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Povzetek

Izvedel sem S$tudijo migracije kriticnih naravnih radionuklidov na obmocju bivSega
rudnika urana Zirovski vrh v Sloveniji. Med kriticne naravne radionuklide spadajo
dolgozivi naravni radionuklidi iz uran-radijeve razpadne vrste in sicer 238U, 234U, 2 0Th,
*6Ra, *'Pb in *'°Po. Na obmogju biviega rudnika urana Zirovski vrh v Sloveniji se
nahajata dve odlagalis¢i ostankov rudarjenja in stranskih produktov pridobivanja
uranovega koncentrata. V okviru doktorskega dela sem obravnaval eno izmed njih in sicer
odlagalisce Borst, na katerem je bila odloZena hidrometalurSka jalovina (jalovina, ki je
ostala po izluzevanju rude z Zvepleno kislino), ki vsebuje poviSane vsebnosti naravnih
radionuklidov iz uranove razpadne vrste. Zaradi razli¢nih procesov v naravi lahko pride
do migracije naravnih radionuklidov iz odlagalis¢a v okolico kar predstavlja nevarnost za
okolisko prebivalstvo.

Zato sem na odlagalis¢u hidrometalurSke jalovine BorSt odvzel vzorce tal, trave in
dreves. Po predhodni pripravi vzorcev, sem iz njih s pomocjo radiokemijske separacije
lo¢il dolgoZive radionuklide 238U, 234U, 230Th, 226Ra, 210pp in 21%Po. Meritve 23’8U, 234U,
20Th, #°Ra, in *'°Po sem izvedenl s pomog&jo spektrometrije alfa, meritve *'°Pb pa s
proporcionalnim Stevcem. Prav tako sem izvedel dva sekven¢na ekstrakcijska postopka,
ki omogocata dolocitev vsebnosti naravnih radionuklidov v razli¢nih frakcijah (vodotopna
frakcija, organska frakcija, karbonati, Fe, Mn oksidi in preostanek). Obenem sem
rezultate obeh postopkov med seboj statisticno primerjal. Rezultate vsebnosti naravnih
radionuklidov v travah sem uporabil za dolocitev faktorjev prenosa med tlemi in travo.
Preveril sem tudi moZnost uporabe trave za sledenje migracije naravnih radionuklidov v
tleh. Rezultate vsebnosti naravnih radionuklidov v razli¢nih delih dreves pa sem uporabil
za dolocitev koncentracijskih razmerij.

Prav tako sem izvedel analize 238U, 234U, 230Th, 226Ra, 210ph in 2Py v vzorcih tal,
travne silaze, sena in mleka iz okolice biviega rudnika urana Zirovski vrh. Vsebnosti
naravnih radionuklidov v mleku sem primerjal z referencno lokacijo in mlekom v prahu,
ki je na voljo v trgovinah. Izracunal sem efektivne letne doze zaradi zauZitja za odrasle in
dojencke do enega leta starosti za vzorce mleka iz okolice biviega rudnika urana Zirovski
vrh ter jih primerjal z vzorcem mleka iz referencne lokacije in vzorci mleka v prahu.
Izracunal sem tudi koncentracijska razmerja med travno silazo in senom ter mlekom.

Ugotovil sem, da sekvencna ekstrakcijska postopka, razen za organsko frakcijo in
preostanka v primeru Py, dajeta statisticno razli¢ne rezultate. Kljub temu nam
omogocata ugotoviti, da se %0, #°Th in *'Pb zadrzujejo v eni izmed zamocvirjenih
lokacij pod odlagalis¢em Borst. Glede na specifi¢ne aktivnosti v hidrometalurski jalovini
je na obmocju odlagalis¢a Borst najbolj mobilen =8y, sledijo pa mu #26Ra, 2'°Pb, “*’Th in
21%py. Rezultati faktorjev prenosa iz tal v travo so bili primerljivi z vrednostmi iz
literature, v primeru 28U ter *°Ra pa bi bilo mogoce uporabiti travo za sledenje migracije
naravnih radionuklidov. Vsebnost naravnih radionuklidov je najvisja v enoletnih iglicah
in listih dreves, kar pomeni, da drevesa koncentrirajo radionuklide v starej$ih iglicah in
listih. Rezultati vsebnosti naravnih radionuklidov v vzorcih mleka iz obmocja bivSega
rudnika urana Zirovski vrh ne kaZejo na povisane vrednosti v primerjavi z ostalimi vzorci.
Najvecjo skupno efektivno letno ingestijsko dozo pa sem dolo¢il v vzorcu mleka v prahu
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iz Pomurskih mlekarn in je za dojencke do enega leta starosti znaSala 648 pSv/leto.
Ugotovil sem tudi, da ve¢ kot 90 % skupnih efektivnih letnih doz zaradi zauZitja v vseh
primerih prispevata *'°Po in *'°Pb.



Abstract

A study of the migration of critical radionuclide in the area of the former uranium mine of
Zirovski vrh in Slovenia was performed. Critical natural radionuclides are defined as the
long-lived natural radionuclides from the uranium-radium decay chain, which are 23 8U,
234U, 23 OTh, 226Ra, 210ph and 2'°Po. In the area of the former uranium mine at Zirovski vrh,
two waste piles with uranium mining and milling wastes exist. The study area of this
doctoral work was focused on one of these two piles, the Borst waste pile, where uranium
mill tailings are deposited. Uranium mill tailings contain elevated levels of natural
radionuclides from the uranium decay chain. Different processes in nature can cause
migration of natural radionuclides from the waste pile into the surroundings which can
represent a hazard for the nearby local population.

Therefore, soil, grass and tree samples were collected at the BorSt waste pile. After
pretreatment of the samples, radiochemical separations of the long-lived radionuclides
23’8U, 234U, 230Th, 226Ra, 20 and 2'°Po were performed. 23 8U, 234U, 230Th, 226Ra, and
2%y were measured by alpha-particle spectrometry and *'°Pb a with gas-flow
proportional counter. In addition, two sequential extraction protocols, which allow
determination of natural radionuclide concentrations in different fractions (water soluble,
organic, carbonate, Fe, Mn oxides and residual fraction), were also performed. The results
of the two protocols were statistically compared. The results for the natural radionuclide
activity concentrations in grass were used for calculation of soil-to-plant transfer factors.
The possibility of using grass for tracing the migration of natural radionuclides in soil was
evaluated. Results of the natural radionuclide concentrations in different tree
compartments (wood, shoots and foliage) were used for the calculation of concentration
ratios.

Analysis of 238U, 234U, 230Th, 226Ra, 210ph and 2'°Po in soil, silage, hay and milk
samples from the surrounding area of the former uranium mine were performed. Activity
concentrations of natural radionuclides in milk were compared with a reference location
and with powdered milk samples bought from shops. Yearly effective ingestion doses for
adults and infants up to one year old for milk samples from the surrounding area of the
former uranium mine were calculated and compared with the milk sample from the
reference location and with the commercial powdered milk samples. Concentration ratios
between silage, hay and milk samples were also calculated.

The results showed that the two sequential extraction protocols give statistically
different results, with the exception of the organic fraction and residue in the case of P,
However, both protocols revealed that 23U, 2°Th and *'°Pb are retained in a swampy area
below the Bor$t waste pile. According to the activity concentrations in uranium mill
tailings on the BorSt waste pile, 28U is the most mobile, followed by 226Ra, 210Pb, 230ThH
and *'°Po. Soil-to-grass transfer factors were comparable with literature values. In the
case of 2°U and **°Ra, grass shows potential for use as an indicator for radionuclide
migration in soil. The highest activity concentration in the case of tree samples were
found in one years old needles and leaves, which means that trees concentrate
radionuclides in older needles and leaves. Activity concentrations of the radionuclides
analysed in milk samples from the area surrounding the former uranium mine at Zirovski



X Abstract

vrh are in general not higher than in other samples. The highest combined yearly effective
ingestion dose was found in the powdered milk sample from the Pomurske mlekarne
diary of 648 pSv/year for infants. In addition, more than 90 % of the combined annual
effective ingestion doses in all cases was due to *1%po and *'°Pb.
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1 Uvod

Naravni radionuklidi se nahajajo povsod v okolju. V posameznih geoloskih formacijah
je njihova koncentracija povisana, kot na primer na obmogju Zirovskega vrha, kjer se je v
preteklosti vrSilo intenzivno pridobivanje urana iz uranove rude. Zapus¢ina preteklega
rudarjenja je jalovina, ki je preostanek izluZevanja urana iz rude in je odloZena v bliZini
rudnika na odlagali$¢ih BorSt in Jazbec. V jalovini lahko najdemo tako ostanke urana, ki
ni bil v popolnosti izluZen iz nje, in tudi vse ostale radionuklide iz uranove razpadne
vrste, kot na primer 238U, 23 4U, 2 OTh, 226Ra, 210pp in 2%y, Odlagalisci jalovine sta v Casu
pisanja te doktorske disertacije Ze sanirani do te mere, da ni pricakovati vecjega vpliva
radionuklidov na okolico. Vendar padavine, erozija tal, zaledne vode in mnogi drugi
procesi lahko v prihodnosti povzrocijo migracijo doloCenih radionuklidov iz odlagalis¢ v
okolico. Odlagalis¢i namreC lezita v subalpskem podrocju, kjer je koli¢ina padavin
relativno velika, v neposredni bliZini pa Zivijo ljudje, ki bi lahko bili ob nepredvidljivi
migraciji radionuklidov iz odlagaliS¢ izpostavljeni visjim koncentracijam naravnih
radionuklidov. Zato je potrebno poznati kaksna je mobilnost radionuklidov odloZenih na
naravni laboratorij v katerem poviSane koncentracije naravnih radionuklidov omogocajo
raziskovanje raznih procesov kroZenja in migracije radionuklidov, ki jih na obmocjih z
nizkimi vsebnostmi radionuklidov ni mogoce izvesti ali je njihova izvedba oteZena.

Na odlagaliS¢u Jazbec je bila odloZena revna ruda in rdec¢a oborina. Revna ruda je
bila okarakterizirana kot ruda, ki je vsebovala manj kot 450 g/t UsOs, rdeca oborina pa je
bila eden izmed stranskih produktov v procesu izluZevanja urana (Florjanc¢i¢, 2000). Na
zacetku doktorskega dela (november 2006), so se na odlagalis¢u Jazbec Ze izvajala
kon¢na sanacijska dela, ki so vkljucevala ureditev breZin odlagaliS¢a, ureditev radonske
zapore, drenaZ, vrhnjega sloja in zatravitve odlagali$¢a. Zato raziskovalno delo na tem
odlagali$¢u ni bilo moZno.

V nasprotju z odlagalis¢em Jazbec, pa na odlagaliS¢u Borst zaklju¢nih sanacijskih del
v Casu zaletka doktorskega dela Se niso zaceli izvajati. Zato sem obmocje odlagalis¢a
Borst izbral za izvajanje raziskav migracije naravnih radionuklidov. Na odlagalis¢u Borst
so v preteklosti odlagali hidrometalur§ko jalovino (HMJ), ki je bila odpadni produkt po
izluZevanju urana z Zvepleno kislino. BreZine odlagali§¢a so bile pokrite s 30 — 40 cm
zemlje, na katerih je rasla naravna vegetacija (preteZno trava, bori in smreke, v man;jsi
meri pa tudi javor ter nekatere grmovnice). [zcedne vode s poviSano vsebnostjo naravnih
radionuklidov so se izlivale v bliZnji potok Todrasc¢ica, povrSinske vode iz odlagalis¢a pa
so odvajali v zadrZevalni bazen, kjer se je vrSila sedimentacija trdnih delcev, preliv pa je
prav tako odtekal v potok Todrascica.

Industrijsko pridobivanje uranovega koncentrata iz uranove rude je v Rudniku
urana Zirovski vrh potekalo med leti 1984 in 1990, ko je bilo z dekretom prekinjeno
izkoriSCanje urana. Shemo pridobivanja uranovega koncentrata prikazuje slika 1. Po
drobljenju in mletju uranove rude, je bil iz nje izluZen uran s pomocjo H,SO4. Odpadni
produkt izluZevanja je bila HM]J, ki je bila, kot Ze receno, odloZena na odlagalis¢u Borst.
Uran je bil ekstrahiran iz luZnice, ki je ostala po izluZevanju urana z Zvepleno kislino, s
pomocjo terciarnih aminov in kerozina. Iz preostalega rafinata iz solventne ekstrakcije so
oborili hidrokside (rdece blato) s pomocjo apna. Iz eluata pa so z amoniakom oborili
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uranov koncentrat in ga posusili (Florjanci¢, 2000).

Zmleta ruda
v
IzluZevanje .| Hidrometalur
H,S0, ™ rude 2 H,SO, ™ tka jalovina
Raztopina

Apno

v Rafinat l
Terciarni amini Solventl}a > Ob%rjanje
in kerozin ekstrakcija rdecega blata

Eluat

A 4

Obarjanje uranovega
koncentrata

Amoniak —¥

y

Susenje uranovega
koncentrata

A
Uranov koncentrat

Slika 1: Poenostavljena shema pridobivanja uranovega koncentrata.

V casu industrijskega pridobivanja uranovega koncentrata je bilo na odlagaliS¢u Borst
odlozenih 0,6 milijonov ton HMJ z vsebnostjo (995 + 80) Bg/kg ***U, (3930 + 580) Bq/kg
Th in (8630 + 340) Bq/kg **°Ra (Krizman et al., 1995). Poleg teh radionuklidov,
vsebuje HMJ tudi vse ostale radionuklide iz uran-radijeve in aktinijeve razpadne vrste. Na
sliki 2 so tako prikazani uran-radijevi dolgozivi radionuklidi 23 8U, 23 4U, 23 0Th, 226Ra, 210py,
in *'°Po, ki so bili predmet raziskav predstavljenih v doktorski disertaciji.

Uran ima atomsko Stevilo 92 in je najteZji naravni element. Njegovi trije naravni
izotopi so **U (99,28 %), *°U (0,71 %) in *U (0,0054 %). Znan je kot tretji v vrsti
aktinidov, pri katerih se polni notranja 5 f orbitala. Vsi trije uranovi naravni izotopi
razpadajo z razpadom o z energijami razpada 4,3 MeV (**U), 4,7 MeV (**U) in 4,9 MeV
(***U). Na obmogju Zirovskega vrha je prevladujo¢i uranov mineral uranova smola
(4U0O,-UO3 do 2U0O,-3U0:3), ki je kolomorfna, pretezno izotropizirana oblika uraninita in
je sive barve z nekoliko rjavim odtenkom (Florjanci¢, 2000). Kovinski uran je
svetlikajoca se kovina srebrne barve, ki ima talis¢e pri 1132 °C in vrelis¢e pri 3818 °C.
Uran lahko obstaja v vodnih raztopinah v §tirih oksidacijskih stanjih in sicer kot U**
(rde€), U** (zelen), UO," (nestabilen) in UO,** (rumen). Oksidacijsko redukcijski
potencial uranovih ionov v kisli raztopini je predstavljen v formuli 1. (Hampel, 1968).

UO§+ +0,063 V UO; +0,58 V U4+ -0,631' V U3+ -1.80 V U (1)

A 40,32V |
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Obstaja tudi uran z oksidacijskim Stevilom 2, vendar le v nekaterih trdnih spojinah, kot
na primer UO ali US, ion s tem oksidacijskim stanjem v raztopini pa ne obstaja. U** ion je
zelo nestabilen, saj spros¢a vodik iz vode, prav tako UO,", ki predstavlja U™ in obicajno
disproporcionira na U* ter UO,™. Kljub temu, da je nestabilen, pa v raztopinah najdemo
Uty organskih in anorganskih (s kloridnimi, sulfatnimi ali karbonatnimi ioni)
kompleksih. Najpomembnejsi oksidacijski stanji urana sta 4+ in 6+, zato kemizem urana
lahko poveZemo z dvema oksidoma v teh oksidacijskih stanjih in sicer UO; in UOs. Prvi
se raztaplja v kislih raztopinah, pri ¢emer oblikuje U* ione in tvori trdne soli kot UCly in
U(S04)2-9H,0. Ion U022+ tvori v kislih raztopinah wuranilne derivate tipa
UO,(NO3),-6H,0 in UO,Cl,. Sorodni so tudi derivati trioksida, uranati in poliuranati.
Znani so tudi uranati alkalnih kovin, kot na primer M,U,0O7. (Hampel, 1968)

23475 2385
2,5E5 le 4,5E9 let

azpad B 4pa

razpad a 6,7h
A 4 A 4

207 234
7,5E4 let 24,1 dni

26pa
1,6E3 let

2p,
3,82 dni

20p 214p 218p)
1,4E2 d 1,6E2 3,1 min

ZIOBi 214Bi

5,01 dni \ 19,9 mi

206py, 210p}, 2ipy
stabilen 22,32 let 26,8 min

Slika 2: Uran-radijeva razpadna vrsta.

Trivalentne uranove spojine ni mogoce oboriti iz vodnega U™, ker je podvrZen hitri
oksidaciji do S8 Obicajne vodotopne soli U* so kloridi, bromidi, sulfati in perklorati;
vse te raztopine so hidrolizirane. Kloridni in bromidni ioni oblikujejo Sibke komplekse v
razredéenih raztopinah medtem, ko so sulfatni ionski kompleksi mocnejsi. Uranov (IV)
oksalat, fosfat, fluorid, molibdat, arzenat, ferocianid in hidroksid so netopni v nevtralnih
pogojih. Zanimiva oksidna kationa MO,™" in MO," se pojavljata prakti¢no le pri aktinidih.
Uranilni ion U022+ se obnaSa kot enostavni, dvakrat pozitivho nabiti ion in lahko v
mnogih primerih nadomesca Ca™. Obstajajo tudi dokazi o bolj zapletenih polimernih
vrstah tega iona, kot na primer U2052+ in U3082+, ki se oblikujejo v koncentriranih
uranilnih raztopinah kot rezultat hidrolize. (Hampel, 1968).

