amount needed for analysis of the tested
radionuclides.

Radionuclides and their spiked activities should be
chosen with regard to the purpose of determining the dis-
tribution coefficient. Since the sorption behaviour is based
on the physical and chemical properties of the studied
radionuclide, it is supposed to be the same for all isotopes
of one element. Therefore, the concerned radionuclide can
be substituted by an alternative isotope of the same ele-
ment, if it is convenient for the determination. For exam-
ple, we were concerned in sorption of *°Sr, but we used
858t in our experiments. Unlike QGSr, 8581 can be detected
using gamma-ray spectrometry, which makes its determi-
nation much easier. The distribution coefficient, evaluated
for ®Sr, can be generalised for any strontium isotope then,
including *Sr.

To determine a particular distribution coefficient we
need to prepare an experimental batch of several different
radionuclide concentrations added in the same matrix
(minimal number is 3, optimal at least 5). Determination of
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the distribution coefficient using only one activity point is
necessary to consider distribution coefficient estimation.
Radionuclide solutions added into the test samples should
not significantly influence the conditions in the experi-
mental mixture (pH, ion concentrations).

Mixing and separation of phases

After the test samples are prepared, they are mixed using
an overhead laboratory shaker. Often, sorption is a very
rapid process, so equilibrium is reached within several
hours. As the most suitable mixing time, the 24-hour
interval was evaluated, which is recommended and fre-
quently used in studies [13, 14]. This interval provides
sufficient time for reaching equilibrium in the majority of
cases; furthermore, it is convenient due to laboratory
working hours. If the mixing time was too long, unfa-
vourable changes in the sediment or water quality would be
expectable at laboratory temperature [4, 8].

The next step after the elapsing of the mixing interval is
separating the solid and liquid phase. For the system sus-
pended solids—water, the suitable technique is vacuum filtra-
tion. On the contrary, when separating sediment from water,
the vacuum filtration itself is not sufficient. Therefore, it is
necessary to employ centrifugation before the filtration step.

Measurement and evaluation

The radionuclides of interest should be measured in both
separated phases—in water and also in sediment or sus-
pended solids. This eliminates sorption of the radionuclides
onto the vessel walls or other parts of the apparatus. Based
on conducted experiments, sorption on apparatus was
proven for some radionuclides in suspended solids—water
system. This may be caused by the fact that the concen-
tration of sorbent—solids, suspended in surface water
under common, non-flood conditions—is very low. In fact,
the suspended solids concentration in surface water was
mostly in mg 17", In the case of sediments, where con-
centration in the test mixture is 100 g I, the sorption of
radionuclides on the apparatus is negligible, as it was
confirmed experimentally.

The analysis method selection and the measurement
conditions depend on the type of tested radionuclides.

If the distribution coefficient estimation was determined
based on one concentration point, it could be calculated
from measured activities in solid and liquid phases using
Eq. (1). Uncertainty of the determined value could be
evaluated as a combined uncertainty of radionuclide
determination in both phases.

When evaluating the distribution coefficient from a data
set, gained from several concentrations in the tested range,
the distribution coefficient equals the slope of the
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Fig. 1 Evaluation of measured data and determination of the
distribution coefficient for '**Cs sorption on sediment from the
Vltava Stéchovice profile
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Fig. 2 Evaluation of measured data and determination of the
distribution coefficient for '**Cs sorption on suspended solids from
the Vltava Stéchovice profile

regression line that intersects the beginning of the coordi-
nate system, as shown in Figs. 1 and 2. Uncertainty of the
distribution coefficient corresponds to the uncertainty of
the regression coefficient, evaluated from the linear
regression of the experimental data.

Method verification

For method verification, samples of sediments and surface
water were collected in 13 profiles from the VItava River in
the Czech Republic (see map in Fig. 3) during 2013.
Radionuclides solutions, needed for the distribution
coefficient determination, were prepared from materials of
certified activities, supplied by the Czech Metrological
Institute. The radionuclide analysis was performed using
gamma-ray spectroscopy, for which the Canberra-Packard
germanium detectors were used. The detectors were cali-
brated using '*Eu standard (energy calibration) and cer-
tified source containing a mixture of artificial radionuclides
(efficiency calibration), both provided by the Czech
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Metrological Institute. Parameters of the method, used in
the laboratory of the T. G. Masaryk Water Research
Institute, are stated in Table 1.

The accuracy of the method could not be determined, as
no suitable standard was obtainable.

Method range—lower and upper quantification limits—
is related to the selected technique of radionuclide analysis
and conditions of determination. The lower quantification
limit of the distribution coefficient determination depends
on the minimal detectable activity of the radionuclide
analysis in the solid phase. On the other hand, the upper
quantification limit is affected by the minimal detectable
activity of the radionuclide analysis in water.

Repeatability of the method was evaluated using two
parallel determinations of the same material. Table 2
shows the results of the repeatability determination for the
sediment-surface water and suspended solids—water sys-
tems. For ®Sr in suspended solids—water system, the
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repeatability of distribution coefficient determination was
not evaluated. As a result of low sorbent concentration and
low sorption rate of 838r, its activity in the solid phase was
below the detection limit of the analysis at conditions of
the determination.

Conclusion

In our study, a method of distribution coefficient determi-
nation for artificial radionuclides was suggested and veri-
fied. This method concerns sediment-surface water and
suspended solids-surface water systems, which are key
factors influencing the behaviour of radionuclides in the
hydrosphere. The determination was designed to be easily
conducted in commonly equipped laboratories and to give
consistent results. Unifying the method for the determina-
tion of these sorption characteristics is necessary for
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Table 1 Parameters of method used in the laboratory of the T. G. Masaryk Water Research Institute for method verification
Sediment—water Susp. solids—water
Sample conservation Refrigerating Fresh, refrigerating
Sediment amount (g) 75 -
Water amount (ml) 750 2,000
Spiked radionuclides [approximate range Co (1.5-5.0) Co (1.0-5.0)
of activities (Bq 1")] 85g (1.5-5.0) 85gp (1.0-5.0)
1311 (30-100) 1311 (20-100)
'*3Ba (30-100) '%3Ba (20-100)
134¢Cs (15-50) 134¢Cs (10-50)
e (1.5-5.0) Ce (1.0-5.0)
*'Am (1.5-5.0) ' Am (1.0-5.0)
Number of concentration points 4 4
Number of repeating of one concentration point 2 2
Mixing time (h) 24 24
Centrifugation: time (min), speed (rnin_') 30, 8,000 -
Vacuum filtration: filter porosity (pm) 1.5 0.45
Analytical method Gamma-ray spectrometry Gamma-ray spectrometry
Evaluation software MS Excel MS Excel

Table 2 Relative repeatability of the method of distribution coeffi-
cient determination for the tested radionuclides in sediment—water
and suspended solids—water systems

Relative Sediment—water

repeatability (%)