Atomsko Stevilo torija je 90. Razni torijevi izotopi se pojavljajo v vseh naravnih
razpadnih vrstah, vendar so vsi radioaktivni. Najbolj znan je “2Th, ki je na zacetku
torijeve razpadne vrste. V uranovi razpadni vrsti, ki je prikazana na sliki 2, najdemo Se
**Th in #’Th. Z vidika teme doktorske disertacije je najpomembne;jsi 2307, saj ima
precej dolg razpolovni ¢as (slika 2) medtem, ko je “2Th na Zirovskem vrhu prisoten le v
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zelo nizkih koncentracijah. Podobno kot uranovi izotopi, tudi 207 razpada z razpadom a
z energijo 4,8 MeV.

V sploSnem je torij v kemijskih reakcijah prisoten kot Stirikrat pozitivno nabiti ion.
Torij je drugi v vrsti aktinidov, pri ¢emer imajo vsi elementi razen aktinija in torija
elektrone v 5 f orbitali v osnovnem stanju. Pri tvorbi spojin ima torij moc¢ne kovinske
lastnosti in tvori binarne spojine prakticno z vsemi nekovinskimi elementi. ThO, lahko
dobimo s termic¢nim razpadom oksalatov, hidroksidov in nitratov, s hidrolizo halidov ter s
segrevanjem kovinskega torija na zraku ali kisiku. Ostale torijeve okside je tudi moZno
pripraviti, vendar v normalnem kemijskem obnaSanju torija ne igrajo pomembne vloge.
Torijev dioksid je osnova za tvorbo soli z organskimi in anorganskimi kislinami. Ker torij
obstaja v raztopini kot majhen, visoko nabit kation, je izpostavljen obseZnim interakcijam
z vodo in mnogimi anioni. Torij obstaja le v oksidacijskem stanju 4+, zato ni potrebno
upostevati redoks reakcij. Vodotopne soli torija so nitrati, sulfati, kloridi in perklorati.
NajpomembnejsSe netopne spojine torija pa so hidroksidi, fluoridi, in fosfati (Hyde, 1960).

Radij je najtezji element alkalnih zemelj. Njegovo atomsko Stevilo je 88. Izmed vseh
radijevih izotopov je najpomembne;jsi 226Ra, ki je razpadni produkt U (slika 2). Tudi
2°Ra razpada z razpadom a z energijo 4,9 MeV. Kemijske lastnosti radija so dolo¢ene z
njegovo pozicijo v drugi skupini periodnega sistema. Njegovi oksidacijski stanji sta 0 in
2+, redoks potencial pa -2,916 V, kar je podobno kot pri kalciju, stronciju in bariju. Tudi
kemijsko obnaSanje radija je podobno tem elementom. Vendar pa moc¢na radioaktivnost
radija povzro€a veliko radiacijskih poSkodb v kristalih, ki vsebujejo radij. Tako so
Ra(I03), kristali za razliko od brezbarvnega Ba(IO3),, rjave barve zaradi prisotnosti
prostega joda, ki je posledica radiacijske redukcije. Radij obstaja v raztopinah le v
oksidacijskem stanju 2+. Zaradi njegovega bazicnega karakterja ga je zelo teZko
kompleksirati. To je tudi vzrok, da je ve€ina radijevih spojin enostavnih ionskih soli.
Radijevi klodiri, bromidi in nitrati so topni v vodi, toda njihova topnost pada z
naraS¢ajoco koncentracijo kloridnih, bromidnih ali nitratnih ionov. Radijev klorid in
bromid sta manj topna od pripadajocih barijevih soli, radijev nitrat pa je bolj topen od
barijevega (Kirby in Salutsky, 1964).

Svinec ima atomsko Stevilo 82 in se nahaja v cCetrti skupini periodnega sistema
elementov in ima taliS¢e pri 327 °C ter vreli€e pri 1737 °C. Radioaktivni izotop svinca
210pp razpada z razpadom beta z maksimalno energijo 63 keV. V vodnih raztopinah se
svinec ponavadi nahaja v divalentni obliki, saj je tetravalentna oblika nestabilna ali
netopna (Gibson, 1961). NajpomembnejSa topna svinceva sol je Pb(NOs),, ki jo lahko
pridobimo z raztapljanjem kovinskega svinca v duSikovi kislini. Tudi svincev acetat je
topen in kristalizira v obliki Pb(C,H30,),-:3H,0. Ta snov le delno disociira v vodnih
raztopinah, zato postanejo mnoge slabo topne svinfeve soli v raztopinah, ki vsebujejo
acetatni ion bolje topne. Pri tem pride do tvorbe bodisi nedisociiranega svincevega
acetata, bodisi ob preseZku acetatnih ionov do tvorbe kompleksov Pb(C,H30,); ali
Pb(C2H302)42'. Zaradi te lastnosti svinevega acetata, se velikokrat uporablja pri analitiki,
saj pomaga pri raztopitvi slabo topnih svincevih spojin. Zraven sulfatov, kromatov,
sulfidov in karbonatov, spadajo tudi halidi med slabo topne svineve soli. Topnost
svincevih halidov se zmanjSuje v vrstnem redu, kot so navedeni: PbCl,, PbBr,, Pbl,,
PbF,. (Hampel, 1968).

Polonij ima atomsko Stevilo 84, nima stabilnih izotopov in spada med najredkejSe
naravne elemente. >'°Po, ki je zadnji radionuklid v uranovi razpadni vrsti, razpada z
razpadom a z energijo 4,8 MeV. Polonij ima tali$¢e pri 254 °C in vrelisc¢e pri 962 °C, kjer
tvori brezbarvne pare s Po, molekulami. Kljub temu je znano, da je polonij hlapen pri
mnogo nizjih temperaturah, pri cemer je hlapnost odvisna od tega, s katerimi kemijskimi
vrstami je povezan. Tako Mabuchi (1958) ugotavlja, da polonij, ki je povezan s spojinami
iz organskih reagentov (difenilkarbazid, difenilkarbazon, difeniltiokarbazon, tiourea,
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difeniltiourea,...), sublimira Ze pri temperaturah pod 160 °C in zra¢nem tlaku. Pri
anorganskih spojinah (kalijev jodid in HCI) pa do sublimacije ni pri$lo niti pri 200 °C in
zracnem tlaku. Podobno ugotavljata Jia in Torri (2007), ki sta za razkroj zemelj uporabila
talino vzorca z Na,COj3 in NayO; pri 600 °C in izmerila, da je bila hlapnost polonija okrog
14 %. Cas trajanja taljenja sta spreminjala od 0 do 120 min in pri tem nista opazila
povecevanja hlapnosti s Casom.

Kemizem polonija kaze najve¢ podobnosti s kemizmom telurja. Polonij pocasi oksidira
na zraku. Pri tem se tvori preteZzno PoO,. Raztaplja se v koncentrirani Zveplovi in selenovi
kislini. Koncentrirana duSikova kislina in zlatotopka raztapljata polonij tako, da ga
oksidirata do Po**. V razred&eni klorovodikovi kislini se polonij raztaplja tako, da tvori
rde¢ do roza Po™, ki se nato oksidira do rumenega Po** zaradi radiolitske reakcije.
Polonij obstaja v valencah -2, 0, +2, +3, +4 in +6. Polonijeve soli so bolj bazi¢ne od
pripadajocih selenovih ali telurjevih spojin. (Hampel, 1968).

Detekcija naravnih radionuklidov je odvisna od vrste radioaktivnega sevanja, ki ga
oddajajo posamezni radionuklidi in je posledica razpada le teh. Tako v osnovi lahko
razdelimo radionuklide med tiste ki razpadajo na bodisi delce alfa ali beta, nekateri med
njimi pa ob tem oddajajo tudi sevanje gama. Za detekcijo sevanja gama se za vzorce
najpogosteje uporablja spektrometrija gama, za detekcijo delcev alfa spektrometrija alfa,
proporcionalni Stevec ali tekoCinski scintilacijski Stevec. Pri detekciji delcev alfa je
spektrometrija alfa veliko boljSa od ostalih dveh moZnosti saj omogoca prikaz spektra, ki
nam olajSa identifikacijo posameznih radionuklidov, prav tako pa so vrednosti ozadja
veliko niZje kar omogo€a mnogo nizje meje detekcije. Za detekcijo delcev beta pa se pri
vzorcih iz okolja najpogosteje uporabljata proporcionalni Stevec z nizkim ozadjem in
tekoCinski scintilacijski Stevec. V primeru detekcije delcev beta omogoca proporcionalni
Stevec z nizkim ozadjem niZje vrednosti ozadja in posledicno niZje meje detekcije v
primerjavi s teko¢im scintilacijskim detektorjem. V doktorskem delu sem za detekcijo
238U, 234U, 230Th, 226Ra in *'°Po uporabil spektrometer alfa, za detekcijo 210py, pa
proporcionalni Stevec.

Porazdelitev, mobilnost in bioloska dostopnost radionuklidov je odvisna ne le od
aktivnosti, ampak tudi od oblike v kateri se nahajajo v okolju. Spremembe pogojev v
okolju lahko mo¢no vplivajo na obnaSanje radionuklidov zato, ker pride do spremembe
oblike v kateri se pojavljajo v okolju. Tako lahko nekateri radionuklidi preidejo v bolj
topno obliko, spet drugi se lahko oborijo in postanejo bioloSko nedostopni. Obliko v
kateri se nahajajo radionuklidi v vzorcu oziroma v okolju lahko dobimo s pomocjo
speciacijske analize (Ure in Davidson, 2002). IUPAC (2000) opredeljuje speciacijsko
analizo kot analitske aktivnosti, ki so potrebne za identifikacijo in/ali meritev mnoZine
ene ali ve¢ individualnih kemijskih zvrsti v vzorcu. Prvi korak k speciacijski analizi je
frakcionacija, ki je proces klasifikacije analita ali skupine analitov v doloenem vzorcu
glede na njegove fizikalne (velikost, topnost) in kemijske (reaktivnost, sposobnost
vezave) lastnosti.

V doktorski disertaciji sem uporabil in primerjal dva najpogosteje uporabljana
sekvenfna ekstrakcijska postopka in sicer Schultzeva modifikacija Tessierjevega
postopka (Schultz et al., 1998) ter revidiran BCR postopek (Rauret et al., 1999). Pri
sekvencni ekstrakciji razvr§€amo analit glede na njegovo topnost v razli¢nih topilih, zato
jo glede na IUPAC-ovo (2000) definicijo uvr§¢amo med frakcionacije in je zelo uporabna
kot zacetna stopnja speciacije radionuklidov v zemlji. Pri sekven¢ni ekstrakciji izvedemo
celo vrsto zaporednih ekstrakcij istega vzorca z razlicnimi ekstraktanti. Najvecja prednost
sekvencne ekstrakcije je izboljSana selektivnost reagentov, saj razporedimo ekstrakcijske
stopnje tako, da najprej ekstrahiramo vzorec z najblazjimi reagenti in na koncu z najbolj
reaktivnimi.

Eni izmed prvih zacetnikov sekvencne ekstrakcije so bili Tessier et al. (1979), ki so
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razvili postopek sekvencne ekstrakcije za kovine v sledovih v vzorcih sedimentov.
Postopek temelji na selektivnem raztapljanju dolocenega elementa, ki je prisoten v vzorcu
v razli¢nih topilih. Tessierjev postopek predvideva pet stopenj, kjer kot rezultat dobimo
vsebnost analita v petih frakcijah: izmenljiva, vezana na karbonate, vezana na Fe-Mn
okside, vezana na organsko snov ter preostanek. Vse frakcije so odvisne od uporabljenih
reagentov in se ne nanasajo na to¢no dolo¢eno kemijsko frakcijo. Tak$no razvr§€anje nam
pove koliko analita je biodostopnega in mobilnega za prenos v ostale dele ekosistema.
Obenem je postopek dokaj enostaven, zato se je uporaba tega postopka v svetu mocno
razSirila tudi na preucevanje tal in ostalih kemijskih elementov ter tudi na radionuklide.
Stevilo objav, v katerih je bila uporabljena ena izmed metod sekvenéne ekstrakcije, je bilo
v letu 2006 Ze vecje od 200 (Bacon in Davidson, 2008).

V Casu od razvoja Tessierjevega postopka do danes so se pojavile mnoge modifikacije
tega postopka, kot tudi drugi postopki. Raziskovalci so namre¢ spreminjali in modificirali
razne postopke ter razvijali nove z namenom, da bi postopek bolj ustrezal njihovim
potrebam. To je privedlo do tega, da rezultati med seboj niso bili primerljivi. Zato so Ure
et al. (1993) razvili tako imenovani BCR tristopenjski postopek z namenom, da bi
poenotili postopke sekvenénih ekstrakcij ter tako dobili ponovljive rezultate. Temu je v
letu 1999 sledila Se revizija BCR tristopenjskega postopka, ki so jo naredili Rauret et al.
(1999). Za Studije mobilnosti radionuklidov pa se kljub razvoju BCR postopka
najpogosteje uporablja Tessierjev postopek ter modifikacija tega postopka, ki so jo izvedli
Schultz et al. (1998).

Pri pregledu literature lahko ugotovimo, da nobena izmed Studij, ki se ukvarjajo z
radionuklidi ne uporablja BCR postopka ali revizijo le tega, ceprav je bil predstavljen z
namenom poenotenja sekvencnih ekstrakcijskih postopkov. Vecina raziskovalcev pri
raziskavah mobilnosti dolgoZivih naravnih radionuklidov v zemljah in sedimentih
uporablja Tessierjev postopek (Aguado et al., 2004; Trautmannsheimer et al., 1998) ali
Schultzov postopek (Blanco et al., 2005). Mnogo je tudi raziskovalcev, ki uporabljajo
druge postopke, ki so po navadi ena izmed modifikacij Tessierjevega postopka (Al-Masri
et al., 2006; Galindo et al., 2007; Desideri et al., 2008). Na splo$no pa so raziskave
mobilnosti dolgoZivih naravnih radionuklidov veliko redkejSe v primerjavi z umetnimi
radionuklidi ali tezZkimi kovinami.

Zanimivo moZnost pri sledenju migracije radionuklidov predstavlja tudi uporaba
izotopskega razmerja >*U/~®U. V ravnoteZnih pogojih bi namre¢ lahko predpostavili,
da sta specifi¢ni aktivnosti U in U enaki, vendar vedno ni tako. Kot razlog
neravnotezju med 24U in #®U Bourdon et al. (2003), Adloff in Rossler (1991) ter Suksi et
al. (2006) navajajo odbojni efekt, ki sproZi premik razpadnega produkta iz delca v okolje
in povecano mobilnost razpadnega produkta zaradi oksidacije e O obmocjih, ki niso
blizu fazne meje. Shematski prikaz odbojnega efekta in oksidacije U prikazuje slika 3.
Posledica tega efekta je zniZanje izotopskega razmerja PU/APU0 v deleu in povecanje v
njegovi okolici. Skladno s tem lahko pricakujemo v HMJ in v podro¢jih kontaminiranih s
HMJ, da bo izotopsko razmerje U0 enako 1, saj je bila HMJ podvrZena drobljenju
in mletju ter izluZevanju s H,SO4 in omenjen efekt ne more potekati. V podrocjih kjer ni
vpliva HMJ pa lahko pricakujemo izotopsko 1razmerje:234U/23 U v tleh v preostanku iz
sekvencne ekstrakcije, ki je manjse od 1 ter v mobilnih frakcijah vecje od 1.
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Slika 3: Shematski prikaz odbojnega efekta in oksidacije ***U (Suksi et al., 2006).

Brezine odlagalis¢a Borst je na zacCetku $tudij, ki so predstavljene v tem doktorskem
delu prekrivala naravna vegetacija, kar je predstavljalo priloZnost za raziskave privzema
naravnih radionuklidov v travo in drevesa. Tako sem doloc¢il faktorje prenosa
radionuklidov iz tal v trave in jih primerjal z rezultati iz literature. Faktor prenosa
predstavlja razmerje med aktivnostjo posameznega radionuklida v rastlini in aktivnostjo v
tleh. Uporaben je predvsem kot parameter v modelih za oceno prenosa radionuklidov po
prehranski verigi. Faktor prenosa iz tal v trave je v veliki meri odvisen od vrste tal zato so
razlike med faktorji prenosa iz tal v trave iz razlicnih lokacij po svetu lahko tudi ve¢
velikostnih razredov. Tako so na primer faktorji prenosa iz tal v trave za By y podatkih
iz literature v razponu od 3.07E-4 do 4.56E-1 (Vandenhove et al., 2009). Zato je bilo
pomembno dolociti faktorje prenosa iz tal v trave v okolju v katerem se nahaja
odlagalisce Borst. Ker bosta po kon€ani sanaciji odlagali$¢i prekriti s travo, sem preveril
tudi moZnost uporabe trave za spremljanje migracije naravnih radionuklidov iz odlagaliS¢.
Iz staliS€a privzema radionuklidov pa so zanimiva tudi drevesa, ki so rasla na breZinah
odlagalisca Borst, saj so zaradi relativno tanke plasti zemlje, s katero je bila pokrita
jalovina, prakti¢no rasla s koreninami v samem jalovi§€u. V literaturi je zaslediti kar
nekaj Studij povezanih z drevesi, ki so rasla na razlicnih odlagalis§¢ih odpadkov rudarjenja
urana (Petrova, 2006; Madruga et al., 2001; Rodriguez et al., 2010 in Thiry et al. 2005).
Tako sem, kjer je to bilo mogoce, dobljene rezultate primerjal z Ze objavljenimi.