Susp.
solids—water

“Co 13.4 43
85gr 9.7 -

13 21.3 5.1
133Ba 53 5.4
3¢y 69 4.1
139Ce 18.0 9.8
2 Am 20.6 15.4

gaining representative and comparable data, which can be
further used for describing the fate of radionuclides in
water environment or for modelling their transport along
river courses. It is important to remember that the mea-
sured distribution coefficients are always specific for the
particular substance and system (sediment-water, sus-
pended solids—water). Generalization of determined values
can be misleading, just like application of distribution
coefficients to another site or substance. Since the sorption
can be influenced by many factors, we recommend paying
attention to the conditions of the whole determination
process from sampling to data evaluation and interpreta-
tion. In this manner, determining the distribution coeffi-
cients will be reliable.
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Abstract

- Eduard Hanslik' - Silvia Dulanska® - Tomas Grisa* - Barbora Sedlarova' - Diana Maregova'

The purpose of the study is to explore the sorption behaviour of anthropogenic radionuclides in the Vltava River catchment
in the Czech Republic, which could be influenced by an assumptive severe nuclear accident. Radionuclide sorption was
described by distribution coefficients between water and sediment or suspended solids, respectively. Then, possible correla-
tions between radionuclide sorption and sediment properties were investigated using simple and multiple regressions. The
sorption of radionuclides was affected by sediment granularity and mineralogical composition, each radionuclide having its

group of influencing sediment parameters.

Keywords Sorption - Anthropogenic radionuclide - Hydrosphere - Sediment - Suspended solids - Distribution coefficient

Introduction

Anthropogenic radionuclides, which are created in the reac-
tor of a nuclear power plant during nuclear reactions, usu-
ally do not occur naturally in the environment. They were
introduced by human activities, predominantly in the last
century during atmospheric nuclear weapons tests and the
Chernobyl accident. Nowadays, some of these radionuclides,
namely caesium 137 and strontium 90, are still present in the
water environment in low but measurable amounts [ 1-5].
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After the Fukushima nuclear accident in 2011, where
radioactive contamination was released into the surround-
ing environment [5-8], great attention has been focused on
nuclear safety all over the world. The Czech Republic is no
different. Despite the fact that both Czech nuclear power
plants are considered safe, as proved by stress tests [9],
nuclear safety also concerns the very improbable case of a
severe accident, when radioactive material is released out-
side the plant.

When surface water is polluted, radioactive contami-
nants are transported together with the water along the river
course. During this migration, radionuclides can be either
fixed onto solids suspended in water, which can settle after-
wards, or they are sorbed directly onto sediments already
deposited on the riverbed [10]. Experience with the old radi-
oactive contamination indicates that sorption onto sediments
plays a significant role in the migration of radionuclides in
the hydrosphere [1, 11]. These sorption processes influence
the migration of radionuclides in the environment and their
entrance into food chains.

The aim of our study was to describe the influence of
sorption on water environment contamination after a hypo-
thetical severe accident at a nuclear power plant. In order to
quantify sorption of radionuclides onto solid components
of the hydrosphere, bottom sediments and suspended sol-
ids, their distribution coefficients were determined using a
batch method. Then, correlations of distribution coefficients
and sediment composition parameters were studied to detect
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dependences between sorption of anthropogenic radionu-
clides and sediment quality. This should reveal the types of
sediments that would tend to retain incidental radioactive
contamination if a severe nuclear accident occurred. Fur-
ther, it should enable better generalization of measured site-
specific sorption data and applying them for other locations.

Methods

Batch experiments—determination of distribution
coefficient

In this study, sorption of anthropogenic radionuclides was
studied along the Vltava and Elbe Rivers in the Czech
Republic. Hence, samples of bottom sediments and surface
water were collected at 17 locations, as shown in Fig. 1.
The studied river course includes stretches of flowing water,
stream regulated with weirs and, most of all, a cascade of
dams. At these locations, the distribution coefficients of
selected anthropogenic radionuclides in sediment—water and
suspended solids—water interfaces were determined.

The samples of sediments were collected by a diver
from a depth from 1 to 22 m below the water level,
depending on the specific location. The samples of sedi-
ments were taken from the upper sediment layer (0-10 c¢m)
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Fig. 1 Location of sites where sediment and surface water samples
were collected
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in amounts sufficient for the experiments (ca. 10 kg fresh
weight). At the same locations, large-volume samples were
taken of surface water (100 1) containing suspended solids.
Both kinds of samples (sediments and surface water) were
transported to a laboratory, where they were stored in a
refrigerator and processed promptly.

In general, the batch method used for distribution coef-
ficient determination is described in documents by the
International Atomic Energy Agency (IAEA) [12], US
Environmental Protection Agency (EPA) [13], and ASTM
C1733 - 10 [14]. The method is also widely used in many
studies [15-19]. However, the conditions of determination
can vary, depending on the requirements and purpose of
the study. We optimized the conditions of determination
with preliminary experiments, as we published previously
[20]. Since sorption depends on a number of factors, it is
important to respect the natural conditions of the tested
site when conducting the laboratory experiments. The
method optimization comprised finding the suitable solid/
liquid ratio and the initial radionuclide activity concentra-
tion, sufficient contact time, and the influence of other con-
ditions, such as ambient temperature or mixture pH. These
optimised method conditions [20] were used in this study.

To prepare the experimental batch, the wet sediment
was placed into vessels in an amount corresponding to
100 g of dry matter per 1 L of water. Water contained in
the sediment was replenished to the required amount with
the matching surface water sampled at the same site. In the
case of suspended solids, the surface water was used for
preparing the test sample with its natural suspended solids
concentration, without any treatment.

Then, the experimental batches (mixtures of solid phase
and water) were spiked with a mixture of radionuclides
(1311, 134Cg, 3381, Co, 2'Am, 13°Ce, 1**Ba) and enclosed
in a plastic bottle. Radionuclides and their spiked activi-
ties were chosen with regard to the purpose of determining
the distribution coefficient—accidental release of radioac-
tive contamination. When selecting suitable radionuclides,
several aspects were considered: (1) the selected radionu-
clides should cover various chemical properties, with an
emphasis on the most serious ones (**’Cs, *°Sr and "*'I);
(2) suitability for the gamma-ray spectrometric measure-
ment; (3) convenience for use in the laboratory (relatively
short half-life to prevent long-term contamination and
availability from the supplier). It was supposed that dif-
ferent nuclides of the same element have the same sorption
properties. For example, that is the case with *°Sr, which
was included into the experiments instead of *’Sr because
the latter cannot be measured with gamma-ray spectrom-
etry. In the experimental mixture, the radionuclides were
spiked in various initial concentrations—°®'Co, **Sr, '**Ce
and **'Am: 2-5 Bq/l; "**Cs: 20-50 Bg/1; "*'I and '*°Ba
40-100 Bq/l.
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When the test samples were prepared, they were mixed
using an overhead laboratory shaker for 24 h. After mixing,
the solid was separated from the liquid phase using vacuum
filtration (suspended solids—water) or centrifugation, fol-
lowed by vacuum filtration (sediments—water).