V bliZini odlagaliS¢ Bor$t in Jazbec Zivijo ljudje, ki so zaskrbljeni zaradi vpliva le teh
na njihovo zdravje. Ena izmed moZnih prenosnih poti radionuklidov, katerim je
izpostavljeno okolisko prebivalstvo, je tudi prenos preko krme, ki jo pridelujejo v bliznji
okolici biviega rudnika Zirovski vrh, v krave, ki jih imajo domagini in posledi¢no v
mleko. Zato so bili odvzeti vzorci mleka pri Stirih kmetih, ki krmijo krave s krmo, ki jo
pridelajo v bliZini biviega rudnika urana Zirovski vrh. V odvzetih vzorcih mleka sem
dologil vsebnosti kritiénih naravnih radionuklidov (***U, U, ***Ra, *'°Pb in *'°Po) in jih
primerjal z vrednostmi v vzorcu mleka iz referencne lokacije, ki je bil odvzet v
Bukovs¢ici. IzraCunal sem tudi dozno obremenitev za odrasle prebivalce ter dojencke, kot
posledico pitja mleka. Pri dojenckih mleko predstavlja Se posebno velik deleZ pri prehrani
in so lahko zaradi vecjega vnosa posledi¢no bolj obremenjeni pri poviSanih vsebnostih
naravnih radionuklidov. Zato sem vrednosti iz vzorcev mleka iz okolice Zirovskega vrha
primerjal z vrednostmi v mleku v prahu, ki sem ga kupil v trgovinah v Ljubljani in je
namenjeno za pripravo hrane za dojencke.



8 Uvod

Kljub temu, da je mleko zelo pomembno Zivilo v prehrani ljudi, so raziskave naravnih
radionuklidov v mleku zelo redke in po pregledu dostopne literature nisem nasSel
nobenega Clanka, ki bi se ukvarjal s to problematiko. Obstaja pa veliko Studij o vsebnosti
in prenosu umetnih radionuklidov v mleko, kot sta na primer Sr in 131I, ki se lahko
sprostita v naravno okolje preko razli¢nih ¢loveskih aktivnosti (jedrske elektrarne, jedrske
nesrete, eksplozije jedrskih bomb...). V okolici rudnika urana Zirovski vrh so v
preteklosti v okviru programa nadzora radioaktivnosti Ze bile izvedene meritve
radionuklidov v mleku. Omenjene meritve so bile izvedene s spektrometrijo gama,
rezultati pa so bili omejeni le na *26Ra in *'°Pb, pa Se pri teh dveh radionuklidih so zaradi
premajhne obcutljivosti metode vrednosti bile pod mejo detekcije ( < 0,03 Bq/kg sveZzega
mleka za *°Ra in < 0,2 Bg/kg svezega mleka za ?19h) (Omahen et al., 2006). Zato sem
naravne radionuklide v mleku v doktorskem delu doloCil s pomoc¢jo radiokemijske
separacije in meritve bodisi s pomoc¢jo spektrometra alfa **U, #*U, *°Ra, in *'°Po) ali
proporcionalnega Stevca (*'°Pb). Omenjene metode omogocajo tudi do desetkrat niZje
meje detekcije in so posledino bolj primerne za dolocitev naravnih radionuklidov v
vzorcih mleka. Ker so raziskave naravnih radionuklidov v mleku zelo redke, sem izvedel
tudi dolocitev koncentracijskih razmerij med krmo in mlekom, za kar so bili odvzeti
vzorci tal, sena, travne silaZe in mleka na kmetiji, ki se nahaja v bliZini bivSega rudnika
urana Zirovski vrh.



2 Namen dela

Namen doktorskega dela je bil doprinesti, razsiriti in poglobiti trenutna spoznanja glede
obnaSanja naravnih radionuklidov v okolju. Na posameznih podro¢jih, ki jih obravnava
doktorsko delo so namre¢ Studije, ki jih je mo¢ zaslediti v dostopni literaturi, zelo
omejene ali pa sploh ne obstajajo. Namen doktorskega dela je poglobljeno obravnavati
obnaganje naravnih radionuklidov na obmogju biviega rudnika urana Zirovski vrh. Tako
je namen dela ugotoviti migracijo in mobilnost kriti¢nih radionuklidov **u, U,
#0Th, *°Ra, *'°Pb in *'°Po) na vplivnem obmo¢ju biviega rudnika urana Zirovski vrh v
tleh in prenos teh radionuklidov v travo, drevesa in mleko. Prav tako sem v doktorskem
delu statisti¢no primerjal dva sekvencna ekstrakcijska postopka z namenom ugotovitve
primernosti uporabe sekvencnih ekstrakcijskih postopkov za doloCanje vsebnosti
naravnih radionuklidov v doloceni frakciji. Namen doktorskega dela je tudi oceniti
ustreznost uporabe trave za spremljanje migracije radionuklidov iz odlagaliSca ter
dolociti vsebnost radionuklidov v drevesih, ki so rasla na odlagali$¢u Bor§t. V
doktorskem delu sem ocenil tudi efektivno letno ingestijsko dozo, ki jo prejmejo odrasli
in dojencki do enega leta starosti pri uZivanju mleka iz okolice obmocja bivSega rudnika
urana Zirovski vrh. To dozo sem primerjal z vzorcem iz referen¢ne lokacije ter vzorci
mleka v prahu, ki so dostopni v trgovinah z namenom ugotovitve ali biv§i rudnik urana
Zirovski vrh vpliva na vsebnosti naravnih radionuklidov v vzorcih mleka. V
doktorskem delu sem dolocil tudi faktorje prenosa med tlemi in travo kakor tudi
koncentracijska razmerja med hidrometalurS§ko jalovino in dolo¢enimi deli dreves in
koncentracijska razmerja med krmo in mlekom.
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3 Materiali in metode

3.1 Kemikalije

Vse uporabljene kemikalije, razen kjer ni posebno navedeno, so bile p.a. kvalitete.
Seznam uporabljenih kemikalij je sledec:

- Koncentrirana HNOj (65 %) proizvajalca Sigma-Aldrich.

- Koncentrirana HCI (37 %) proizvajalca Sigma-Aldrich.

- Koncentrirana HF (48 %) proizvajalca E. Merck.

- Koncentrirana H,SO4 (96 %) proizvajalca Sigma-Aldrich.

- Raztopina NH4OH (25 %) proizvajalca E. Merck.

- Raztopina H,O, (30 %) proizvajalca E. Merck.

- MgCl,-6H,0 proizvajalca E. Merck.

- NaOCl (10 — 12 %), reagent grade, proizvajalca Sigma-Aldrich.
- Natrijev acetat (NaAc) proizvajalca Alkaloid Skopje.

- Ocetna kislina (HAc) (100 %) proizvajalca E. Merck.

- NH;OHHCI proizvajalca E. Merck.

- NayO, proizvajalca Sigma-Aldrich.

- NayCOs; proizvajalca Sigma-Aldrich.

- Etanol (95 %) proizvajalca Carlo Erba Reagenti.

- NHsHACc proizvajalca Kemika Zagreb.

- Askorbinska kislina proizvajalca Sigma-Aldrich.

- AI(NO3)3-9H,0 proizvajalca E. Merck.

- Oksalna kislina proizvajalca Alkaloid Skopje.

- Pb(NOs3); proizvajalca E. Merck.

- EDTA proizvajalca Carlo Erba Reagenti.

- NaOH proizvajalca E. Merck.

- BaCl,-2H,0 proizvajalca Carlo Erba Reagenti.

- Na,SO, proizvajalca Carlo Erba Reagenti.

- FeCl;-6H,0 proizvajalca E. Merck.

- Nd,Oj; proizvajalca E. Merck.

- Plin P-10 (90 % argon, 10 % metan) proizvajalca Messer Slovenija.
- Teko¢i pH indikator s pH obmoc¢jem O — 5 proizvajalca E. Merck.
- 15 % raztopina TiCl; proizvajalca E. Merck.

3.2 Certificirane standardne raztopine in radioaktivni viri

Pri doktorskem delu sem uporabil sledece -certificirane standardne raztopine in
radioaktivne vire:

22U v 1 M HNO;, proizvajalca Eckert & Ziegler Analytics, s specifi¢no
aktivnostjo 729 Bg/g na dan 27.11.2007 in relativno raz$irjeno negotovostjo (k =
2) 5,0 % (Stevilka certifikata: 76225-482).
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- **Th v 0,5 M HNOs, proizvajalca Eckert & Ziegler Analytics, s specifi¢no
aktivnostjo 77,8 Bq/g na dan 27.11.2007 in relativno razSirjeno negotovostjo (k =
2) 3,5 % (Stevilka certifikata: 76224-482).

- "Bav 0,1 M HCI z dodanim 30 pg/g Ba nosilcem, proizvajalca Eckert & Ziegler
Analytics, s specificno aktivnostjo 11 kBq/g na dan 27.11.2007 in relativno
raz$irjeno negotovostjo (k = 2) 1,7 % (Stevilka certifikata: 76218-482).

- 2%Pp v 1 M HNO;, proizvajalca Eckert & Ziegler Analytics, s specifi¢no
aktivnostjo 699 Bqg/g na dan 27.11.2007 in relativno raz$irjeno negotovostjo (k =
2) 3,3 % (stevilka certifikata: 76220-482).

- Pov2MHC, proizvajalca Eckert & Ziegler Analytics, s specifi¢no aktivnostjo
36,3 Bg/g na dan 27.11.2007 in relativno razSirjeno negotovostjo (k = 2) 2,0 %
(Stevilka certifikata: 76221-482).

- Elektrodepoziran vir premera 24,1 mm proizvajalca Analytics, z aktivnostjo 2y
(1,70 + 0,05) Bg, **U (1,68 + 0,05) Bq, **’Pu (1,62 + 0,05) Bq in **'Am (1,53 +
0,05) Bq na dan 1.5.2004 (Stevilka certifikata: 67978-121).

Vse certificirane standardne referenéne raztopine in viri so imeli specifine aktivnosti ali
aktivnosti, sledljive do osnovnih SI enot.

3.3 Reagenti

Uporabil sem sledece reagente:

- Raztopina 0,4 M MgCl,, pH 5; raztopimo 81,32 g MgCl,-6H,O v 500 mL
deionizirane vode in razred¢imo z deionizirano vodo do 1000 mL.

- 5-6 % NaOCl, pH 7,5; k 0,5 L deionizirane vode dodamo 0,5 L 10 - 12 %
NaOCI.

- Raztopina 1 M NaAc v 25 % HAc, pH 4; raztopimo 83 g NaAc v 500 mL
deionizirane vode, dodamo 250 mL konc. HAc in razred¢imo z deionizirano vodo
do 1000 mL.

- Raztopina 0,04 M NH,OHHCI, pH 2; raztopimo 2,78 g NH,OHHCI v 950 mL
deionizirane vode, uravnamo pH na 2 z dodatkom koncentrirane HNO; in
razredCimo z deionizirano vodo do 1000 mL.

- 0,11 M HAc; k 950 mL deionizirane vode dodamo 6,25 mL 100 % ocetne kisline
in razred¢imo do 1000 mL z deionizirano vodo.

- Raztopina 0,5 M NH,OHHCI v 0,05 M HNOs3; raztopimo 34,75 g NH,OHHCI v
500 mL deionizirane vode, dodamo 3,47 mL koncentrirane HNOs in razred¢imo z
deionizirano vodo do 1000 mL.

- Raztopina 1 M NH4HAc; raztopimo 77,08 g NH4HAc v 950 mL deionizirane
vode, uravnamo pH na 2 z dodatkom koncentrirane HNO; in razred¢imo z
deionizirano vodo do 1000 mL.

- Deionizirana voda.

- Sledilec **U s specifiéno aktivnostjo (0,3836 + 0,0096) Bg/mL na dan
27.11.2007; k 1,0184 g certificirane standardne raztopine 22U s specifi¢no
aktivnostjo 729 Bq/g dodamo 90 mL deionizirane vode, 7 mL koncentrirane
HNOj; in razred€imo z deionizirano vodo do 100 mL. Nato odvzamemo 5,1675 g
tako pripravljene raztopine, dodamo 80 mL deionizirane vode in 7 mL
koncentrirane HNOj ter razred¢imo z deionizirano vodo do 100 mL.

- Sledilec **Th s specifiéno aktivnostjo (0,3898 + 0,0069) Bg/mL na dan
27.11.2007; k 0,5009 g certificirane standardne raztopine *PTh s specifi¢no
aktivnostjo 77,8 Bg/g dodamo 90 mL deionizirane vode, 3,5 mL koncentrirane
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HNOj; in razred¢imo z deionizirano vodo do 100 mL.

- Sledilec '**Ba s specifi¢no aktivnostjo (110,4 + 1,0) B/mL na dan 27.11.2007; k
0,9951 g certificirane standardne raztopine %Bas specifi¢no aktivnostjo 11 kBq/g
dodamo 80 mL deionizirane vode, 10 mL 0,3 mg/mL Ba2+, 0,8 mL koncentrirane
HCl in razred¢im z deionizirano vodo do 100 mL.

- Sledilec **Po s specifiéno aktivnostjo (0,3760 * 0,0038) Bg/mL na dan
27.11.2007; k 1,0359 g certificirane standardne raztopine pg s specifi¢no
aktivnostjo 36,3 Bg/g dodamo 80 mL deionizirane vode, 16 mL koncentrirane
HCl in razred¢imo z deionizirano vodo do 100 mL.

- Raztopina Pb(NOs), s koncentracijo 50 mg/mL Pb2+; raztopimo 7,99 g Pb(NOs3), v
80 mL deionizirane vode in razred¢imo z deionizirano vodo do 100 mL.

- Raztopina 0,1 M EDTA / 0,5 M NaOH; raztopimo 2 g NaOH v 80 mL
deionizirane vode, dodamo 2,922 g EDTA, ki jo prav tako raztopimo in
razred¢imo z deionizirano vodo do 100 mL.

- Raztopina Ba nosilca s koncentracigo 0,3 mg/mL Ba’*; najprej pripravimo
raztopino s koncentracijo 3 mg/mL Ba~" tako, da 0,533 g BaCl,-2H,0 raztopimo v
40 mL deionizirane vode in razred¢imo z deionizirano vodo do 50 mL. Nato
odvzamemo 10 mL raztopine s koncentracijo 3 mg/mL Ba®* in jo razred¢imo z
deionizirano vodo do 100 mL.

- Ocetna kislina 1:1; k 250 mL deionizirane vode dodamo 250 mL 100 % ocetne
kisline.

- Nasicena raztopina Na,SOy4; dodamo toliko Na,SO4 k 300 mL deionizirane vode
dokler ne doseZemo tocke nasicenja.

- 0,125 mg/mL. BaSO, substrat; k 80 mL deionizirane vode dodamo 2,5 mL
raztopine s koncentracijo 3 mg/mL Ba®*, 10 kapljic koncentrirane H,SO4 in
razred¢imo z deionizirano vodo do 100 mL.

- Raztopina Fe* s koncentracijo 5 mg/mL; raztopimo 2,42 g FeCl3-6H,0O v 90 mL
deionizirane vode in razred¢imo z deionizirano vodo do 100 mL.

- Raztopina 3 M HNO3 / 1 M AI(NO)j3; raztopimo 373 g AI(NO3)3-9H,0 v 500 mL
deionizirane vode, dodamo 208,3 mL koncentrirane HNO;3 in razred¢imo z
deionizirano vodo do 1000 mL.

- Ekstrakcijski material TEVA proizvajalca Triskem International z velikostjo
delcev od 100 do 150 pm.

- Ekstrakcijski material UTEVA proizvajalca Triskem International z velikostjo
delcev od 100 do 150 pm.

- Ekstrakcijski material Sr Resin proizvajalca Triskem International z velikostjo
delcev od 100 do 150 pm.

- 3 M HNOsg;; k 750 mL deionizirane vode dodamo 208,3 mL koncentrirane HNO;
in razred¢imo z deionizirano vodo do 1000 mL.

- 2,5 M HNOs;; k 800 mL deionizirane vode dodamo 173 mL koncentrirane HNO;
in razred¢imo z deionizirano vodo do 1000 mL.

- 9 M HCI; k 250 mL deionizirane vode dodamo 743,8 mL koncentrirane HCI in
razred¢imo z deionizirano vodo do 1000 mL.

- 6 M HCI; k 500 mL deionizirane vode dodamo 495,9 mL koncentrirane HCI in
razred¢imo z deionizirano vodo do 1000 mL.

- 1 M HCI; k 900 mL deionizirane vode dodamo 82,6 mL koncentrirane HCI in
razred¢imo z deionizirano vodo do 1000 mL.

- Raztopina Nd* s koncentracijo 0,5 mg/mL; najprej pripravimo raztopino Nd** s
koncentracijo 5 mg/mL tako, da 0,5832 g Nd,Os3 raztopimo v 70 mL deionizirane
vode in 20 mL koncentrirane HCI in nato razred¢imo z deionizirano vodo do 100
mL. Nato odvzamemo 10 mL raztopine Nd** s koncentracijo 5 mg/mL in jo
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razredCimo z deionizirano vodo do 100 mL.

- 10 pg/mL NdF; substrat; k 1 mL raztopini Nd* s koncentracijo 5 mg/mL in 460
mL 1 M HCI dodamo 40 mL koncentrirane HF.

- 0,58 M HF; k 98 mL deionizirane vode dodamo 2 mL koncentrirane HF.

- Raztopina 5 M HCI / 0,05 M oksalne kisline; raztopimo 6,3 g oksalne kisline v
500 mL deionizirane vode in dodamo 413,2 mL koncentrirane HCI ter razredéimo
z deionizirano vodo do 1000 mL.

- Raztopina Pb sledilca s koncentracijo 12 mg Pb/mL; raztopimo 1,9176 g
Pb(NOj3), v 80 mL deionizirane vode in razred¢imo z deionizirano vodo do 100
mL.

- 2 M HCI; k 800 mL deionizirane vode dodamo 165,3 mL koncentrirane HCI in
razred¢imo z deionizirano vodo do 1000 mL.

- 6 M HNOs; k 550 mL deionizirane vode dodamo 416,7 mL koncentrirane HNO3
in razred¢imo z deionizirano vodo do 1000 mL.

3.4 Aparature, pripomocki in laboratorijski material

Uporabil sem sledece aparature, pripomocki in laboratorisjki material:

- Plasti¢ne centrifugirke (50 mL).

- Teflonske centrifugirke (60 mL).

- Analitska tehtnica Mettler — Toledo AE 163 DR z merilnim obsegom od 0,01 g do
162/31 g, najmanjS$im razdelkom d = 0,1/0,01 mg, preskusnim razdelkom e = 1
mg in to¢nostnim razredom 1.

- Rocna kosa.

- Lopata.

- SuSilnik Instrumentaria Zagreb ST-05.

- Kuhinjska tehtnica Soehnle z merilnim obsegom do 5 kg in najman;j$im razdelkom
d=1g.

- Keramic¢na terilnica.

- Sejalnik proizvajalca Fritsch.

- Sito z velikostjo zank 2 mm proizvajalca Fritsch.

- Mlin za mletje Fritsch Rotor Speed Mill pulverisette 14.

- Motorna Zaga Stihl.

- Stresalnik Ika HS 501 digital.

- Centrifuga Tehtnica Centric 322A.

- Stresalnik v vodni kopeli Julabo SW22.

- Pec za pripravo alkalnih talin Clasic Clare 4.0.

- Pec za Zganje vzorcev proizvajalca Bosio.

- 0,1 pm polisulfonski filter premera 25 mm proizvajalca Pall.

- Plasti¢ni filtrirni lijak proizvajalca Pall.

- Steklena presesalna bucka proizvajalca Schott Duran.

- Plasti¢na vodna ¢rpalka proizvajalca Schott Duran.

- Ultrazvo¢na kopel Elma S15H Elmasonic.

- Aluminijasta plo§¢ica premera 25 mm.

- Lepilo na vodni osnovi Giotto Gelik.

- Namizna svetilka.

- Led.

- Kerami¢ni loncki.

- Karbonski lonc¢ki Sigradur glassy carbon (50 mL).

- Grelno — meSalne plosce Tehtnica Rotamix SHP-10, Tehtnica Rotamix 550 MMH
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in Ika C-MAG HS 10.

- Plasti¢na 10 mL kolona Poly-Prep proizvajalca Bio-Rad.

- Steklena 16 mL kolona Econo-Pack proizvajalca Bio-Rad.

- Kvantitativni filtrirni papir ¢rni trak podjetja Whatman.

- ﬁ(l)uminij asta merilna ploS¢ica s premerom 25 mm za pripravo vira za meritve

Pb.

- Bakrena plosc¢ica premera 18 mm.

- Srebrna plos€ica premera 18 mm.

- Plasti¢no drzalo za bakrene in srebrne ploscice za spontano depozicijo polonija.

- Pipeta za pipetiranje volumnov od 0,1 do 1 mL Socorex Acura 825.

- Pipeta za pipetiranje volumnov od 0,5 do 5 mL Socorex Acura 835.

- Spektrometer alfa Alpha Analyst proizvajalca Canberra z 8 merilnimi komorami z
PIPS detektorji.

- Vakuumska ¢rpalka TRIVAC D 2,5 E 140000 proizvajalca Leybold.

- Spektrometer gama z detektorjem iz visoko Cistega germanija proizvajalca Ortec z
8,6 % relativnim izkoristkom pri 1,33 MeV *Co.

- Veckanalni analizator Spectrum Master 919 proizvajalca Ortec.

- Proporcionalni Stevec Tennelec LB4100-W proizvajalca Canberra z 8 pretocnimi
plinskimi proporcionalnimi detektorji.

- Hladilnik proizvajalca LTH.

Poleg navedene laboratorijske opreme sem uporabil Se obicajen laboratorijski material,
kot so ¢ase, buCke, merilni valji, urna stekla, razne plasticne posodice in podobno.

3.5 Vzorcenje in priprava vzorcev

Vzorce tal sem vzorcil na Sestih lokacijah na obmoc¢ju odlagalis¢a BorSt. Vzorce tal sem
odvzel na globini 0 — 15 cm, njihova povpre¢na masa pa je znaSala 5 kg. VzorCevalne
lokacije so prikazane na sliki 4. Lokaciji 1 in 2 leZita v dveh zamocvirjenih podrocjih,
skozi kateri teCe izcedna voda iz odlagali$¢a s poviSano vsebnostjo naravnih
radionuklidov. Zato sem pricakoval, da se bodo radionuklidi v teh dveh lokacijah
zadrZzevali. Lokacija 3 lezi izven odlagaliS§¢a na nekoliko poviSanem delu in ni pod
vplivom izcednih vod iz odlagali$¢a, zato sem jo obravnaval kot nekontaminirano
lokacijo. Lokacije od 4 do 6 pa leZijo na brezinah odlagalis¢a in predstavljajo vzorce
prekrivke odlagalisca, ki je bila debela 30 do 40 cm.
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Slika 4: Zracni posnetek odlagalisca Borst; stevilke oznacujejo vzorcevalne lokacije.

Po vzorcenju sem vzorce tal pripravil skladno s standardom ISO 11464 (1994). Vzorce
sem stehtal, posuSil v suSilniku pri 80 °C in ponovno stehtal. Zatem sem vecje kose
zemlje strtl v terilnici in vzorce presejal skozi sito z velikostjo zank 2 mm. Pri tem sem
odstranil kamne in korenine. Vzorec sem zatem homogeniziral, reprezentativni vzorec pa
odvzel z delitvijo na §tiri dele, iz katerih sem izmeni¢no odvzel 200 g vzorca. Del vzorca
sem poslal na Center za pedologijo in varstvo okolja, Oddelka za agronomijo,
Biotehniske fakultete v Ljubljani, kjer so izvedli pedoloske raziskave vzorcev.

Vzorce trave sem odvzel septembra na enakih lokacijah kot vzorce tal in sicer s ko$njo
povrsine velike priblizno 2 m?. Travo sem pokosil priblizno 3 ¢cm nad tlemi in je pred
nadaljnjo obdelavo nisem opral. Zatem sem vzorce trave posusil v suSilniku pri 80 °C ter
zmlel in homogeniziral. Drevesa sem poljubno vzor€il na brezinah odlagalis¢a Borst.
Vzorcil sem Sest rdeCih borov (Pinus sylvestris), Sest smrek (Picea abies) in edini beli
javor (Acer pseudoplatanus), ki je rasel na breZinah odlagali$¢a. Bori in smreke so bili
stari od 9 do 13 let, javor pa 15 let. Pri vsakem vzorcu drevesa sem odvzel les, ki je bil
odzagan od 5 do 30 cm nad tlemi, mladi poganjki ter eno leto stare iglice in liste. Vse
vzorce sem posusil v suSilniku pri 80 °C, narezal in zmlel ter homogeniziral. Vzorci trav
in dreves pred suSenjem niso bili sprani z vodo, zato obstaja moZnost kontaminacije
vzZorcev.

Odvzeti so bili tudi 3tirje vzorci mleka iz okolice rudnika urana Zirovski vrh in
referencne lokacije v BukovsCici. Volumen posameznega vzorca je znaSal okrog 5 L.
Pred uparjanjem so bili vzorci mleka stehtani, zatem pa uparjeni do suhega v uparjalnikih
na Odseku za fiziko nizkih in srednjih energij Instituta JoZef Stefan, pri 60 °C. Po
uprajanju so bili ponovno stehtani ter do zacetka analize shranjeni v plasti¢nih vreckah v
hladilniku. V trgovinah v Ljubljani sem kupil tudi Stiri vzorce mleka v prahu, ki se
uporablja za pripravo hrane za dojencke in sicer mleko v prahu Pomurskih mlekarn, ter tri
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vzorce mleka v prahu podjetja Hipp iz Gmundena v Avstiji. Mleko v prahu podjetja Hipp
je bilo okarakterizirano, kot proizvod iz bioloske pridelave in se je razlikovalo v sestavi
glede na starostno skupino dojenckov, kateri je namenjeno. Tako je mleko v prahu Hipp
PRE namenjeno novorojen¢kom od rojstva pa do Sestega meseca, Hipp 2 dojenckom od
Sestega do desetega meseca in Hipp 3 za dojencke po desetem mesecu. Sestavine v Hipp
prehrani za dojencke so zraven posnetega mleka tudi rastlinska olja, laktoza, Skrob, delno
demineralizirana sirotka v prahu (vse iz bioloSke proizvodnje) in kalcijev klorid, vitamin
C, kalcijev hidroksid, Zelezov laktat, cinkov sulfat, niacin, vitamin E, pantotenska kislina,
bakrov sulfat, folna kislina, vitamin K, vitamin A, natrijev jodat, vitamin Bg, vitamin By,
manganov sulfat, natrijev selenit, biotin in vitamin D. Vzorce mleka v prahu sem pred
zacetkom analize posusil pri 60 °C z namenom odstranitve morebitne vlage.

Za potrebe dolocitve koncentracijskih razmerij med krmo in mlekom so bili na eni
kmetiji odvzeti trije vzorci tal, ki reprezentativno predstavljajo tla, na katerih kmetija
prideluje krmo za krave. Vzorci tal so bili odvzeti na globini 0 — 15 cm, njihova
povprecna masa pa je znasala 5 kg. Nadaljnja priprava vzorcev tal je bila enaka kot pri
vzorcih tal odvzetih na obmocju odlagalis¢a Borst in je bila skladna s standardom ISO
11464 (1994). Odvzel sem tudi vzorce sena in travne silaze, s katero so trenutno krmili
krave ter vzorec mleka. Volumen vzorca mleka je bil okrog 5 L in je bil pripravljen na
enak nain, kot ostali vzorci mleka, ki so bili odvzeti iz okolice rudnika urana Zirovski
vrh in referen¢ne lokacije v Bukovs¢€ici. Vzorca sena in travne silaZze pa sem pripravil na
enak nacin, kot vzorce trave, ki sem jih odvzel na obmoc¢ju odlagalis¢a Borst.

3.6 Sekvencna ekstrakcijska postopka

Oba sekvencna ekstrakcijska postopka, ki sem ju uporabil sta prikazana v tabelah 1 in 2.
Iz prakticnih razlogov bom skozi tekst Schultzevo modifikacijo Tessierjevega
sekvenCnega ekstrakcijskega postopka oznafeval kot postopek S, revidiran BCR
sekvencni ekstrakcijski postopek pa kot postopek B. Takoj opazimo znatne razlike med
obema postopkoma. Pri postopku B je namre¢ razmerje med ekstraktantom in vzorcem
petkrat vecje kot pri postopku S, tudi ekstrakcijski €as je veliko vecji ( 16 ur pri postopku
B v primerjavi z 1-6 ur pri postopku S). Ob tem sta pri postopku B izmenljiva frakcija ter
karbonatna frakcija zdruZeni. Tudi pri primerjavi uporabljenih ekstraktantov so opazne
razlike.

Tabela 1: Schultzeva modifikacija Tessierjevega sekvencnega ekstrakcijskega postopka (postopek
S) (Schultz et al., 1998).

oo Razmerje ~ .
Ciljna frakcija Ekstraketjski reagent / Temp. (°C) a9 sl
reagent (h)
vzorec (m/m)
Izmenljiva 0,4 M MgCl, 15:1 Sobna temp. 1
pH S5
Organska snov ~ 5-6 % NaOCl 15:1 96 0,5x2
pH 7,5
Karbonati 1 M NaAc v 25 % 15:1 Sobna temp. 2x2
HAc
pH 4
Fe/Mn oksidi 0,04 M NH,OHHCI1 15:1 Sobna temp. 5
pH 2 (HNO3)
Preostanek Talina NayO, in 900

HNOs / HC1 / HF /
H,SO4
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Tabela 2: Revidiran BCR sekvencni ekstrakcijski postopek (postopek B) (Rauret et al., 1999).

oo Razmerje ~ .
Ciljna frakcija iﬁ:ﬁmj ski reagent / Temp. (°C) Cas s(t;c;san] a
vzorec (m/m)

Karbonati 0,11 M HAc 40:1 Sobna temp. 16
Fe/Mn oksidi 0,5 M NH,OHHCI 40:1 Sobna temp. 16

0,05 M HNO;
Organska snov 8,8 M H,0, 10:1 Sobna temp. 1

85 1

8,8 M H>,0, 10:1 85 1

1 M NH HAc 50:1 Sobna temp 16
Preostanek Talina Na,O, in 900

HNO; / HC1 / HF /

H,S04

Sekvencna ekstrakcijska postopka sem izvedel skladno z referencama Schultz et al.
(1998) in Rauret et al. (1999). Tako sem v primeru postopka S, 1,5 g vzorca prenesel v
teflonsko centrifugirko in ¢ez no€ navlaZil z dodatkom 0,6 mL deionizirane vode. Zatem
sem po vrsti izvedel ekstrakcijske stopnje, kot jih prikazuje tabela 1. Pri vsaki stopnji sem
dodal 22,5 mL ekstrakcijskega reagenta in vzorec stresal na stresalniku pri 180 obr/min,
skladno s ¢asom stresanja, ki ga prikazuje tabela 1. Pri frakciji za organsko snov sem
vzorec stresal v vodni kopeli pri temperaturi 96 °C. Po koncu stresanja posamezne
ekstrakcijske stopnje, sem vzorec 30 min centrifugiral pri 3000 obr/min in zatem
prefiltriral skozi 0,1 um polisulfonski filter. Preostanek vzorca sem podvrgel naslednjemu
ekstrakcijskemu reagentu v postopku, radionuklide v filtratu pa sem locil skladno z
radiokemijskim separacijskim postopkom.

V primeru postopka B sem v teflonsko centrifugirko natehtal 1 g vzorca in dodal 40
mL prvega ekstrakcijskega reagenta (tabela 2). Zatem sem vzorec 16 ur stresal na
stresalniku pri 30 obr/min. Nato sem ekstraktant z 20 min centrifugiranjem pri 3000
obr/min loc¢il od trdnega preostanka in prefiltriral skozi 0,1 pm polisulfonski filter.
Radionuklide v filtratu sem loc¢il skladno z radiokemijskim separacijskim postopkom.
Preostanek sem spral z 20 mL deionizirane vode in 15 min stresal pri 30 obr/min ter
ponovno 20 min centrifugiral pri 3000 obr/min. Zatem sem dodal naslednji ekstrakcijski
reagent (tabela 2) in ves prejSnji postopek ponovil. Pri ekstrakciji organske snovi sem
najprej preostanek 1 h razkrajal z dodatkom 10 mL H,O; pri sobni temperaturi. Zatem
sem vzorec poloZil v vodno kopel in razkrajal Se 1 h pri 85 °C. Nato sem odstranil pokrov
centrifugirke, ki je bil pred tem narahlo poloZen na njej, in volumen raztopine odparil do
3 mL pri isti temperaturi. Nato sem dodal naslednjih 10 mL H,O, in vzorec ponovno
razkral pri 85 °C za 1 h. Temu je sledilo ponovno uparjanje, vendar tokrat do 1 mL. Po
ohlajanju sem vzorcu dodal 50 mL 1 M NH4HAc in vzorec 16 h stresal na stresalniku pri
30 obr/min. Locbo ekstraktanta od preostanka sem opravil na enak nacin kot pri ostalih
frakcijah.

3.7 Simultana radiokemijska separacija >*U, *U, ’Th in *’Ra

Za vse raztopine, ki so ostale pri vsaki izmed sekven¢nih ekstrakcijskih stopenj sem
uporabil enak separacijski postopek, ki je povzet na sliki 5. *6Ra sem logil od ostalih
radionuklidov z uporabo postopkov opisanih v Lozano et al. (1997). Uranove in torijeve
izotope pa sem loc¢il s pomocjo ekstrakcijske kromatografije s TEVA in UTEVA
ekstrakcijskim materialom.
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Raztopine iz vsake sekvencne
ekstrakcijske stopnje

I

Dodatek **U, **Th in '**Ba
sledilcev
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Slika 5: Radiokemijski separacijski postopek *°U, *U, %°Th in *°Ra za raztopine iz vsake
sekvencne ekstrakcijske stopnje.

Najprej sem filtratom iz vsake sekvenCne ekstrakcijske stopnje dodal sledilce
kemijskega izkoristka in sicer U za sledenje kemijskega izkoristka za uranove izotope,
*®Th za sledenje kemijskega izkoristka za Th in ""Ba za sledenje kemijskega
izkoristka **°Ra. Dodane aktivnosti U in **Th so bile odvisne od aktivnosti
posameznega vzorca in so znaSale od 0,03 Bq do 0,1 Bq. Pomembno je namrec, da je
velikost vrha sledilca v spektru alfa primerljiva velikosti vrhovom vzorca, da ne pride do
neZelenega efekta prekrivanja vrhov. Dodana aktivnost 33Ba pa je bila vedno enaka in je
znaSala 60 Bq. Kemijski izkoristek v primeru *Ra sem namre¢ doloGil s pomocjo
relativne meritve '*Ba s spektrometrom gama in ni motil meritve *%Ra s spektrometrom
alfa. Vse sledilce kemijskega izkoristka sem pripravil iz certificiranih standardnih
raztopin, ki so imele podano aktivnost sledljivo do osnovnih SI enot. S tem je bila
doseZena tudi sledljivost vseh meritev.