The radionuclide amounts were measured with gamma-
ray spectrometry using the standard method according to
ISO 10703: 2007 [21], an analytical method suitable for all
the monitored radionuclides. For that, Canberra-Packard
germanium (HPGe) detectors were used. The detectors were
calibrated using '**Eu standard (energy calibration) and cer-
tified source containing a mixture of artificial radionuclides
(efficiency calibration). We measured the radionuclides of
interest in both separated phases—in water and in sediment
or suspended solids—to eliminate the influence of radio-
nuclide sorption onto the vessel walls or other parts of the
apparatus. Measuring times varied from several hours to
days, depending on the radionuclide amount in the meas-
ured phases.

The distribution coefficient was evaluated from the exper-
imental data set as a slope of linear regression of the meas-
ured a,-c, relationship that intersects the beginning of the
coordinate system (according to Eq. (1)) [12]:

Kp=—= (1)

where K, is distribution coefficient (I/kg), a, radionuclide
specific activity sorbed on solid phase in equilibrium (Bq/
kg), ¢, radionuclide activity concentration in water in equi-
librium (Bg/1).

Sediment and water quality

To acquire information on sediment quality, samples were
sent to the Geomechanical Laboratory, ARCADIS CZ. They
were analysed to obtain the granulometric curve for evalua-
tion of grain size median (ds,) and silt content (see Fig. 2);
further, mineralogical composition was determined using
X-ray diffraction (RTG) and petrographic analysis (PL). For
further evaluation, the following parameters were used (see
the measured values summary in Table 1):

grain size median—ds; (mm)

content of silt, grain size lower than 0.063 mm (%)
content of quartz (%)

content of feldspar (%)

content of mica (%)

content of organic matter (%)

Similar analysis could not be conducted for suspended
solids because the number of samples was not sufficient for
determination.

Table 1 Summary of sediment quality collected at 17 locations, used
for distribution coefficient determination

Parameter Arith- SD  Minimum Maximum
metic
mean
dsg (mm) 0.38 0.23 0.08 0.9
Silt (%) 16 13 2 46
Mica (PL) (%) 8 6 0 21
Organic matter (PL) (%) 13 11 0 36
Quartz (RTG) (%) 78 13 35 90
Feldspar (PL) (%) 10 8 0 30
Feldspar (RTG) (%) 14 7 4 32

Silt content

Fig.2 Example of a granulo- 100%
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To get basic information on water quality used for the
experiments, analysis was performed by the laboratory of
the T. G. Masaryk Water Research Institute. Surface water
quality is summarized in Table 2.

Statistical evaluation of sorption dependence
on sediment quality

The statistical comparison of sorption dependence on
sediment quality can be performed by applying a rigorous
approach to linear regression using regression triplet (pro-
gram QC-EXPERT- Trilobyte, Pardubice, Czech Republic
and ADSTAT Trilobyte, Pardubice, Czech Republic).

The model proposed for the simple linear regression was:

y=by+bx 2)

where y is dependent variable (sorption of the radionuclide
described with the K},), x independent variable (parameter of
the sediment quality), b, b, regression coefficients.

Three statistical measures were used to evaluate the good-
ness of fit of models and to compare them. The coefficient
of determination R? is the proportion of variance in the
dependent variable that is predictable from the independ-
ent variable. Therefore, it describes how well the regression
predictions approximate to real data points. Moreover, the
Fisher-Snedecor test (F criterion) is used as a formal statisti-
cal test for the relationship between the proposed model and
the dependent variable. Therefore, it describes whether the
correlation between the model and the dependent variable
is statistically significant. Thus, only models with F criteria

Table 2 Summary of water quality collected at 17 locations, used for
distribution coefficient determination

Parameter Arithme- SD  Minimum Maximum
tic mean

pH - 74 75 70 9.7

Conductivity (mS/m) 28 8 17 43

Suspended solids  (mg/l) 10 7 | 24

TOC (mg/l) 9.6 3.0 68 18.3

Cl™ (mg/l) 17 6 8 29

5042_ (mg/l) 31 1119 49

NO;~ (mg/l) 93 38 39 16.1

Na (mg/l) 13.5 41 80 20.5

Ca (mg/l) 29 10 18 50

Mg (mg/l) 7.1 1.8 4.8 10.6

Ba (ng/) 34 6 23 41

Co (ng/) <1

Sb (ngM) <2

Se (ng/) <4

Sr (pg/l) 140 60 80 260
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over a critical value were considered. As described, both
measures suggest statistical significance of the estimated
models. The Akaike information criterion (AIC) served here
for estimating the relative quality of the proposed models.
It is useful for comparison between two models because it
describes how well the model fits the data set without over-
fitting it. The model with the lowest AIC score is more likely
to minimize information loss.

For multiple regression, calculations were performed
using software ‘R’ (R: A Language and Environment for
Statistical Computing) with ‘leaps’ package (regression sub-
set selection including exhaustive search).

The linear model for the multiple regression was pro-
posed as follows:

y=by+bx + - +b,x, (3)

where y is dependent variable (sorption of the radionuclide
described with the Kj,), x;—x, independent variable (param-
eter of the sediment quality), by,—b, regression coefficients.

The selected models were validated using k-fold cross-
validation. The statistical significance of the regression
models was confirmed again with the Fisher-Snedecor test
(F criterion) and coefficient of determination R for all ana-
lysed samples. The AIC value was used as a criterion for
optimization between the proposed models and for choosing
predictive variables.

Results and discussion
Distribution coefficients

The distribution coefficient, as a parameter describing sorp-
tion, is based on an assumption of a linear relationship
between the absorbed and dissolved amounts of the radio-
nuclide. It is often employed for sorption description due to
its ease of use [12, 15, 16]. Under the assumption that the
concentration of the sorbing substance in the system is very
low, so the relationship of the substance concentration in
solid and in water can be considered linear, the distribution
coefficient can describe sorption with satisfactory accuracy.
If the concentrations were higher, another type of isotherm
(e.g. Langmuir or Freudlich isotherm) would have to be used
to describe the relationship of the activity of the solid and
liquid phase, as can be found in the review by Hinz [22].
Sorption batch experiments, conducted to determine
distribution coefficients of selected anthropogenic radionu-
clides in sediment—water and suspended solids interfaces,
showed that distribution coefficients vary depending on the
nature of the radionuclide. In addition, differences were
found between the two kinds of matrix (bottom sediment or
suspended solids) and between the sampling sites.
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The average values of distribution coefficients, obtained
for the sediment—water system, ranged from 2.6x 10" I/kg
(D) to 1.9% 10% I/kg ('*Ce) across the monitored sam-
pling sites included in the study. The average value of the
sediment—water distribution coefficient decreases in the fol-
lowing sequence: '¥Ce > *Cs> ¥Ba>*'Am>%Co > ¥
Sr> 1311, but this order can vary slightly at particular sites.
For each of the radionuclides, the range of the evaluated dis-
tribution coefficients was fairly wide, sometimes in several
orders of magnitude. An overview of the results of distribu-
tion coefficient determination in the bottom sediment—water
system is specified in Table 3.

Compared to sediment—water, distribution coefficients for
suspended solids-water were higher at all studied locations.
The average values of distribution coefficients obtained for
the suspended solids-water system were from 1.0x 10° 1/
kg (*Sr) to 2.9 x 10° kg (*°Co) across the monitored sam-
pling sites. The average value of the suspended solids-water
distribution coefficient decreases in the sequence: “’Co>
3Ce > Am> Ba> "*'I> **Cs > %Sr. As in the case of
bottom sediment, this order was slightly different at some
sites. The distribution coefficients for suspended solids,
which were evaluated for the particular radionuclides, var-
ied considerably. An overview of the results of distribution
coefficient determination in suspended solids-water system

is specified in Table 4. For the suspended solids-water inter-
face, the %Sr distribution coefficient could not be evaluated
in some cases with this experiment arrangement. Due to
reluctant strontium sorption and the low level of suspended
solids in the sample, *Sr activity absorbed by the solid
phase was below the detection limit of the determination
method in several experimental samples.

In addition, we compared our results with the data col-
lected by IAEA [12], which originate from a number of
studies and were determined under various conditions. OQur
results on distribution coefficients in suspended solids-water
fit the IAEA range quite well for all monitored radionuclides.
On the other hand, our data on distribution coefficients in
bottom sediments-water, which are lower than those in the
suspended solids-water system, lay below the IAEA data
range in some cases. It is similar to data gained during in-
situ monitoring at Japanese coastal regions [23]. The long-
term in-situ K, values are expected to be higher than our
laboratory data with the 24-h contact time.

In our opinion, the difference between sorption of bottom
sediments and suspended solids is caused by their differ-
ent properties, especially grain size. The particles of solids
suspended in the water column tend to be very fine with a
large specific surface, while the active surface of sediments
decreased as their grains aggregated in the riverbed during

Table 3 Values of distribution

K, (I/kg)—measured
coefficients for studied » Vkg)

K, (I/kg) - TAEA

radionuclides in bottom Arithmetic mean SD Minimum Maximum Number of Minimum—maximum

sediment—water interface values

in monitored sites and their

comparison with data collected 0Co 5.1E+02 20E+02  3.0E+02 8.5E+02 11 1.1E+03-1.7E+06

by IAEA [12] 855y 4.7E401 2.5E+01  1.0E401 9.8E+01 15 1.4E+01-2.2E403
a1y 1.4E+01 1.7E+01  1.5E+00 5.8E+01 15 5.9E+01-3 4E+05
33Ba 5.7E+02 32E4+02  1.6E+02 1.3E+03 15 2.5E+02-1.6E4+04
13Cs 1.2E+03 74E+02  2.1E+02 3.0E+03 15 3.7E+02-1.9E+05
39Ce 3.2E+03 4.0E4+03  5.1E+02 1.3E+04 9 4.2E+04-1.20E+06
*Am  2.7E+03 S4E+03  2.1E+02 1.9E+04 10 2.5E+04-1.9E+06

Table 4 Values of distribution

K, (Vk sured K, (I/kg) - TAEA

coefficients for studied i p (Vkg)

radionuclides in suspended Arithmetic mean Standard deviation Minimum Maximum Number Minimum-maximum

solids-water interface in of values

monitored sites and their

comp;]r';son with data collected 60CO 3.8E+06 1. 7TE4+06 5.9E+04 3.1E+07 15 1.1E+03-1.7E+06

by IAEA [12] 88r  L5SE+03* LIE+03* 42E+02% 2.6E+03% I5% 1.4E+01-2.2E+03
131y 1.4E+04 1.0E+04 48E+03 4.2E404 15 5.9E+01-3.4E+05
13¥Ba  14E+04 1.7E4+04 3.7JE+03  7.5E404 15 2.5E+02-1.6E+04
BiCs  6.2E403 7.2E+03 1.6E+03  32E+04 15 3.7E+02-1.9E+405
13¥Ce  1.2E+06 9.1E+05 22E+05 28E+06 15 4.2E404-1.20E+06
BAm  1.1E+06 1.9E+06 1.OE+05 79E+06 15 2.5E+04—1.9E+06

*Values evaluated using the detection limit of ®3Sr in water. All distribution coefficients for *Sr were below
these values
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the aging processes. The factor of grain size and specific
surface of particles is anticipated to influence sorption in
general, as mentioned by Singleton et al. [24]. Singleton also
suggests another mechanism of sorption influence: pedo-
genic grain coatings.

Relationship of sorption and sediment quality—
simple regression

Our findings on radionuclide sorption indicate that distri-
bution coefficients depend heavily on local environmental
conditions, especially on solid phase quality (mineralogical
composition and grain structure) and water chemical com-
position. Even at sites located along a single river, the range
of distribution coefficients was surprisingly wide for each
radionuclide. In connection to this, we explored the rate of
sorption in relation to sediment quality parameters. Unfor-
tunately, the connection between radionuclide sorption and
quality of suspended solids could not be evaluated due to an
insufficient amount of suspended solids.

Firstly, we evaluated the distribution coefficient rela-
tionship of particular radionuclides with sediment quality
parameters. Results confirm theoretical assumptions of a
possible correlation between sorption of radionuclides (*Sr,
133Ba and '**Cs) and certain sediment quality parameters.
Tables attached as electronic supplementary information
(Tables 1-3), published online along with this article, show
the results of simple regression analysis where a correlation
was observed.

For parameters of sediment granularity, a correlation was
confirmed only for sorption of %°Sr (ds, and silt). Contrary to
our expectations, the influence of granularity was not iden-
tified for any other radionuclide except **Sr. The relation-
ship between K, (*’Sr)- ds, decreases, while the relation-
ship between K, (**Sr)-silt shows upward trends, as shown
in Fig. 2a, b. This is in harmony with the assumption that
fine fractions are mainly responsible for radionuclide fixa-
tion, as explored by Korobova et al. [25]. Sorption rises with
decreasing granularity, as the specific surface available for
sorption increases.

In connection to the effect of sediment mineralogical
composition on radionuclide sorption, it is important to
note that we supposed that all radionuclides exist in their
ionic forms. According to Eh—pH data [26], most of the
studied radionuclides are present in cationic forms (Co**,
Sr?*, Ba®, Cs*, Ce**, Am**/AmOH?*), with the exception
of radioiodine, which is assumed to occur in anionic form
(I7), considering the pH and Eh potential common in surface
waters. The chemical forms of radionuclide occurrence can
be more complex under experimental conditions, since more
factors can affect them, for example presence of ligands,
which can form complexes with radionuclide ions.