Po dodatku sledilcev sem radij in barij sooboril s PbSO, tako, da sem vzorcu dodal 1
mL koncentrirane H,SO4 in 1 mL raztopine Pb(NOs3), s koncentracijo 50 mg/mL Pb**. Po
30 min sem vzorec 5 min centrifugiral pri 3000 obr/min in supernatant, ki je vseboval
uran in torij, oddekantiral ter shranil za nadaljnjo obdelavo. Oborino, ki je vsebovala radij
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pa sem spral z deionizirano vodo, da bi odstranil odvecno H,SO4 in ponovno 5 min
centrifugiral pri 3000 obr/min. Po koncu centrifugiranja sem supernatant zavrgel.
Postopek spiranja in centrifugiranja sem ponovil tolikokrat, dokler ni bila vrednost pH
supernatanta nevtralna. Zatem sem oborino raztopil z dodatkom 4 mL 0,1 M EDTA / 0,5
M NaOH. Ce sluéajno koli¢ina 0,1 M EDTA / 0,5 M NaOH ni bila zadostna, da bi se
oborina popolnoma raztopila, sem dodal dodatno koli¢ino le te, dokler ni bila doseZena
popolna raztopitev oborine. Potem sem vzorcu dodal 0,3 mL Ba nosilca s koncentracijo
0,3 mg/mL Ba®* in kapljico tekocega indikatorja pH z obmocjem pH 0 — 5, kar je
raztopino obarvalo modro. Zatem sem vrednost pH prilagodil z dodatkom 1 mL ocetne
kisline 1:1, kar se je odrazilo v spremembi barve raztopine v modrozeleno. Pri tem je pH
raztopine znaSal med 3 in 4, kar omogoce selektivno obarjanje Ba(Ra)SO,4. Zatem sem
dodal Se 4 mL nasicene raztopine Na,SO,4 in 0,3 mL 0,125 mg/mL substrata BaSOy4. S
tem sem radij mikrosooboril v obliki Ba(Ra)SO4. Po 30 min sem vzorec prefiltriral skozi
0,1 pwm polisulfonski filter in spiral trikrat z 2 mL deionizirane vode. Filter sem nato
prilepil na Al ploS€ico s pomocjo lepila na vodni osnovi in posusil pod grelno svetilko.
Ko je bil filter posuSen, je bil vir pripravljen za meritve.

Supernatantu, ki je vseboval uran in torij sem dodal amoniak, dokler ni bil doseZen pH
9 — 10 ter 1 mL raztopine Fe’* s koncentracijo 5 mg/mL. S tem sta se uran in torij
sooborila z Fe(OH);. Po 30 min sem vzorec 5 min centrifugiral pri 3000 obr/min. Po
centrifugiranju sem supernatant zavrgel, oborino pa spral z deionizirano vodo in ponovno
5 min centrifugiral pri 3000 obr/min. Ta postopek sem ponovil tolikokrat, dokler ni bil pH
supernatanta nevtralen. Ekstrakcijsko kromatografijo sem izvedel skladno s Horwitz et al.
(1993). Oborino sem raztopil s pomocjo 10 mL 3 M HNOs / 1 M AI(NO); in prenesel na
ekstrakcijsko kolono TEVA, ki sem jo predhodno kondicioniral z dodatkom 5 mL 3 M
HNO;. Nato sem centrifugirko, v kateri je bil vzorec, spral s 5 mL 2,5 M HNO3, ki sem
jih zatem nanesel na kolono. Temu je sledilo spiranje kolone z dodatkom 30 mL 2,5 M
HNO:s. Pri teh pogojih kolona TEVA zadrZuje torij, ne pa tudi urana, zato sem zbiral vse
eluate do te stopnje v Cisto centrifugirko in jih shranil za nadaljnjo separacijo urana.
Zatem sem torij spral iz kolone TEVA s pomoc¢jo 20 mL 9 M HCl in 5 mL 6 m HCI. Torijj
sem mikrosooboril skladno s postopki opisanimi v Sill in Williams (1981) ter Hindman
(1983). Eluate, v katerih je bil torij, sem zbiral v Cisto centrifugirko, kjer sem jim dodal
0,1 mL Nd* s koncentracijo 0,5 mg/mL in 1 mL koncentrirane HF. S tem sem
mikrosooboril torij z NdF;. Centrifugirko z vzorcem sem poloZil za 30 min v ledeno
kopel. Zatem sem vzorec prefiltriral skozi 0,1 pm polisulfonski filter, ki sem ga
predhodno spral z 10 mL 10 pg/mL NdF; substratom. Centrifugirko sem spral dvakrat z 2
mL 0,58 M HF in dvakrat z 2 mL deionizirane vode. Vse te raztopine sem nato
zaporedoma spustil skozi filter, ki sem ga na koncu spral Se z 2 mL deionizirane vode.
Filter sem nato zalepil na aluminijasto ploS¢ico s pomocjo lepila na vodni osnovi in ga
posusil pod grelno svetilko. Po suSenju je bil vir pripravljen za meritve.

Eluate, ki so vsebovali uran, sem spustil skozi ekstrakcijsko kolono UTEVA, ki sem jo
predhodno kondicioniral s 5 mL 3 M HNOs;. Nato sem centrifugirko, v kateri je bil
vzorec, spral s 5 mL 3 M HNOj in jih zatem nanesel na kolono. Zatem sem spiral kolono
z zaporednim dodajanjem 5 mL 3 M HNO;, 2 mL 9 M HCI in 20 mL 5 M HC1/ 0,05 M
oksalne kisline. V teh stopnjah kolona UTEVA zadrZuje uran, ostali radiouklidi pa se
spirajo, zato sem vse eluate zavrgel. Uran sem nato iz kolone eluiral z dodakom 15 mL 1
M HCI. Uran sem mikrosooboril skladno s postopki opisanimi v Sill in Williams (1981)
ter Hindman (1983). K eluatu sem dodal 0,1 mL Nd** s koncentracijo 0,5 mg/mL, 1 mL
15 % TiClz; in 1 mL koncentrirane HF. S tem sem mikrosooboril uran z NdFs.
Centrifugirko z vzorcem sem poloZil za 30 min v ledeno kopel. Zatem sem vzorec
prefiltriral skozi 0,1 um polisulfonski filter, ki sem ga predhodno spral z 10 mL 10 pg/mL
NdF; substratom. Centrifugirko sem spral dvakrat z 2 mL 0,58 M HF in dvakrat z 2 mL
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deionizirane vode. Vse te raztopine sem nato zaporedoma spustil skozi filter, ki sem ga na
koncu spral Se z 2 mL deionizirane vode. Filter sem nato zalepil na aluminijasto ploS¢ico
s pomocjo lepila na vodni osnovi in posusil pod grelno svetilko. Po suSenju je bil vir
pripravljen za meritve.

Postopek za radiokemijsko separacijo 2%U, 20, PTh in *°Ra za preostanek iz
sekvencnih ekstrakcijskih postopkov in za vzorce trav, dreves ter mleka je povzet na sliki
6. Vzorec sem najprej Zaril 4 h v peci pri 650 °C z namenom odstranitve organske snovi
in zatem razkrojil z uporabo principov opisanih v Jia et al. (2004) in Sill (1961). Tako
sem 0,5 g Zganega vzorca natehtal v ogljikov loncek, skupaj z 2 g Na,COs in 2 g NayO,
ter v 5 min stalil pri 900 °C v peci za pripravo alkalnih talin. Po ohlajanju sem talini dodal
sledilce kemijskega izkoristka 2y, **Th in "’Ba. Tudi tukaj je bila dodana aktivnost
32U in **Th odvisna od aktivnosti urana in torija v vzorcu, dodana aktivnost 33Ba pa je
bila v vseh primerih 60 Bq. Tudi v tem primeru sem vse standarde pripravil iz
certificiranih standardnih raztopin s sledljivo aktivnostjo do osnovnih SI enot. Zatem sem
talino raztopil z dodatkom 2 mL deionizirane vode in 2 mL koncentrirane HNOs ter jo
prenesel v teflonsko ¢aSo. Nato sem vzorcu dodal 5 mL koncentrirane HNOs3, 5 mL
koncentrirane HCI in 5 mL koncentrirane HF. Vse skupaj sem zatem uparil pri 200 °C.
Zatem sem dodal 5 mL H,O; in ponovno uparil vzorec pri 200 °C. Postopek dodajanja
kislin in peroksida ter uparjanja sem ponovil Se dvakrat. Nato sem vzorcu dodal 8 mL
koncentrirane H,SO; in nastalo raztopino uparil pri 300 °C. Po tem sem vzorec raztopil s
pomocjo 2 mL koncentrirane HNO3 in 10 mL deionizirane vode ter ga naprej procesiral
na enak nacin, kot raztopine iz posamezne sekvencne ekstrakcijske stopnje, seveda brez
ponovnega dodajanja sledilcev.
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Slika 6: Radiokemijski separacijski postopek **U, **U, *’Th in *°Ra za preostanke iz vsake
sekvencne ekstrakcijske stopnje in za vzorce trav ter dreves.

3.8 Separacija *'’Pb

Pri dolo¢itvi 2'’Pb sem k filtratom iz vsake sekvencéne ekstrakcijske stopnje, z izjemo za
organsko snov pri postopku S, najprej dodal 2 mL Pb sledilca s koncentracijo 12 mg
Pb**/mL. Za tem sem vzorcu dodal toliko koncentrirane HCI, da je bila doseZzena 2 M
vsebnost HCI v vzorcu. Filtrate za organsko snov pri postopku S pa sem najprej uparil do
suhega pri 100 °C. Zatem sem dodal 6 mL koncentrirane HCI in ponovno uparil vzorec
do suhega. Nato sem preostanek raztopil v 25 mL 2 M HCI in vzorcu dodal 2 mL Pb
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sledilca s koncentracijo 12 mg Pb/mL.

21%p sem logil od ostalih radionuklidov skladno s postopkom, ki so ga razvili Vajda et
al. (1997) in delno modificirali Vrecek et al. (2004). Tako sem »Sr Resin« ekstrakcijsko
kolono kondicioniral z dodatkom 100 mL 2 M HCI. Nato sem dodal vzorec na kolono, za
tem pa jo spral z 90 mL 2 M HCl in 60 mL 6 M HNOs. Pri teh pogojih kolona »Sr Resin«
zadrZzuje svinec, ostali radionuklidi pa prehajajo skozi, zato sem vse eluate zavrgel.
Svinec sem eluiral iz kolone z dodatkom 90 mL 6 m HCI. Eluat sem nato uparil do
suhega pri 100 °C in preostanek raztopil v 25 mL deionizirane vode. Raztopino sem nato
prefiltriral skozi kvantitativni filter, svinec pa oboril iz filtrata z dodatkom 2 mL
koncentrirane H,SO4. Po 30 min sem vzorec 5 min centrifugiral pri 3000 obr/min. Po
centrifugiranju sem supernatant zavrgel, oborino pa spral z deionizirano vodo in ponovno
centrifugiral 5 min pri 3000 obr/min. Postopek spiranja in centrifugiranja sem ponovil
tolikokrat, dokler ni bila vrednost pH supernatanta nevtralna. Zatem sem oborino prenesel
v predhodno stehtano aluminijasto merilno plo$¢ico in ponovno 5 min centrifugiral pri
3000 obr/min. Po koncu centrifugiranja sem odpipetiral supernatant in plo$€ico z oborino
posusil pod grelno lucko. Ko je bila oborina suha, sem plos¢ico z oborino ponovno
stehtal. Tako sem dobil maso PbSO, oborine, ki je sluzila za gravimetri¢no dolocitev
kemijskega izkoristka separacije 210py,

Postopek separacije 2%pp iz preostankov iz sekven¢nih ekstrakcijskih postopkov,
vzorcev trav in dreves je bil enak. Predhodno stehtan vzorec sem najprej prenesel v
erlenmajer buc¢ko. Masa vzorca je bila odvisna od aktivnosti *1%pb in je znaSala od 1 do 10
g. Nato sem vzorcu dodal 2 mL Pb sledilca s koncentracijo 12 mg Pb/mL, 25 mL
koncentrirane HNOj3 in 5 mL koncentrirane HCl. Vzorec sem pokril z urnim steklom in
ga Cez noC razkrajal pri sobni temperaturi. Naslednji dan sem pokrit vzorec 30 min
razkrajal pri 200 °C. Po ohlajanju sem dodal vzorcu 10 mL H,O; in vzorec za 10 min
segrel na 100 °C. Po ohlajanju sem vzorec prefiltriral skozi filter €rni trak. Nerazkrojeno
filtrno pogaco sem prenesel nazaj v erlenmajer bucko in ves postopek razkroja ponovil.
Na koncu sem oba filtrata zdruZil in ju do suhega uparil pri 100 °C. Za tem sem suSino
raztopil v 25 mL 2 M HCI in *'°Pb lo¢il od ostalih radionuklidov na enak nagin, kot to
opisuje prejs$nji odstavek.

Pri separaciji 21%p iz vzorcev mleka sem k 100 g mleka v prahu dodal 2 mL Pb
sledilca s koncentracijo 12 mg Pb2+/mL, 250 mL koncentrirane HNO; in 50 mL
koncentrirane HCI. Vzorec sem pokril z urnim steklom in ga ¢ez noc¢ razkrajal pri sobni
temperaturi. Naslednji dan sem pokrit vzorec 30 min razkrajal pri 200 °C. Po ohlajanju
sem dodal vzorcu 20 mL H,0; in ga za 10 min segrel na 100 °C. Po ohlajanju sem vzorec
prefiltriral skozi kvantitativni filter. Trdno filtrno pogaco sem zavrgel, filtrat pa uparil do
suhega pri 100 °C. Zatem sem preostanek raztopil v 100 mL 2 M HCI in prefiltriral skozi
kvantitativni filter. 2'°Pb v filtratu sem lo¢il od ostalih radionuklidov na enak nacin, kot
pri ostalih vzorcih s pomocjo postopka, ki so ga razvili Vrecek et al. (2004).

3.9 Separacija *'’Po

Najprej sem k filtratom iz sekvencnih ekstrakcijskih stopenj dodal sledilec kemijskega
izkoristka **’Po. Dodana aktivnost je bila odvisna od aktivnosti 2%pg v posameznem
vzorcu in je znaSala od 0,03 Bq do 0,1 Bq. Sledilec kemijskega izkoristka sem pripravil iz
certificirane standardne raztopine z aktivnostjo sledljivo do osnovnih SI enot. Filtrate za
karbonatne frakcije in frakcije za organsko snov sekvencnih ekstrakcijskih postopkov,
sem najprej uparil do suhega pri 80 °C in raztopil v 100 mL deionizirane vode. Ostale
frakcije obeh sekvenénih ekstrakcijskih postopkov pa sem razred¢il do 100 mL z
deionizirano vodo brez predhodnega uparjanja. Zatem sem vsem raztopinam dodal 2 mL
koncentrirane HCI, 0,5 g askorbinske kisline in 0,5 g hidroksilamonijevega klorida za
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maskiranje. Nato sem Stiri ure spontano depoziral polonij na bakreno ali srebrno plos¢ico
pri 80 °C, ki sem jo vstavil v poseben nosilec (Benedik in Vrecek, 2001) in istoCasno
meSal raztopino z magnetnim meSalom. Po koncu spontane depozicije sem bakreno ali
srebrno ploscico spral z deionizirano vodo ter jo posusil na zraku. Ko se je posusila, je
bila pripravljena za meritve.

Podobno kot za *'°Pb, sem tudi za *'°Po separacija preostankov sekvencnih
ekstrakcijskih postopkov, vzorcev trav, dreves in mleka izvedel na enak nacin. Tako sem
predhodno stehtan vzorec najprej prenesel v erlenmajer buc¢ko. Masa vzorca je bila
odvisna od aktivnosti *'°Po in je znaSala od 1 do 5 g. Nato sem vzorcu dodal sledilec
kemijskega izkoristka 2¥po. Dodana aktivnost je bila odvisna od aktivnosti 20pg v
posameznem vzorcu in je znaSala od 0,03 Bq do 0,1 Bq. Sledilec kemijskega izkoristka
sem pripravil iz certificirane standardne raztopine z aktivnostjo sledljivo do osnovnih SI
enot. Zatem sem vzorcu dodal 25 mL koncentrirane HNO5 in 5 mL koncentrirane HCI.
Vzorec sem pokril z urnim steklom in ga ¢ez noC razkrajal pri sobni temperaturi.
Naslednji dan sem pokrit vzorec 30 min razkrajal pri 200 °C. Po ohlajanju sem vzorcu
dodal 10 mL H;0, in ga 10 min segreval na 100 °C. Po ohlajanju sem vzorec prefiltriral
skozi kvantitativni filter. Nerazkrojeno filtrno pogaco sem prenesel nazaj v erlenmajer
bucko in ves postopek razkroja ponovil. Na koncu sem oba filtrata zdruzil in ju do suhega
uparil pri 80 °C. Zatem sem vzorec raztopil v 100 mL deionizirane vode. Nato sem dodal
2 mL koncentrirane HCI, 0,5 g askorbinske kisline in 0,5 g hidroksilamonijevega klorida.
Polonij sem nato $tiri ure spontano depoziral na bakreno plos€ico pri 80 °C in hkrati
meSal raztopino z magnetnim meSalom. Po koncu spontane depozicije sem bakreno
ploscico spral z deionizirano vodo ter posuSil na zraku. Ko se je posuSila, je bila
pripravljena za meritve.

210

3.10 Meritve

Meritve mase sem izvedel s pomocjo analitske tehtnice Mettler — Toledo AE 163, ki je
bila umerjena s certificiranimi uteZmi. Meritve volumna sem izvedel z merilnimi valji s
certificiranimi volumni, buCkami ter pipetami, ki sem jih umeril s pomoc¢jo analitske
tehtnice Mettler — Toledo AE 163.