@ Springer

Considering mineralogical composition, correlations
between feldspar content and sorption of '**Ba and '**Cs
were found, both cases having increasing trends. For these
two radionuclides, decreasing relationships between their
sorption and quartz content in the sediment were also
identified (see Fig. 3c—e). Similar findings for 340y sorp-
tion in soils were published by Miecznik [27]. Quartz is a
mineral generally considered to show low sorption proper-
ties. Its structure, which is built of SiO, tetrahedrons, is
electrically neutral. If Si** ions are substituted with AI**,
as in case of feldspar, the electro neutrality is disrupted
and conditions suitable for cation sorption are engen-
dered, as described by Richter [28]. Similar mechanism
can be assumed for the increasing relationship of mica
content and sorption of %Sr and '**Ba, which is displayed
in Fig. 3f).

In connection to the presumption that organic matter
in sediments tends to retain cations, because of the pres-
ence of the dissociated hydroxyl and carboxyl groups,
we expected to find correlations between organic matter
content and cation sorption. Though direct dependence of
sorption on organic matter content was identified for **Sr
and '**Ba (see Fig. 3g), for other radionuclides in cationic
form it was not. According to Santschi [29], organic mat-
ter can significantly influence radionuclide sorption, but
whether it causes sorption to increase or decrease strongly
depends on other conditions.

Relationship of sorption and sediment quality—
multiple regression

The evaluation results obtained using simple regression
show that for all the studied radionuclides, none of the
tested sediment quality parameters influenced sorption
in a universal way. Sorption of a particular radionuclide
tends to be affected by a specific group of quality param-
eters, which can vary for different radionuclides. A sedi-
ment quality parameter that affects the sorption of one
radionuclide does not necessarily influence the sorption of
another. For this reason, multiple regression was employed
to evaluate the coincidental effect of several possible fac-
tors (quality parameters). A significant correlation with
multiple parameters was found for the sorption of *'T (ds,,
Feldspar, organic matter and mica), 13384 (d5p and mica),
134Cs (silt, quartz and organic matter), '**Ce (silt, feldspar
and organic matter), and **' Am (silt, feldspar and organic
matter). The regression parameters are attached as sup-
plementary information (Table 4).

No multiple correlations were found for ®°Co and *Sr.
Their fixation onto sediments can be affected by factors
which were not explored here, such as content of ferric and
manganese oxides [30].
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Conclusion

This study is concerned with sorption of anthropogenic
radionuclides in the hydrosphere, namely onto river bot-
tom sediments and solids suspended in river water. Sorp-
tion is characterized using distribution coefficients, which
were determined using a batch method. The data obtained
in our study showed surprising variability, so we tried to
find the reason for that by analysing sediment mineralogical
composition.

The differences in sorption of radionuclides caused
by sediment granularity and mineralogical composition
were explored. Since radionuclide sorption is influenced
by several parameters, multiple regression evaluation was
employed alongside simple regression. Sorption of most of

the studied radionuclides is affected by sediment granularity
(ds, or silt content) together with other factors (mineralogi-
cal composition depending on the particular radionuclide).

Variations in measured K, values were partly explained
by the diversity of sediment properties, but it is also obvious
that there are other factors influencing radionuclide inter-
action with sediments, such as the conditions of the sur-
rounding environment (temperature or water composition,
including presence of competing ions or organic or inorganic
ligands, forming complexes) [19].

Despite observing certain regularities in sorption of
radionuclides in connection to sediment properties, it is
important to remember that the interaction of radionuclides
with solids in the hydrosphere is site-specific. Modelling
radionuclide transport or behaviour at a particular location

@ Springer
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using sorption parameters measured elsewhere or for another
substance can be very inaccurate. Since sorption can signifi-
cantly influence radionuclide fate in the hydrosphere, we rec-
ommend using the appropriate data on sorption, whenever
they are available or it is possible to acquire them.
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Abstract Past tests of nuclear weapons in the atmosphere,
nuclear energy facilities and tritium of natural origin are
main sources of tritium in the environment. Thanks to its
presence in environment and its favourable properties,
tritium is used as a radiotracer. Since stopping of atmo-
spheric nuclear tests, tritium in precipitation has been
decreasing towards natural levels below 1Bql~' and
precise analyses of low level tritium activities are neces-
sary. This paper focuses on tritium development at sites not
influenced by any technogenic release of tritium in Elbe
River basin (Bohemia) in the Czech Republic using liquid
scintillation measurement with electrolytic enrichment.

Keywords Tritium - Precipitation - Surface water - LSC -
Electrolytic enrichment

Introduction

Tritium (*H) is radioactive isotope of hydrogen with the
half-life of 12.32 y [1]. Tritium of natural origin is pro-
duced in upper layers of the atmosphere by nuclear reac-
tions caused by cosmic rays. Production of tritium by
natural processes is assessed to be 72 PBqy ' and the
tritium amount of natural origin is constantly at a level of
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1275 PBq [2]. Tritium concentrations are still affected by
the atmospheric test of nuclear weapons (1950s—1960s): It
has been estimated that 186 EBq (i.e. 186 x 10'® Bq) was
emitted into the atmosphere [2]. Most tests were carried out
in the Northern Hemisphere. Only about 5% of tritium
mixed via the stratospheric circulation into the Southern
Hemisphere [3]. After the ban of atmospheric nuclear
weapons testing in 1963, the global environmental tritium
levels have been dropping. Projecting cited data [2], it can
be estimated that the remaining tritium activity in 2016 was
still 9.6 EBq. By 2051, the remaining tritium activity will
be identical to that originating from natural processes
(1.3 EBq). Atmospheric nuclear tests introduced tritium
directly into the stratosphere. There, tritium is quickly
oxidised into tritiated water and transferred into the tro-
posphere, especially by stratosphere-to-troposphere trans-
port in spring, where is rapidly removed by precipitation
[4]. This leads to seasonal variation in tritium concentra-
tions in the atmosphere.

Thanks to its presence in environment and its favourable
properties, tritium is used as a radiotracer. Tritium from a
nuclear power plant was used as a radiotracer for pollutant
transport modelling e.g. in Ebro River [5]. It is also widely
used for estimation of groundwater mean residence and in
modelling of pollutant transport in groundwater |3, 6] or to
determinate the origin of waters [7]. It implies that accurate
quantification of trittum level is necessary.

Since stopping of atmospheric tests, tritium in precipi-
tation has been decreasing towards natural levels. Typical
tritium concentrations detected nowadays in mid-latitude
continental precipitation are about 1 Bq 17'. Lower values
are observed in the tropics (0.1-0.5 Bq 171 [8] because of
smaller input of tritium into the Southern Hemisphere
during atmospheric nuclear weapons tests. In groundwater,
higher tritium concentrations, up to several Bq 17", can be
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observed occasionally. They stem from high tritium levels
in precipitation in the 1950s—1960s, resulting from atmo-
spheric nuclear testing [8]. For future hydrological
research, natural levels of tritium concentrations in pre-
cipitation need to be established [9].

Further, few data about actual tritium concentrations in
surface water and precipitation in the Czech Republic are
given. There is only one GNIP and GNIR station (Global
Network of Isotopes in Precipitation and Rivers, IAEA
[10, 11]) in the Czech Republic. They reported annual
average values in the range 0.98-1.29 Bql™'
(8.23-10.85 TU) in precipitation in the period 2006-2010
[10] and 0.98-1.12 Bq 1" (8.23-9.42 TU) in rivers in the
period 2006-2012 [11]. Hanslik et al. [12] reported values
around 1.5 Bq 17" in precipitation in the years 1999-2000
and 1.1-1.5 Bq 17" in rivers in the Czech Republic in the
years 2002-2003. The author also stated value of the
effective half-life of tritium decrease in precipitation and
rivers 7.9 and 8.2 years for the tritium concentration cor-
rected for the residual contamination after the nuclear
weapons tests in the period 1993-2001, and 1990-2003
respectively.

This work focuses on tritium development at sites not
influenced by any discharge from a nuclear facility in Elbe
river basin (Bohemia) in the Czech Republic. The aim of
the study was to analyse main tritium components stem-
ming from natural processes and those originating from
man activities (residual pollution from atmospheric tests on
nuclear weapons in the last century and the atmospheric
transfer from nuclear facilities worldwide; and to assess the
actual level of tritium in surface water and precipitation in
studied sites. There are two nuclear power plants in the
Czech Republic (Temelin and Dukovany). Sampling sites
without any direct effect (discharges) of nuclear facility
were studied. The paper summarizes the assessment of low
level tritium concentrations in surface water and precipi-
tation in Elbe River basin in the Czech Republic since
2002. The samples have been pretreated by electrolytic
enrichment since 2010.

Experimental
Sampling method

Tritium concentration was monitored in surface water and
precipitation at sites not influenced by discharges from any
nuclear device. Location of the sampling sites is shown in
Fig. 1. The frequency of sampling of surface water was
once per month (sampling sites 1 and 2 at the Vitava and
Elbe rivers) and four times per year (sampling sites 3-5 at
the Vltava River and its tributaries). Monitored period of
surface water was 2002-2016. Precipitation samples were
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accumulated monthly at five sites (A-E). Basic informa-
tion about sampling sites is in Table 1. Climate is char-
acterized as cool, fully humid, warm summer according to
classification used by GNIP [10]. The datasets analysed
during the current study aren’t available but could be
provided by the corresponding author upon reasonable
request.

Analytical technique

The determination of tritium was performed according
CSN EN ISO 9698 [13] and CSN 75 7600 [14]. The
samples were distilled. The measurements were carried out
with low level liquid scintillation spectrometer Quantulus
1220. The relative efficiency was about 24%. A mixture of
8 ml of the sample and 12 ml of ULTIMA GOLD LLT
scintillator was measured for 800 min (for samples without
electrolytic enrichment until 2010) and for 300 min (for
electrolytically enriched samples). To avoid chemilu-
miniscence, samples were stored for at least 12 h in dark
before measurement. Certified material No. 1035-SE-4
0339-15 (Czech Metrology Institute) was used for cali-
bration. Dead water with activity lower than 0.07 Bq 1™
was used for blank sample. The initial sample volume was
500 ml for electrolytic enrichment. A sample after addition
of 1.5 g Na,O, was electrolysed to a volume of 20-25 ml.
Subsequently, the sample was neutralized with 6 g PbCl,
[15, 16] and distilled. A set for electrolytic enrichment
allows the simultaneous adjustment of 20 samples. There
are three spiked samples, two samples of dead water, one
control sample and 14 ordinary samples in one series. The
total elapsed electric charge is 1400 Ah. The temperature
during the electrolysis is kept at 0.5 °C. The tritium con-
centrations were evaluated according CSN EN ISO 9698
[13], combined standard uncertainties (expressed at 2o
level) and the minimum detectable activity (MDA)
according CSN 75 7600 [14]. The MDA at a significance
level of 95% was 1.0 (samples without enrichment) and
0.07 Bq 17" respectively. The results are expressed in
Bql "

Treatment of data

Annual average values of tritium concentration were cal-
culated. In the case of values lower than MDA, a value
equal to MDA was used for the calculations of the average
values instead. The mean annual tritium concentration in
precipitation has been weighted by the amount of precipi-
tation for given station.

For description of tritium concentration development,
effective (observed) decay constant (A.) and effective
half-life (T.g) of tritium concentration decrease in surface
water and precipitation was calculated. For description of
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Fig. 1 Map of sampling sites Czech Republic
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Table 1 Characteristics of
sampling sites

Surface water Flow rate Frequency of sampling (per year)
(m’ s

1 Vltava Hluboka 27.6 12

2 Elbe Lysa 74.1 12

3 Vltava Hnévkovice 30.6 4

4 LuZnice Kolodéje 24.1 4

5 Otava Topélec 23.3 4

Precipitation

Period of record Frequency of sampling (per year)

A Prague Podbaba
B Kocelovice

G Primda

D LuzZnice

E Zavisin

2001-2016 12
2006-2016 12
2001-2005 12
2001-2012 12
2001-2005 12

tritium concentration development at the unaffected sites, a
first-order kinetics equation was used:

1[1Cj: 7/;;[{” XI+1[}C0 (1)

where c; is the annual average activity of tritium in surface
water or precipitation in year j, based on the results of the
monitoring (Bq 171, A effective (observed) decay con-
stant for the decrease of tritium concentration (y_l) and t
time of monitoring (y). Statistical significance of depen-
dence (regression curve) was verified using the Pearson
coefficient and t test.

Effective half-life (T.y) of tritium concentration
decrease in surface water at the unaffected sites was cal-
culated from the assessed effective decay constant (Ag)
using the equation according Smith and Beresford [17]:

Tgﬁf =1In 2//1[9:{. (2)

To examine seasonal variation of tritium concentrations in
precipitation, the averages of tritium concentrations
weighted by quantity of precipitation were processed for
each month and season. We divided the rain samples into

four seasons: spring (March-May), summer (June—

@ Springer



Author's personal copy

684

J Radioanal Nucl Chem (2017) 314:681-687

Table 2 Annual average values of tritium concentrations in surface
water in Elbe River basin (Bohemia) in the Czech Republic (since
2010 the electrolytic enrichment included)

Surface water, average 1, Vltava Hlubokd 2, Elbe Lysa

(Bql1™h
2002 1.1 +05 1.0+04 14 + 04
2003 1.4+ 06 1.3+£04 14 £07
2004 1.1 £0.5 1.2+ 0.5 1.2 £05
2005 1.24+05 1.3+£04 1.3+05
2006 1.0 £ 04 1.1 £04 1.1 £04
2007 1.0+ 04 1.1+ 04 1.1 £ 04
2008 1.1 £04 0.8 +£0.3 1.1 £ 04
2009 1.3+ 06 1.1 +£05 13 +07
2010 1.1 £02 1.1 £0.1 1.1 £03
2011 1.1 £0.2 1.1 £0.3 1.1 £0.1
2012 09 £ 0.1 1.0 £ 0.1 09 + 0.1
2013 09+ 0.1 1.0 £ 0.1 09 £ 0.1
2014 1.0+ 02 1.0 £ 0.1 0.8 +£02
2015 0.9 +£0.2 0.9 +0.2 0.8 £ 0.1
2016 09+ 02 09 +02 09 + 0.1
August), autumn (September-November), and winter

(December—February) [18].