Meritve aktivnosti sevalcev alfa 238U, 234U, 230Th, 226Ra in *'°Po sem izvedenel s
pomocjo spektrometra alfa proizvajalca Canberra, ki je prikazan na sliki 7. Med sevalce
alfa uvrs¢amo radionuklide, ki razpadajo z razpadom alfa, ki je na primeru 2y prikazan
v formuli 2. Iz formule 2 je razvidno, da U razpada v *Th in delec alfa (*He), pri tem
pa se sprosti Se energija Q. Pri razpadu je delec alfa, ki je mnogo lazji od 2%Th, odbit z
doloceno energijo stran od *Th. Detekcija radionuklidov, ki razpadajo z razpadom alfa
poteka preko detekcije odbitega delca alfa, ki nastane pri razpadu. V mojem primeru sem
za detekcijo delcev alfa uporabil polprevodniski silicijev detektor. Kinetina energija
delca alfa se ob interakciji s polprevodniskim silicijevim detektorjem spremeni v
elektri¢ni sunek, ki ga nato elektronika ojaci in razvrsti glede na njegovo energijo.

U Th+iHe +Q, (2)
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Slika 7: Spektrometer alfa Alpha Analyst proizvajalca Canberra.

Spektrometer alfa Alpha Analyst ima vgrajenih osem merilnih komor, od katerih imata
po dve skupen vakuumski prikljucek (slika 7). Znotraj vsake komore je namescen
polprevodniski silicijev detektor PIPS (Passivated Implanted Planar Silicon) premera 2,4
cm. Detektor PIPS je sestavljen iz tanke plasti silicija tipa — n, naneSenega na podlago iz
sinteticne smole, na katerega je vakuumsko naparjena plast zlata, ki sluzi kot prevodna
plast. Debelina okna detektorja je manj kot 0,5 nm, kar omogoca detekcijo delcev alfa.
Ob vstopu v plast silicija delci alfa z ionizacijo ustvarijo prevodne elektrone in
elektronske luknje (energija tvorba para 3,5 eV) in s tem napetostni sunek, ki ga po
ojacanju analizira veCkanalni analizator. Detektorji imajo geometrijo 2 w, kar pomeni, da
je maksimalni teoreti¢ni izkoristek detektorja 50 %, saj do detektorja lahko teoreti¢no
pride le polovica delcev alfa (slika 8).

aktiven volumen

detektorja
okno
detektorja
vzorec / \
4 27

Slika 8: Shematski prikaz geometrije 4 win 2 x.

Spektrometer alfa je opremljen z vakuumsko ¢rpalko TRIVAC D 2,5 E 140000, ki
sodi v druzino dvostopenjskih oljnih rotacijskih ¢rpalk in skrbi za vzdrZevanje vakuuma v
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merilnih komorah. Vakuum v merilnih komorah je potreben zato, ker so delci alfa
sorazmerno veliki in se zelo hitro ustavijo v zraku. Tako je potrebno pred zacetkom
meritve iz¢rpati zrak iz merilnih komor, da je Stevilo delcev alfa, ki doseZejo detektor,
vecje. Vsaka merilna komora ima 12 rez v katere vstavimo predal na katerega polozimo
vzorec. Prva reza je od detektorja oddaljena 0,1 cm, vsaka naslednja reza je od predhodne
oddaljena 0,4 cm, torej je oddaljenost vzorca od detektorja lahko od 0,1 cm pa vse do 4,5
cm. Z manjSo razdaljo med vzorcem in detektorjem se povecuje izkoristek detekcije ter
zmanjSuje locljivost spektrov, saj je prostorski kot delcev alfa vecji (slika 9). Zaradi
relativno nizkih aktivnosti, ki so bile predmet meritev, sem vse meritve izvedel na
oddaljenosti 0,1 cm od detektorja. Pod komorami z detektorji se nahaja sistemski
kontrolnik z vso pripadajoco elektroniko za obdelavo in zajemanje rezultatov in
uravnavanje vakuuma v komorah.

| detektor |

T P

VoS QT
. /

vzorec \ Q>

Slika 9: Spreminjanje prostorskega kota z razdaljo od detektorja.

Zajemanje in obdelavo spektrov sem izvedel s pomocjo programske opreme Genie
2000 proizvajalca Canberra. Spektrometer alfa je bil opremljen tudi s programom Alpha
Analyst, ki omogoca racunalni$ko upravljanje s spektrometrom alfa. To v praksi pomeni,
da uporabnik le vstavi vzorec v merilno komoro, izbere ustrezen protokol meritve ter
vnese podatke o vzorcu; program nato avtomatsko vzpostavi potreben vakuum v merilni
komori, za¢ne meritev, zajema spekter alfa ter ga na koncu tudi obdela in ustvari porocilo
o rezultatih meritve.

Ozadje posameznih detektorjev spektrometra alfa sem dolo¢il z 10000 minutno
meritvijo praznih merilnih komor in je znasalo v povpre¢ju 1,2E-4 sunka na sekundo v
energijskem obmocju od 3 MeV do 8 MeV. Dolocitev izkoristka detekcije spektrometra
alfa, kakor tudi energijsko kalibracijo, sem izvedel s pomocjo -certificiranega
standardnega izvora z elektrodepoziranimi 238U, 234U, 2Py in “Y'Am (Stevilka certifikata:
67978-121). Aktivnosti omenjenih radionuklidov so znasale (1,70 + 0,05) Bq za >*U,
(1,68 + 0,05) Bq za >*U, (1,62 + 0,05) Bq za **Pu in (1,53 + 0,05) Bq za **' Am na dan
1.5.2004 in so bile sledljive do osnovnih SI enot. Izmerjeni izkoristki detekcije
posameznih detektorjev pri razdalji 0,1 cm od detektorja v energijskem obmocju *Ra
(od 4,2 MeV do 4,8 MeV) so prikazani v tabeli 3 in so v povprecju znasali 28,75 %.
Spekter alfa certificiranega standardnega izvora z elektrodepoziranimi 28y, 24U, *’Puin
*1Am je prikazan na sliki 10. Tipi€no za vrhove v spektru alfa je, da imajo tako
imenovani rep na nizje energijskem delu, kar je lepo razvidno tudi pri vrhovih na sliki 10,
kjer so vrhovi na levi strani nekoliko $ir$i kot na desni.
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Tabela 3: Izkoristki detekcije za posamezne detektorje pri razdalji 0,1 cm od detektorja za **°Ra.

Oznaka Izkoristek detektorja za “*°Ra
detektorja (%)

A_1_1A 28,44

A_1_1B 27,79

A_1_2A 29,68

A_1_2B 28,73

A_1_3A 28,37

A_1_3B 28,63

A_1_4A 28,59

A_1_4B 29,79
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Slika 10: Spekter alfa certificiranega standardnega izvora z elektrodepoziranimi ~°U, ***U, *’Pu
. 241
in“" Am.

Tipicen spekter alfa uranovih izotopov prikazuje slika 11, kjer so od leve proti desni

vidni vrhovi **U, *°U, *U in vrh sledilca kemijskega izkoristka ***U.
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Slika 11: Spekter alfa uranovih izotopov.

Podobno kot v primeru urana, prikazuje slika 12 spekter alfa za torijeve izotope, kjer
so od leve proti desni prikazani 22Th, 29Th, sledilec kemijskega izkoristka *Th in **Th
ter njegovi razpadni produkti **Ra, Rn in *'°Po. Vrh ***Th je vecji od vrha *Th zato,
ker sem torijeve izotope locil sofasno z uranovimi izotopi, kjer sem dodal sledilec
kemijskega izkoristka =, ¢igar razpadni produkt je *2Th. Zato specifi¢ne aktivnosti
28Th pri soCasni separaciji urana in torija ni mogoce dolociti, saj je le ta povecana za
dodaten mTh, ki nastaja iz 232,



Materiali in metode 29

B Alpha - 2.CNF
File MCA Calbrate Display Analyze Edit Options Datasource Help

oo | [ ][] &=+ =[als] g
Idle Channel: 346 : 4.6723 MeV Counts: 36 Preset. 60000000/149293.89
Acquire

o] [Sop]
T

WFS =128

ROl Index:
=

Datasource

| ] Ty

MARKER INFO
Left Marker: 257 © 42322Mev  FWHM, FPWTH: 00440 01751 Mey'
Right Marker: 350 : 47317Me¥  Gaussian Ratio: 2182
Centroid: 338 : 4E328Mev ROl Type: 1
Area: TOE +376% Integral: 706

Far Help, press F1

Execution Status: ready

Slika 12: Spekter alfa torijevih izotopov.

Slika 13 prikazuje spekter alfa za 0Ra, kjer so lepo vidni tudi razpadni produkti 22Ra

%) 218 214
in sicer “““Rn, ~ "Po ter “ "Po.
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Slika 13: Spekter alfa **°Ra.

Na sliki 14 je prikazan spekter alfa za sledilec kemijskega izkoristka **Po ter *'°Po.
Ob primerjavi slike 14 s slikami 11-13 je razvidno, da so vrhovi v primeru polonija veliko



30 Materiali in metode

0Zji. Razlog za to je veliko manjSa samoabsorpcija polonija v viru, ki sem ga pripravil s
spontano depozicijo, kot pa v primeru urana, torija in radija. Njihove vire sem namre¢
pripravil s postopkom mikrosoobarjanja, kjer je samoabsoprcija v viru nekoliko vecja.
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Slika 14: Spekter alfa polonijevih izotopov.

Program Genie 2000 uporablja za izraCun minimalne aktivnosti, ki jo detektor Se lahko
zazna Currie-jevo enacbo (Currie, 1968), ki je predstavljena v enacbi 3:

2
MDA = K +2L (3)
t.E.m
Kjer je:
MDA minimalna aktivnost, ki jo Stevec Se lahko zazna v Bq
k konstanta standardnega odmika za dosego dolocene stopnje zaupanja in znasa pri 95
% stopnji zaupanja 1,645

tm ¢as meritve v s

&m izkoristek detekcije meritve

m masa vzorca v kg

Lc minimalna aktivnost, pri kateri lahko z gotovostjo trdimo, da je aktivnost vzorca

vecja od 0 Bq

Minimalne aktivnosti, ki jih $tevec $e lahko zazna so za U, **U, #°Th, *°Ra in
1% y povprecju znasale 2,2E-4 Bq.

Dolocitev kemijskega izkoristka za *Ra sem izvedel z meritvijo aktivnosti Ba na
spektrometru gama z detektorjem iz visoko Cistega germanija proizvajalca Ortec, ki je
zaS€iten pred zunanjim sevanjem s 5 cm svin€enim $¢itom. Germanijev kristal detektorja
ima premer 41,9 mm, dolZina le tega pa znasa 38,7 mm. Relativni izkoristek spektrometra
gama znaSa 8,6 % pri 1,33 MeV %Co. Detektor je bil povezan z veckanalnim
analizatorjem Spectrum Master 919 podjetja Ortec in je prikazan na sliki 15. Zajemanje
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spektra sem izvedel s pomocjo programa Maestro, prav tako proizvajalca Ortec. Program
Maestro omogoca osnovno zajemanje spektra, kakor tudi dolocanje povrSine
posameznega vrha, kar popolnoma zado$¢a potrebam dolocitve kemijskega izkoristka za
“Ra. Tega sem namre¢ doloéil relativno, kar pomeni, da sem povriino vrha '**Ba pri 356
keV v vzorcu primerjal s povr§ino vrha *’Ba pri 356 keV v standardu enake geometrije,
ki ni bil podvrzen kemijski separaciji. Slednjega sem pripravil z uparjanjem sledilca
kemijskega izkoristka %Ba na aluminijasto plos€ico. Po uparjanju sem povrSino vira
zalepil z lepilnim trakom, kar je onemogocilo odpadanje suSine iz aluminijaste ploscice.
Pri relativnih meritvah ni potrebe po absolutni kalibraciji spektrometra gama, potrebna je
le dovolj dobra energijska kalibracija, ki je bila izvedena s pomocjo tockastih izvorov
sevalcev gama.

Slika 15: Spektrometer gama.

Na sliki 16 je prikazan spekter gama, na katerem je povedan in oznaen vrh '**Ba pri
356 keV, ki sem ga uporabil za dolocitev kemijskega izkoristka 226Ra. Tukaj vidimo, da je
oblika vrhov v spektru gama drugacna, kot pri spektrih alfa (slike 10 — 14), saj v primeru
spektra gama vrhovi nimajo tako imenovanih repov in so prakticno Gaussove oblike.
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Slika 16: Vrh *Ba v spektru gama pri 356 keV.

Meritve *'°Pb sem izvedel s pomocjo proporcionalnega Stevca Tennelec LB4100-W
proizvajalca Canberra (slika 17), zajemanje rezultatov pa s pomocjo programa OSUM,
prav tako proizvajalca Canberra. Proporcionalni Stevec ima osem proporcionalnih
detektorjev premera 5,7 cm, ki lahko neodvisno drug od drugega opravljajo meritve.
Plos¢inska gostota okna detektorjev je 80 ug/cmz. Geometrija detektorjev je 2w, za
prepihovanje detektorjev pa se uporablja plin P10 (90% argona, 10% metana). Najvecji
premer pripravljenih virov za meritve lahko znaSa 5,2 cm. Detektorji so zasc¢iteni z 10 cm
debelim svinenim SCitom, ki sluZi za zmanjSevanje ozadja. Osem detektorjev je
razdeljenih v dva predala, kjer se v vsakem nahajajo Stirje detektorji. Nad Stirimi
detektorji se nahaja tako imenovani »guard« detektor, ki meri visoko energijsko
kozmi¢no sevanje in ga avtomatsko odSteva od sunkov posameznega detektorja. V
samem ohiSju Stevca se nahaja Se sistemski kontrolnik v katerem sta dva glavna
ojacevalnika, dva predojacevalnika, mikroprocesor in visokonapetostna enota. Ta
elektronika skrbi za obdelavo sunka in kot rezultat posreduje podatek o Stevilu sunkov ter
o ¢asu meritve programu OSUM. Preko tega programa uporabnik krmili Stevec in nadzira
operacije, ki jih Stevec izvaja.
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Slika 17: Proporcionalni stevec Canberra Tennelec LB4100-W.

Kljub temu, da je geometrija detektorjev proporcionalnega Stevca 2m, je lahko zaradi
odboja delcev beta od merilne plos€ice izkoristek detektorja vecji od 50 %. Omenjeni
efekt prikazuje slika 18, kjer vidimo, da se lahko delci beta z dovolj veliko energijo
odbijejo od merilne plos€ice nazaj proti detektorju, kjer so lahko detektirani.

% 4 |<-\ detektor
+—_ odbitidelec

beta

vzorec

A4

Slika 18: Proporcionalni Stevec Canberra Tennelec LB4100-W.

Proporcionalni Stevec izkoris¢a ucinek ionizacije delcev beta, ki prodirajo skozi plin.
Sestavljen je iz anode in katode, med katerima je plin, skozi katerega prodirajo delci beta,
ki sproZijo v plinu primarno ionizacijo. Tako nastali elektroni potujejo pod vplivom
napetosti proti anodi, kationi pa proti katodi. Ker je napetost pri kateri deluje
proporcionalni Stevec dovolj visoka, imajo elektroni nastali pri primarni ionizaciji, ki
potujejo proti anodi, dovolj kineti¢ne energije, da sprozijo sekundarno ionizacijo v plinu,
kar sproZi plaz ionizacij ob anodi. Multiplikacija elektronov zlahka doseze vrednosti 10*.
Ko elektroni doseZejo anodo, nastane pulz naboja, ki je ob tako veliki multiplikaciji lahko
merljiv. Delovanje proporcionalnega Stevca shematsko prikazuje slika 19. Nastalo Stevilo
elektronov pri sekundarni ionizaciji je proporcionalno Stevilu elektronov, ki so nastali pri
primarni ionizaciji, kar omogoca detekcijo delca beta (L’ Annunziata, 1998).
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Slika 19: Shematski prikaz delovanja proporcionalnega stevca.

Plin, ki se uporablja za proporcionalni Stevec, ne sme tvoriti anionov ter ne sme
vsebovati komponent, ki privlacijo elektrone. Te pogoje najbolje zadovoljujejo Zlahtni
plini. Ker po nastanku ionskega para pri ionizaciji kation ostane v vzbujenem stanju,
preide v osnovno stanje z oddajanjem fotonov, ki lahko naprej sprozijo dodatne plazove
elektronov, kar pokvari proporcionalnost. Zato morajo biti ti fotoni zaduSeni z drugim
mehanizmom, kot na primer z disociacijo. Tako se zlahtnim plinom dodaja majhen delez
vecatomskega plina. Najpogosteje uporabljena meSanica je tako imenovani plin P10, ki
vsebuje 90 % argona in 10 % metana. Ker se molekule metana porabljajo, je potrebno
konstantno dovajati svez plin, izrabljenega pa odvajati (L’ Annunziata, 1998).

Za razliko od spektrometra alfa in spektrometra gama pa proporcionalni Stevec ne
omogoca prikaz energijskega spektra zaznanih sunkov. Njegova energijska obdelava
sunkov je omejena le na razvrScanje sunkov med viSje energijske in nizje energijske
sunke, kjer se vi§je energijski nanaSajo na delce alfa, niZje energijski pa na delce beta
(slika 20).
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Slika 20: Analiza sunkov v sistemu proporcionalnega Stevca LB4100-W.

Za razliko od sevanja alfa in gama, kjer so energije sevanja diskretne, pa so le te pri
sevanju beta kontinuirne. Razlog temu je nastanek antinevtrina pri razpadu beta, ki je na
primeru 21%py, predstavljen na formuli 4. Tako se energija, ki se sprosti pri razpadu
porazdeli med novonastali atom, elektron (delec beta) ter antinevtrino in je lahko pri
vsakem razpadu razli¢na. Iz slike 21 lahko tako na primeru 219Bj vidimo, da je energija
delcev beta lahko zelo razli¢na in znaSa v tem primeru vse do 1162 keV s povprecno
vrednostjo 389 keV.

20ph_520Bj 4" +V+0Q, 4)

Bi-210

~
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Slika 21: Kontinuirni energijski spekter *'Bi.