Results and discussion

Tritium concentrations in surface water
and precipitation

Evaluated annual average tritium concentrations in surface
water are in Table 2. The evaluation was done separately
for places with frequency of sampling 12 per year (sam-
pling sites 1 and 2) and for all sampling sites in average (to
summary evaluation were taken also sampling sites with
lower frequency, sites 3-5), signed as surface water,
average.

Annual average values evaluated for surface water in the
catchment of Elbe River (Bohemia) varied in range
0.9-1.4 Bq 17", The uncertainties have been reduced since
2010 when the electrolytic enrichment was included.

We compare our data with those from GNIR [11] and
previously published data for the Czech Republic [12]
(Fig. 2). There is only one station from Czech Republic in
GNIR, we used nearest GNIR stations from Germany for
comparison. Only stations not influenced by any techno-
genic release of tritium where used for comparison. To
convert GNIP and GNIR results expressed in tritium units
(TU), the relation according Rozanski and Groning [19] 1
TU = 0.11919 + 0.00021 Bq kg~ " was used.

Evaluated annual average tritium concentrations
(weighted) in precipitation are in Table 3. The evaluation
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Fig. 2 Comparison of tritium concentrations in surface water in Elbe
River basin (Bohemia) (CZE) with data from GNIR [11] and
previously published data for the Czech Republic [12]

Table 3 Annual average values of tritium concentrations in atmo-
spheric precipitation in Elbe River basin (Bohemia) in the Czech
Republic (since 2010 the electrolytic enrichment included)

Precipitation, w.m A, Prague Podbaba B, Kocelovice

(Bq17")
2002 0.9 +£ 0.6 1.4+04
2003 1.1 £ 0.9 1.5+ 0.5
2004 1.2 £ 0.7 1.1 £0.9
2005 1.3 +£ 0.7 1.6 = 0.9
2006 1.0 £ 0.7 09 +0.7 1.0 £ 0.7
2007 1.0 £ 0.6 1.1 £0.7 1.0 £ 0.7
2008 1.0 £ 0.7 1.2 £ 0.7 0.8 £ 0.6
2009 1.1 £ 0.6 1.2+0.7 1.0+ 0.7
2010 1.4 +£ 0.2 1.2 +0.2 14+04
2011 1.2 +£04 1.2 4+0.2 1.2+ 06
2012 1.1 £02 1.2 +0.2 0.9 £ 0.2
2013 1.0 £ 0.1 1.1 +£0.1 0.9 + 0.1
2014 1.2 £ 0.1 1.3+ 0.1 1.1 £ 0.1
2015 1.1 + 0.1 1.4 £+ 0.1 0.8 + 0.1
2016 1.1 £ 0.1 1.2+ 0.1 1.0 + 0.1

was done separately for places with longest period of
record (sampling sites A and B) and for all sampling sites
in average, signed as precipitation, w.m.

Mean weighted values in precipitation evaluated for the
area of Elbe River basin (Bohemia) varied in range
0.9-14Bq 1"

We compare our data with those from GNIP [10] and
previously published data for the Czech Republic [12]
(Fig. 3). There is only one station from Czech Republic in
GNIP, we used nearest GNIP stations from Austria and
Germany for comparison. Only stations with the similar
climate were used for comparison [10].

The observed values of mean tritium concentrations in
surface water and precipitation are comparable with other
mid-latitude continental GNIP and GNIR stations [10, 11];
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Fig. 3 Comparison of tritium concentrations in precipitation in Elbe
River basin (Bohemia) (CZE) with data from GNIP [10] and
previously published data for the Czech Republic [12]

they varied around 1 Bq 17!, However, these concentra-
tions are still higher than the natural level, and also higher
than the concentrations in the Southern Hemisphere which
has already returned to pre-bomb era [3, 8, 20].

Trends of tritium concentrations

Trends of tritium concentrations in surface water were
processed using annual average values. The evaluation was
done separately for places with frequency of sampling 12
per year (sampling sites 1 and 2) and for all sampling sites
in average. We observed statistically significant trend of
decrease in all cases but evaluated effective half-lives
(Table 4) (Tes) were longer than the physical half-life of
tritium (12.32 y, [1]). The reasons for the longer half-life
are the other components (contribution by cosmic rays and
contribution from nuclear facilities considered constant for
the assessed period). These components contribute signif-
icantly to relatively low tritium concentrations. For these
reasons, the annual average tritium concentrations were
corrected for natural component generated by cosmic rays
and for the estimated contribution from nuclear facilities
worldwide via atmosphere. This component was estimated
according Hanslik [12] to be 0.48 Bq1™' together, the
component was subtracted from observed concentrations.

Table 4 Evaluated effective half-lives of tritium concentration
decrease in surface water (without and with correction for the natural
component and the contribution from nuclear facilities worldwide) in
the period 2002-2016

Surface water, 1, Vltava 2, Elbe
average Hluboka Lysa
(y)
Tery 27+ 9 29 + 14 16 £ 6
Tegr (corr.) I5£5 17+9 9+4

The values of T.; = 9-16 years were calculated for
kinetics of tritium concentrations decrease, corrected for
the natural component and the contribution from nuclear
facilities worldwide (i.e. for residual contamination from
atmospheric testing of nuclear weapons). The obtained T
were shorter than those for development of uncorrected
tritium concentrations (without subtraction). Taking into
account their uncertainty, the effective half-lives evaluated
for the corrected tritium concentrations correspond to the
physical decay.

Trend in tritium concentrations in precipitation was
analysed using mean weighted values from all sampling
sites. We did not observe any trend in decrease of tritium
concentrations after 2002, neither for tritium concentra-
tions with correction for the natural component and the
contribution from nuclear facilities worldwide.

From Figs. 2 and 3, the annual mean concentrations in
surface water and precipitation (GNIR and GNIP data)
decreased over time since the Nuclear Test Ban Treaty in
1963. This trend of decrease was observed also by Hanslik
[12] in the Czech Republic in 1990s. We have not observed
any trend in precipitation any more since 2002. Significant
trend of decrease was observed in surface water, but it is
obvious that the tritium component generated by the lasting
sources (natural processes and operation of nuclear facili-
ties) begins to predominate over the component of tritium
from nuclear bomb testing.

Seasonal trends

Tritium concentrations in precipitation from sampling sites
Prague Podbaba (A) and Kocelovice (B) were evaluated for
2010-2016 in detail (the electrolytically enriched samples)
(Fig. 4). Seasonality of tritium in precipitation was anal-
ysed. Consequently, the weighted averages of tritium were
processed for each month and season (Table 5). The
determined average values were maximal for spring and
summer (1.2-1.4 Bq 171), and minimal for winter (1.0 and
0.7 Bq 17"). This seasonal variation can be assigned to the
Spring Leak phenomenon, which leads to tritium release

—— A, Prague-Podbaba --a--B, Kocelovice
3.5 4 -
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Fig. 4 Tritium concentrations in precipitation from selected moni-
toring sites in the period 2010-2016
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Table 5 Monthly and seasonal
average tritium concentrations

A, Prague-Podbaba B, Kocelovice

weighted by quantity of (Bq 1
precipitation for the period
2010-2016 Winter December 1.0 +03 0.9 + 0.1 0.7 +0.3 0.7 £ 0.1
January 1.1 £03 0.6 £0.3
February 1.1 +0.2 0.8 +£03
Spring March 14 +£0.2 1.3 02 1.2 +0.2 0.8 +02
April 1.3+03 1.7+ 0.3
May 1.4 + 0.1 1.3+ 0.2
Summer June 1.3 +£0.1 1.4+ 0.1 1.4 £03 1.4 £ 0.2
July 1.2+ 0.1 1;5::0.3
August 1.2 £ 0.1 1.2+ 04
Autumn September 1.1 £02 1.1 +0.1 0.8 £0.2 1.1 402
October 13102 0.8 £0.3
November 0.9+ 0.2 0.6 £ 0.1

from stratosphere into troposphere due to heating of con-
tinents with resulting rise of the tropopause in spring [21].

Conclusions

This work investigated tritium actual levels in surface
water and precipitation at sites not influenced by any dis-
charge from a nuclear facility in Elbe River basin (Bo-
hemia) in the Czech Republic (see Tables 1 and 2).
Determined concentrations around 1 Bq 17" correspond to
mid-latitude continental location of the catchment. These
concentrations are still higher than the natural background
and also higher than the values in the Southern Hemisphere
but the tritium component generated by the present pro-
cesses (natural or anthropogenic) begins to predominate
over the component of tritium from nuclear bomb testing.
We cannot see further decrease of tritium concentrations in
precipitation as it was observed in past decades. The sea-
sonal variation of tritium concentrations due to the Spring
Leak phenomenon has been clearly seen since year 2010,
when we implemented electrolytic enrichment of samples
and reduced uncertainties of tritium analyses. This accurate
determination of tritium concentrations is essential for
other studies using tritium as a radiotracer (for pollutant
transport modelling or studies with ground water).
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Tritium in the Vitava and Elbe Rivers — monitoring and modelling

Eva Juranova, Barbora Sedlarova, Diana Maresova

1 Introduction

Tritium is a radioactive isotope of hydrogen, commonly present in the environment in low concentrations.
Besides natural processes, it can be generated by human activities e.g. operation of nuclear power plants.
This is also the case of the Temelin Nuclear Power Plant, which releases its tritiated wastewater into the Vitava
River [1]. As a result, tritium is elevated above its natural level along the Vitava River reach and the following
reach of the Elbe River. The tritium concentrations in the Czech territory are well measurable, clearly
distinguishable from the natural tritium levels, but still they are far below the legal threshold values for surface
and even for drinking water according to the Czech government decree 401/2015 Coll. and Council Directive
2013/51/Euratom.

2 Measured tritium concentrations in the Vitava and Elbe Rivers — Czech Republic

The surface water samples for tritium monitoring were collected at 6 sites at the Vitava and Elbe Rivers,
downstream of the Temelin Nuclear Power Plant waste water release (influenced sites) and, in addition, at two
reference sites not affected by the tritiated waste water release. Surface water has been sampled regularly
with frequency from twice a week to once a month since 2001 [2], when the Temelin Nuclear Power Plant was
put into operation. The tritium concentrations were determined using the standard liquid scintillation method
according to the CSN EN ISO 9698. In this article, data of the period 2006 — 2017 are evaluated, as it is
displayed in the tab. 1. Based on these monitoring results, it can be generally stated that the tritium
concentration at the influenced sites is significantly higher than at the reference sites. Concerning the
influenced sites, the tritium concentration decreases along the river reach with the distance from the source,
as the river swells and tritium is diluted in higher amount of water with a very low tritum concentration.

Based on the measured tritium data and the annual average flow rates, the annual tritium activities for the
studied sites were calculated as products of average tritium concentrations and annual average flow rates at
the same site and year. Comparing of the tritium amounts among the studied sites leads to the conclusion that
it is very stable as it travels along the river reach, the influences of radioactive decay, evaporation, sorption or
other can be neglected. This fact was used for estimation of the tritium concentration at sites at the German
part of the Elbe River.

Tab. 1 Tritium concentrations at the Vitava and Elbe monitoring sites, measured in 2006 — 20189.

. i . Distance from Tritium concentration [Ba/l]

River Site Site-type
source [km] | Average Min Max STD

Vitava Hluboka Reference - 1,2 < 0,51 23 0,29
Elbe Lysan. L. Reference - 1,1 < 0,37 3,9 0,41
Vitava Kofensko Influenced 0 62 < 0,49 2900 260
Vitava Solenice Influenced 56 21 3,5 64 11
Vitava | Stéchovice Influenced 118 20 < 0,86 51 8,9
Vitava Podoli Influenced 144 13 < 0,82 36 59
Vlitava ZelCin Influenced 196 12 < 1,0 36 55
Elbe Hrensko Influenced 309 6,6 < 0,65 21 3.4
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Fig. 1 Annual average tritium concentrations — estimated (modelled) and measured at the Elbe River, Wittenberg site
for the period 2006 — 2017.

3 Modelling of the tritium concentration in the Elbe River — Germany

The estimation of the tritium concentration at the German part of the Elbe River, the annual amounts of tritium,
calculated from the data measured at the Czech part of the river reach were used. The concentration estimation
was calculated as a ratio of the tritium amount and the annual average flow rate at the Wittenberg site at the
German part of the Elbe River [3]. The calculated concentration estimations were compared with the data
measured at the Wittenberg site by the German Federal Institute of Hydrology (BfG) [4]. As it is shown in the
fig. 1, the modelled (estimated) tritium concentrations in the German Wittenberg site correspond well to the
data really measured at the site by BfG.

4 Conclusion

Tritium concentrations elevated above the reference level, are measurable along all the river reach, affected
by the releases of the tritiated waste waters from the Temelin Nuclear power Plant. These concentrations fulfil
all the legislation requirements, so the risk for human health is insignificant, but it can be used for modelling
purposes, as it was shown at the estimation of the tritium concentrations at the Wittenberg site at the German
part of the Elbe River.
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