Kalibracijo proporcionalnega Stevca in dolocitev izkoristka detekcije pri meritvah
1%h sem izvedel s certificirano standardno raztopino 21%pp 2 aktivnostjo sledljivo do
osnovnih SI enot. Vzorce za kalibracijo sem pripravil na enak nacin kot ostale vzorce.
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Kalibracija omogoca korekcije tako za samoabsorpcijo delcev beta v vzorcu, kot tudi za
porast 219Bj iz *'%Pb. Zaradi relativno nizke energije delcev beta, ki nastanejo pri razpadu
*1%b (maksimalna energija delcev beta znaSa le 63 keV), je potrebno dolo¢iti “1pp
posredno preko *19Bj, ki je prav tako sevalec beta, vendar z mnogo vi§jo maksimalno
energijo sevanja beta (slika 21). Posledica tega je, da je izkoristek detekcije za 210B;
veliko vedji kot za *1%pp. Vendar pa je zaradi razpolovnega Casa *19Bj, ki znaga 5,01 dni
(slika 2) potrebno pocakati vsaj mesec dni, da se vzpostavi trajno radioaktivno ravnotezje
med 2'°Pb in *'°Bi. Posledica tega je, da se izkoristek detekcije spreminja v Casu od
separacije, dokler se ne vzpostavi trajno radioaktivno ravnotezZje med 2%pp in 2'°Bi.
Problem pri kalibraciji predstavlja tudi samoabsorpcija delcev beta v viru PbSOy, ki raste
z ve¢jo maso vira. Tako je izkoristek detekcije manjsi pri vecji masi vzorca. Ker je masa
PbSO,4 odvisna od kemijskega izkoristka, se le ta spreminja od vzorca do vzorca in je
lahko zelo razli¢na.

Omenjene teZave sem 0premostil s kalibracijo proporcionalnega Stevca, ki omogoca
tako korekcije za porast *1%Bj iz '°Pb in posledi¢no povecevanje izkoristka detekcije, kot
tudi korekcije zaradi razlicne samoabsorpcije v virih, ki so posledica razli¢nega
kemijskega izkoristka. Tako sem pripravil vire z razli¢no plos€insko gostoto PbSOy in
znano dodano aktivnostjo *1pp ter jih pomeril v proporcionalnem Stevcu. Nato sem
eksperimentalne rezultate uporabil za dolocitev enaCbe izkoristka detekcije s pomocjo
programa CurveExpert 1.3, ki omogoca izracun izkoristka detekcije v poljubnem ¢asu po
radiokemijski separaciji in pri poljubni masi vira PbSO4. Omenjeni rezultati so
predstavljeni v enacbi 5, ki omogoca izracun skupnega izkoristka 2%pp in *'Bi (epp.
2104Bi210) V odvisnosti od plos€inske gostote PbSOy4 (papbsos) in Casa po radiokemijski
separaciji 210py, (t2.pb210), kjer je Apizio razpadna konstanta 2108, Na sliki 22 so tako s
tockami predstavljeni rezultati eksperimentalnih meritev pri razliénih plos¢inskih
gostotah PbSO4 in s krivuljami rezultati dobljeni z enacbo 5 pri doloceni plos¢inski
gostoti PbSO,. 1z slike 22 je razvidno, da enacba 5 zelo dobro opisuje spremembe
izkoristka detekcije za 219y in 2'°Bj s &asom, kot tudi zaradi razliéne samoabsorpcije.

Emp-n10sei-210 = —0.0492(= 1,8007 — exp(= 0,0373, ps0.))
—0,2648(~0,7469 —exp(~ 0,18110, pusos)) (5)
: (1 - exp(— ﬂBi—ZI()tz,Pb—ZIO ))
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Slika 22: Sprememba izkoristka detekcije za *'’Pb in *'°Bi pri razlicnih ploSc¢inskih gostotah

PbSO,.

Minimalno aktivnost, ki jo detektor Se lahko zazna sem v primeru proporcionalnega
Stevca dolo€il skladno z enacbami 6 — 9. TakSen nacin doloCitve meje detekcije priporoca

proizvajalec proporcionalnega Stevca.
2

k™ +2L. ©)
t.E.m

Lo =ks, (7

MDA =

s
5, =& 8)

Ryt 1+ Ryt 7°
S12<B:S§+ Bm( tzBmZ) (9)
m

Kjer je:
MDA minimalna aktivnost, ki jo Stevec Se lahko zazna v Bq

k konstanta standardnega odmika za dosego doloc¢ene stopnje zaupanja in znasa pri

95 % stopnji zaupanja 1,645
tm ¢as meritve v s

izkoristek detekcije meritve

masa vzorca v kg

Em
m
Lc minimalna aktivnost, pri kateri lahko z gotovostjo trdimo, da je aktivnost vzorca

vecja od 0 Bq
S0 standardni odmik meritve vzorca z nicelno aktivnostjo
SRB standardni odmik gostote sunkov ozadja v ¢asu meritve
SB standardni odmik meritve ozadja
Ry gostota sunkov ozadja
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Minimalna aktivnost, ki jo Stevec e lahko zazna je pri meritvah *'°Pb v povpregju
zna$ala 5,4E-3 Bq.

Merilne negotovosti pri vseh meritvah sem dolocil skladno s priporoc€ili Eurachem
(2000) in TAEA (2004). Uposteval sem vse vire merilne negotovosti, na koncu pa
izracunal kombinirano standardno negotovost, ki sem jo podal s faktorjem pokritja k = 1.
V nadaljevanju je predstavljen izradun negotovosti za primer dologitve vsebnosti 2*U v
tleh, kjer je merjenec specifi¢na aktivnost >°*U v talnem vzorcu izraZena v Bg/kg suhe
mase na dan vzor&enja, analit pa je **U. Specifi¢na aktivnost merjenca sem izradunal
skladno z enacbo 10:

Y ri, (10)
maq

a, =

Kjer je:
as  specificna aktivnost analita na dan vzorcenja v Bg/kg suhe mase
A, aktivnost analita v mikrosooborjenem vzorcu v Bq
m, masa sezganega vzorca, ki je bila uporabljena za analizo v kg
q razmerje med suho maso in seZgano maso vzorca
fi korekcija za razpad analita v Casu od vzorcenja do zaCetka meritve
> korekcija za razpad analita med ¢asom meritve f¢
f3  korekcija za razpad sledilca kemijskega izkoristka od Casa kalibracije sledilca do
zacetka meritve
f+  korekcija za razpad sledilca kemijskega izkoristka med ¢asom meritve z¢

Aktivnost analita sem izracunal z enacbo 11:

AA :CTVT(RGA RBAJ(paT] (11)
Ror = Rgp )\ Poa
Kjer je:

cr  certificirana koncentracija raztopine sledilca kemijskega izkoristka v Bg/mL na
dan kalibracije standarda

Vr  volumen raztopine sledilca kemijskega izkoristka v mL

Ria skupna hitrost Stetja analita v s'v ¢asu Stetja ¢

Rpa hitrost Stetja analita v slepem vzorcu v s v ¢asu Stetja 5

Ror skupna hitrost $tetja sledilca kemijskega izkoristka v s™ v &asu $tetja 6

Rsr  hitrost Stetja sledilca kemijskega izkoristka v slepem vzorcu v s™ v Gasu Stetja t5

Dor VSota verjetnosti emisije delcev alfa za tiste Crte alfa v spektru sledilca, ki se
nahajajo v obmoc¢ju kanalov v spektru alfa za dolocitev skupne hitrosti Stetja
(ponavadi zelo blizu 1)

Poa  Vsota verjetnosti emisije delcev alfa za tiste Crte alfa v spektru analita, ki se
nahajajo v omoc¢ju kanalov v spektru alfa za dolocitev skupne htrosti Stetja
(ponavadi zelo blizu 1)

Korekcijski faktorji za razpad so definirani v enac¢bah 12 — 15:

fi :eXp(ﬂA (tS_tE)) (12)

f ﬂ’AtG
2

el -
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£y =exp(~4, (1, -1.)) (14
— ﬂTtG 15
T exp () )
Kjer je:
Aa  razpadna konstanta analita v g!
Jr  razpadna konstanta sledilca kemijskega izkoristka v s
tg  Cas konca vzorcenja
ts ¢as zacCetka meritve
tc  Cas kalibracije standarda, ki je bil uporabljen kot sledilec kemijskega izkoristka
tc  trajanje meritve vzorca v s
Podatki o vzorcu, kakor tudi parametri, ki so znani pred zacetkom analize so sledeci:
ts-tg : 6,307 x 10°s
ts-tc : 1,577x10%s
Ja 4,919x 108 5!
Ar 3,188 x 10705
PoA 1
Dar : 1
cr - 0,33 Bg/mL , nanasa se na datum kalibracije standarda
VT : 0,1 mL
Rga : 8,0 x 10° ¢! , hitrost Stetja analita v slepem vzorcu, ugotovljena iz nekaj
locenih analiz slepega vzorca in izracunana skladno z enacbo 22
u(Rpa) : 64X 10° ¢! , standardna negotovost Rga, ugotovljena iz nekaj loCenih analiz

slepega vzorca in izracunana skladno z enacbo 23
Rpr : 7,0 x 10° s , hitrost Stetja sledilca kemijskega izkoristka v slepem vzorcu,
ugotovljena iz nekaj locenih analiz slepega vzorca in izracunana skladno z

enacbo 24
u(Rpr) :

5,6 x 10° s, standardna negotovost Rgr , ugotovljena iz nekaj loCenih analiz

slepega vzorca in izracunana skladno z enacbo 25

[zmerjeni podatki in parametri iz analize so sledeci:

tara :

bruto suha masa vzorca :

neto suha masa vzorca, mp :
bruto masa vzorca po seZigu :
neto masa vzorca po sezigu, my :

tara pri tehtanju mase seZganega vzorca :
bruto masa sezZganega vzorca :

neto masa sezganega vzorca za analizo, m,:

i : 3,680 x 10° s
tg : 3,680 x 10° s
Roa :  3,571x10° ¢!
Ror : 9,114x 107 ¢!

41,9266 g
104,8129 g
62,8863 g
97,1492 ¢
55,2226 ¢

1,1388

4,8541 g
5,3656 g
0,5115¢
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Vire negotovosti sem identificiral s pomoc¢jo vzrocno-posledi¢nega diagrama, ki je
prikazan na sliki 23.

Vr cr Rea Rer Rpa Rpr

Ponovljivost Prekrivanje vrhov Prekrivanje vrhov
Vpliv »fitanja« vrhov Vpliv »fitanja« vrho
Kalibracija —_—>
EE—— Statistika Stetja Statistika Stetja
—_—>
Temperatura
Kovarianca med Kovarianca med
posameznimi ¢rtami posameznimi ¢értami
> 1 gy
* > ay
a
Ponovljivost Ponovljivost —>
» »
> > Aa
—>
Kalibracija Kalibracija Ar
; Az
Linearnost Zamik Linearnost
mg q f 1 fZ f3 f 4

Slika 23: Vzrocno-posledicni diagram za ugotavljanje virov negotovosti za meritev *°U.

Kombinirano standardno negotovost razmerja med masami g = mp / ma pri sezigu sem
izracunal s pomocjo enacb 16 — 18:

2 2
ug) _ |fulmy) | [ uGm,) (16)
q my my
u(my) = \/ u® (bruto suha masa vzorca) +u’ (tara) a7
u(m,) = \/ u’ (bruto masa seZganega vzorca po sezigu)+u’ (tara) (18)
Kjer je:

u(q)  kombinirana standardna negotovost razmerja med masami
u(mp) kombinirana standardna negotovost mase suhega vzorca v g
u(my) kombinirana standardna negotovost mase sezganega vzorca v g

Kombinirano standardno negotovost mase seZganega vzorca, uporabljenega za analizo
(m,) sem izracunal s pomocjo enacbe 19:

u(m,)= \/u2 (bruto masa seZganega vzorca)+ u’ (tara)

19)

Relativna standardna negotovost certificirane koncentracije sledilca kemijskega
izkoristka u(ct) / cr je znasala 0,024.

Komponente negotovosti volumna sledilca Vr, ki sem ga odvzel s pipeto iz raztopine
sledilca kemijskega izkoristka so:

- Relativna standardna negotovost internega volumna (0,1 mL), ki je podana od
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proizvajalca je znaSala 2,0E-3; zaradi trikotne porazdelitve je delimo s J6 , kar
nato znese 1,0E-3.
- Serija meritev volumnov in mas je rezultirala v relativni standardni negotovosti
2,5E-3.
- Variiranje v temperaturi okolja za + 3 °C je rezultiralo v standardni negotovosti
3,1E-4 mL.
Te tri komponente negotovosti volumna sledilca so rezultirale v kombinirani relativni
standardni negotovosti volumna dodanega sledilca (u(Vr) / V1) 2,6E-3.
Pri izracunih standardnih negotovostih povezanih s povr§ino vrha sem predpostavil, da
se vrh sledilca kemijskega izkoristka in analita ne prekrivata. Tako sem standardno
negotovost skupne hitrosti Stetja analita Rga izracunal po enacbi 20:

R
u(Rg,) = % (20)

G

Standardno negotovost skupne hitrosti Stetja sledilca kemijskega izkoristka sem
izracunal s pomocjo enacbe 21:

R
u(Ry) = /T 21)

Pogosto je variacija serije meritev slepih vzorcev vecja, kot lahko predpostavimo iz
same statistike Stetja, ki sledi Poissonovi porazdelitvi. Zato je priporocljivo dolociti
negotovosti iz serije n meritev slepih vzorcev. Hitrost Stetja analita v slepem vzorcu (Rpa)
in njegovo standardno negotovost (#(Rpa)) sem izracunal s pomocjo enacb 22 in 23:

n
Z RBA,i
_ =l

n

R

BA

(22)

n

Z(RBA,i - RBA )2

u(Ryp) =\ —— (23)

Podobno je dolocena tudi hitrost Stetja sledilca kemijskega izkoristka v slepem vzorcu
(Rpr) in pripadajoca standardna negotovost (#(Rgt)), ki ju podajata enacbi 24 in 25:

RBT =X 24)

Z(RBT,i _RBT )2
u(Ry) == _— (25)

Relativna standardna negotovost razpadne konstante analita (u(4a) / Aa) znasa 6,7E-4,
sledilca kemijskega izkoristka (u(Ar) / A1) pa 5,8E-3.

Standardne negotovosti korekcijskih faktorjev fi, f3, f3 in f4 so definirane z enacbami 26
-29:
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u(fl)zfl(ts—tE)u(/lA) (26)
u(f,)=f, (1= frexp(- ))M 27)
u(fy) = fi(ts —tc)u(y) ) (28)
u(f)= 1, (1- f,exp (- ))”(j:) (29)

Pri izracunu merjenca iz enacb 10 in 11 sledi:

A, =0,01298 Bq
a, =21,1915 Bg/kg suhe mase

Pri izracunu relativne kombinirane standardne negotovosti uc(as) / aa specificne
aktivnosti analita na dan vzorcenja sem uporabil enacbe 30 — 35:

ulay) _ (uC<AA>J2+(u<ma>J2+(u<q>J2+(u<mjz+(u<f2)j2+(u<f3>f+(u<f4>j2
aA AA ma q fl fz f3 f4

(30)
uC<AA):\/(uC<cT>J +(u<vT>J *(M(y)J an
Ay Cr Vi y

=M

RGT _RBT (32)
2 2
u(y) _ (u(RGA _RBA)J +(”<RGT ‘RBT)] (33)
y (R, —Ry,) (Rsr = Ryr)
(M(RGA —RBA)jZ _ uZ(RGAHuZ(IiBA) (34)
(RGA _RBA) (RGA - RBA)
2 ) 2
(M(RGT —RBT)J _u(Ryp)+u (IEBT) (35)
(RGT - RBT) (RGT - RBT)

Ce vstavimo ustrezne podatke v enatbe 30 — 35 dobimo kot rezultat kombinirano
standardno negotovost merjenjca ob faktorju pokritja k = 1:

5,4-10* Bq 2+ L4-10% ¢ 2+ 3,9-10° 2+ 2,110
u(ay)  [\0.01298Bq 0,5115¢ 1,1388 1

ay 1L2:105Y (3.4-10*Y (8.4-107Y
+ + +
1 0,95 1

u.(a,)=0,9 Bq/kg suhe mase

In kon¢éni rezultat lahko izrazimo kot:

=(21,2£0,9) Bg/kg suhe mase
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4 Rezultati

4.1 Fizikalno kemijske meritve vzorcev tal

V tabeli 4 so predstavljeni rezultati fizikalno kemijskih parametrov vzorcev tal, ki so bili
doloceni v Centru za pedologijo in varstvo okolja, Oddelka za agronomijo, Biotehniske
fakultete v Ljubljani. Iz rezultatov je razvidno, da je bila vrednost pH tal rahlo kisla, z
izjemo lokacije 4, kjer je bila nevtralna. Rezultati vsebnosti organske snovi so bili
relativno nizki in so znaSali od 2,1 % v lokaciji 6 pa vse do 5,9 % v lokaciji 3. Prav tako
je bila vsebnost karbonatov v tleh nizka, z izjemo lokacije 4, kjer je znaSala 7,9 %.
Velikostno porazdelitev delcev prikazujejo delezi peska, melja in gline. Pesek
predstavljajo delci velikosti od 0,0625 mm do 2 mm, melj delci velikosti od 0,0039 do
0,0625 mm in glina delci manjsi od 0,0039 mm. Velikostna porazdelitev delcev v tleh iz
lokacij 4 in 6 je primerljiva, medtem, ko imajo tla v lokaciji 3 ve¢ melja, tla v lokaciji 1
pa ve€ peska. V tleh iz lokacije 2 so vsi trije velikostni razredi priblizno enako zastopani.
Glede na teksturni razred spadajo tla iz lokacije 1 med peSceno ilovnate, tla iz lokacije 3
med meljno ilovnate, tla iz ostalih lokacij pa med ilovnata.

Tabela 4: Rezultati fizikalno kemijskih parametrov vzorceyv tal.

pHvV Organska snov Karbonati Pesek Melj Glina

Lokacla 0, q, (%) (%) %) (B (B
1 5,4 5,4 1,6 62,0 27,5 10,5
2 4,5 3,8 0,8 37,2 36,3 26,5
3 4,5 5,9 1,2 12,5 68,2 19,3
4 7,0 3,8 7,9 46,7 34,9 18,4
6 5,9 2,1 <0,5 49,9 31,3 18,8

4.2 Rezultati in primerjava sekvencnih ekstrakcijskih postopkov v
zemljah

Primerjava obeh sekven¢nih ekstrakcijskih postopkov za vse analizirane radionuklide v
vzorcih zemelj je prikazana na slikah 24 — 33. Kemijski izkoristki separacij so znaSali od
47 do 95 % za ***U, od 46 do 92 % za *Th, od 54 do 87 % za **Ra, od 50 do 79 % za
219 in od 69 do 100 % za *'°Po. Na slikah 24 — 33 sem rezultate postopka S za vseh Sest
lokacij nanesel na os X, rezultate postopka B pa na os y. Nanesel sem tudi premico y=x, ki
nam pomaga ugotoviti ujemanje rezultatov obeh postopkov. V primeru, ko oba postopka
dajeta enak rezultat, bi leZale toc¢ke na tej premici. Zaradi vecje jasnosti sem rezultate za
posamezen radionuklid prikazal na dveh slikah. Na grafih sem prikazal tudi negotovosti
posameznih meritev in to v obliki kombinirane standardne negotovosti s faktorjem
pokritja k = 1. Kjer negotovosti niso vidne, so manjSe od simbola. Postopek S vkljucuje
tudi izmenljivo frakcijo, kar pa ni sluaj v primeru postopka B, zato sem zaradi
primerljivosti rezultate v primeru postopka S za izmenljivo in karbonatno frakcijo seStel
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in so predstavljeni kot karbonatna frakcija.

Postopek B (Bgikg)

Slika 24: Primerjava obeh postopkov za *°U za preostanek, Fe/Mn okside in karbonate.
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Slika 25: Primerjava obeh postopkov za ***U za organsko snov.
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Slika 26: Primerjava obeh postopkov za *’Th za Fe/Mn okside, organsko snov in karbonate.
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Slika 27: Primerjava obeh postopkov za *’Th za preostanek.
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Slika 28: Primerjava obeh postopkov za **°Ra za organsko snov in karbonate.
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Slika 29: Primerjava obeh postopkov za **°Ra za preostanek in Fe/Mn okside.
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Slika 30: Primerjava obeh postopkov za *'’Pb za Fe/Mn okside in preostanek.
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Slika 32: Primerjava obeh postopkov za *'’Po za Fe/Mn okside in preostanek.
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Slika 33: Primerjava obeh postopkov za *'’Po za organsko snov in karbonate.

V mnogih primerih sem lahko Ze iz slik 24 — 33 z lahkoto ugotovil, da postopka nista
primerljiva (na primer rezultati za karbonatno frakcijo pri 2%, ki jih prikazuje slika 33).
Pri nekaterih, kot na primer pri preostanku v primeru 2% (slika 32), pa to ni tako ocitno.
Zato sem izvedel statisticno primerjavo rezultatov dveh postopkov skladno s pristopom,
ki ga opisujeta Bland in Altman (1986). Ta pristop temelji na primerjanju razlik
rezultatov dveh postopkov. Tako sem na grafih na slikah 34 — 53 prikazal razliko med
rezultati postopka S in B v odvisnosti od povprecnih vrednosti rezultatov obeh postopkov
pri posameznih frakcijah. Poleg tega sem na grafih predstavil Se povprecne vrednosti
razlik med obema postopkoma (povprecje (S-B)), dvakratni standardni odmik razlik med
obema postopkoma (2SD) in 20 % maksimalne vrednosti povpreCij med obema
postopkoma. Poenostavljeno povedano, ¢e postopek S daje viSje vrednosti od postopka B,
so povprecne razlike med obema postopkoma pozitivne in, ¢e postopek B daje visje
vrednosti so povprecne razlike med obema postopkoma negativne. V primeru, ko bi oba
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postopka dajala popolnoma enake rezultate pa bi bilo povprecje razlik enako 0. Seveda je
v realnosti to teZko izvedljivo, ker vsako meritev spremlja dolo¢ena negotovost, kar na
koncu privede do doloc¢enih odstopanj. Tako je potrebno za ovrednotenje sprejemljivosti
odstopanj, dolociti nek kriterij v okviru katerega sta postopka Se primerljiva. V mojem
primeru sem kot osnovo za dolocitev tega kriterija izbral kombinirano standardno
negotovost posameznih rezultatov, ki je znaSala od 3 do 20 %. Razlog za takSno
odstopanje relativnih negotovosti rezultatov temelji v negotovosti zaradi statistike Stetja,
ki sledi Poissonovi porazdelitvi in je ve¢ja pri manjSih aktivnostih ter manjSa pri vecjih.
Najpogosteje zastopana negotovost je znaSala okrog 10 %, zato sem jo izbral kot kriterij,
kar pri faktorju pokritja k = 2 znaSa 20 %. To vrednost sem tudi predstavil s prekinjeno
¢rto na posameznih grafih na slikah 34 — 53. Skladno s tem postopka nista primerljiva, ¢e
je dvakratnik standardnega odmika (2SD) vecji od 20 %.

Tako sem lahko iz slik 34 — 37, ki prikazujejo rezultate primerljivosti obeh postopkov
za 2%U ugotovil, da postopek S daje viSje vrednosti od postopka B v primeru karbonatne
frakcije in organske snovi, postopek B pa v primeru Fe/Mn oksidov in preostanka. Iz slik
34 — 37 je tudi razvidno, da je dvakratnik standardnega odmika manjsi od 20 % v primeru
organske snovi in preostanka, torej postopka S in B za ti dve frakciji dajeta statisticno
primerljive rezultate. Nasprotno pa velja za karbonatno frakcijo in Fe/Mn okside, kjer

postopka v primeru U dajeta statisti¢no razli¢ne rezultate.
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Slika 34: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
238 .
obeh postopkov za ~°U za karbonatno frakcijo.
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Slika 35: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za **U za Fe/Mn oksidno frakcijo.
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Slika 36: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za **U za organsko frakcijo.
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Slika 37: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za **U za preostanek.

Podobno kot za **®U so na slikah 38 — 41 prikazani rezultati za 2OTh. Iz njih sem
ugotovil, da postopek S daje vi§je rezultate v primeru karbonatne frakcije in preostanka,
postopek B pa v primeru Fe/Mn oksidov ter organske snovi. Ugotovil sem tudi, da dajeta
postopka pri vseh frakcijah statisti¢no razli¢ne rezultate.
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Slika 38: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za *°Th za karbonatno frakcijo.
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Slika 39: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za *°Th za Fe/Mn oksidno frakcijo.
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Slika 40: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za *°Th za organsko frakcijo.
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Slika 41: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za °Th za preostanek.

Rezultati ujemanja obeh postopkov za *Ra so prikazani na slikah 42 — 45. Tudi tukaj
je razvidno, da postopek S daje visje rezultate v primeru karbonatne frakcije, organske
snovi in preostanka, niZje od postopka B pa le v primeru Fe/Mn oksidov. Tudi v primeru
*Ra sem ugotovil, da je dvakratnik standardnega odmika vecji od 20 % pri vseh
frakcijah, kar pomeni, da dajeta postopka statisti¢no razli¢ne rezultate.
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Slika 42: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za **°Ra za karbonatno frakcijo.
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Slika 43: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za **°Ra za Fe/Mn oksidno frakcijo.
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Slika 44: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za **°Ra za organsko frakcijo.
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Slika 45: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za **°Ra za preostanek.

Podobno sem ugotovil tudi za ujemanje obeh postopkov v primeru 21%p, ki ga
prikazujejo slike 46 — 49, kjer je tudi dvakratnik standardnega odmika pri vseh frakcijah
vecji od 20 %. Torej so tudi v primeru 1%y rezultati obeh postopkov za vse frakcije
statisti€no razli¢ni. Vi§je vrednosti daje postopek S v primeru karbonatne frakcije in pri
preostanku, postopek B pa pri Fe/Mn oksidih in pri organski snovi.
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Slika 46: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za *'’Pb za karbonatno frakcijo.
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Slika 47: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za *'°Pb za Fe/Mn oksidno frakcijo.
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Slika 48: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za *'°Pb za organsko frakcijo.
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Slika 49: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za *'°Pb za preostanek.

Na slikah 50 — 53 so prikazani rezultati primerljivosti obeh postopkov za 210pyg,
Ugotovil sem, da postopek S daje viSje vrednosti v primeru karbonatne frakcije, postopek
B pa pri vseh ostalih frakcijah. Prav tako sem ugotovil, da so dvakratniki standardnega
odmika pri vseh frakcijah vecji od 20 %, kar pomeni, da dajeta postopka statisticno
razli¢ne rezultate.
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Slika 50: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za *'’Po za karbonatno frakcijo.
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Slika 51: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za *'°Po za Fe/Mn oksidno frakcijo.
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Slika 52: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za *'°Po za organsko frakcijo.
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Slika 53: Primerjava razlik posameznih meritev v odvisnosti od povprecnih vrednosti meritev
obeh postopkov za *'°Po za preostanek.

V tabeli 5 so Se enkrat povzeti in numeri¢no prikazani rezultati primerjave obeh
postopkov. Prva kolona prikazuje radionuklide, druga posamezne frakcije, v tretji so
predstavljeni rezultati povprecnih vrednosti razlik med obema postopkoma, Cetrta pa
prikazuje dvakratnik standardnega odmika razlik med obema postopkoma. V peti so
prikazane maksimalne vrednosti povprecij med obema postopkoma, ki so potrebne za
izracun relativnih vrednosti dvakratnika standardnega odmika; le te so predstavljene v
Sesti koloni. V primeru, da znaSajo te razlike manj od 20 % pomeni, da sta po izbranih
kriterijih postopka statisticno primerljiva, v nasprotnem primeru pa ne. Tako lahko
povzamem, da dajeta postopka, razen v primeru

23

statisticno razliCne rezultate.

8 .
U za organsko snov in preostanek,



60 Rezultati

Tabela 5: Rezultati statisticne ocene ujemanja obeh sekvencnih ekstrakcijskih postopkov.

povpr 2SD Maks (povpr  2SD/
Radionuklid Frakcija (S-B) (S,B)) max(S, Ujemanje

_ _ Bokg P Bgng B [al
U Karbonati 25,7 54,9 82,0 67 NE
Fe/Mn oksidi -56,2 138 86,7 159 NE
Organska snov 21,6 68.9 367 19 DA
Preostanek -13,6 18,5 116 16 DA
207 Karbonati 40,0 55,5 41,9 132 NE
Fe/Mn oksidi -1,7 6,7 9,9 68 NE
Organska snov -20,4 50,1 42,9 117 NE
Preostanek 8,9 99,3 418 24 NE
“Ra Karbonati 50,8 133 149 89 NE
Fe/Mn oksidi -126 335 277 121 NE
Organska snov 15,0 53,9 130 42 NE
Preostanek 60,7 120 322 37 NE
1%pp Karbonati 49,2 92,5 86,0 107 NE
Fe/Mn oksidi -90,5 145 154 94 NE
Organska snov ~ -33,9 47,4 41,8 113 NE
Preostanek 57,7 85,6 196 44 NE
R Karbonati 9,5 18,6 13,3 140 NE
Fe/Mn oksidi -13,9 51,2 33,3 154 NE
Organska snov -1,5 2,8 1,8 157 NE
Preostanek -10,4 75,1 343 22 NE

Pri pregledu vseh rezultatov primerjave postopkov (slike 34 — 53) sem ugotovil, da
daje postopek S pri vseh radionuklidih vi§je rezultate za karbonatno frakcijo od postopka
B, ki pa daje v pri vseh radionuklidih vi§je rezultate za Fe/Mn okside.

Iz slik 34 — 53 smo se lahko prepricali, da dajeta oba postopka v vecini primerov
statisticno razli¢ne rezultate. Vendar pa sem lahko iz njih kljub temu marsikaj zanimivega
zakljudil. Tako slike 54 — 63 ter priloge 2 — 5 prikazujejo rezultate obeh postopkov v
Sestih vzorcevalnih lokacijah. Rezultati za posamezen radionuklid so na slikah 54 — 63
predstavljeni v dveh grafih, od katerih prvi prikazuje deleZe posamezne frakcije v celotni
aktivnosti, drugi pa celotne aktivnosti posamezne frakcije. Zaradi vecje preglednosti,
negotovosti meritev pri posameznih frakcijah niso prikazane. Tako sem lahko za 2y
ugotovil (sliki 54 in 55), da je bila najvisja celotna specifi¢na aktivnost, definirana kot
vsota vseh frakcij, v lokaciji 4, ki leZi na dnu odlagaliS¢a v smeri spiranja radionuklidov.
PoviSane celotne specificne aktivnosti v primerjavi z lokacijo 3, ki ni pod vplivom
odlagaliSca, sem opazil Se v primeru lokacije 6 in 1. Kljub temu, da oba sekvencna
ekstrakcijska postopka dajeta razliCne rezultate za karbonatno frakcijo in Fe/Mn okside,
pa sem lahko iz slike 54 ugotovil, da je porazdelitveni profil med lokacijami 1, 4 in 6
podoben. Prav tako sem lahko ugotovil podobnosti med lokacijami 2, 3 in 5. V primeru
lokacij 1, 4 in 6 je prevladujoca frakcija BUy primeru postopka S vezana na organsko
snov (od 40 do 60 %), v primeru lokacij 2, 3 in 5 pa se U nahaja pretezno v preostanku
(od 70 do 90 %).
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Slika 54: Porazdelitveni profili **U v vzorcih zemelj po lokacijah in posameznih sekvencnih
ekstrakcijskih postopkih.
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Slika 55: Specificne aktivnosti “*U v vzorcih zemelj po lokacijah in sekvencnih ekstrakcijskih
postopkih.

Podobno so prikazani tudi rezultati za “OTh na slikah 56 in 57, kjer ponovno
ugotavljam najvisjo celotno specifi¢no aktivnost v vzorcu iz lokacije 4. PoviSane celotne
specifi¢ne aktivnosti v primerjavi z lokacijo 3 je v primeru #OTh zaznati e v lokacijah 5
in 6, postopek S pa daje tudi nekoliko visje specifi¢ne aktivnosti tudi v vzorcu iz lokacije
1. Porazdelitveni profil lokacij na sliki 56 pokaze, da je v vseh lokacijah najvec “OTh v
preostanku (od 50 do 86 %).
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Slika 56: Porazdelitveni profili *’Th v vzorcih zemelj po lokacijah in posameznih sekvencnih
ekstrakcijskih postopkih.
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Slika 57: Specificne aktivnosti *°Th v vzorcih zemelj po lokacijah in sekvencnih ekstrakcijskih
postopkih.

Tudi v primeru 2Ra sem najvisjo celotno specifi¢no aktivnost ugotovil v lokaciji 4
(slika 59), poviSane celotne specificne aktivnosti v primerjavi z lokacijo 3 pa sem
ugotovil tudi v lokacijah 5 in 6. Vrednosti celotnih specifi¢nih aktivnosti v lokacijah 1 in
2 pa so primerljive z lokacijo 3. Pri primerjavi porazdelitvenih profilov na sliki 58 sem
opazil, da je v lokacijah 1, 2 in 3 vec *°Ra v preostanku (od 60 do 80 %), kot pa v
lokacijah 4, 5 in 6 (30 do 60 %).
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Slika 58: Porazdelitveni profili *’Ra v vzorcih zemelj po lokacijah in posameznih sekvencnih
ekstrakcijskih postopkih.
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Slika 59: Sspecificne aktivnosti **°Ra v vzorcih zemelj po lokacijah in sekvencnih ekstrakcijskih
postopkih.

Sliki 60 in 61 prikazujeta rezultate obeh sekven¢nih ekstrakcijskih postopkov za 10pp,
kjer sem prav tako ugotovil, da je najviSja vsebnost celotne specifi¢ne aktivnosti 210pp y
lokaciji 4. PoviSane celotne specifi¢ne aktivnosti v primerjavi z lokacijo 3, je zaznati tudi
v lokacijah 1, 5 in 6. Rezultati porazdelitvenih profilov v primeru *1%pp (slika 60) pa so
kontradiktorni. Pri postopku S je namre¢ prevladujoc€a frakcija, v kateri se nahaja “1%pp,
preostanek (od 55 do 70 %), pri postopku B, pa Fe/Mn oksidi (od 40 do 60 %).
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Slika 60: Porazdelitveni profili *'’Pb v vzorcih zemelj po lokacijah in posameznih sekvencnih
ekstrakcijskih postopkih.
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Slika 61: Specificne aktivnosti *"°Pb v vzorcih zemelj po lokacijah in sekvencnih ekstrakcijskih
postopkih.

Rezultate sekvencnih ekstrakcijskih postopkov za 21%pq prikazujeta sliki 62 in 63. Ker
so bile izvedene analize *'°Po priblizno tri leta po vzor€enju, so celotne specificne
aktivnosti *'°Po v trajnem radioaktivnem ravnotezZju s 21pp, Zato rezultatov celotnih
specifi¢nih aktivnosti v sliki 63 ni mogoce povezati z dejanskim stanjem 214 ob casu
vzorcenja. Kljub temu pa ugotavljam, da so porazdelitveni profili v primeru 21%pg (slika
62) drugacni kot v primeru *19pp (slika 60). Tako se v primeru 1% Je ta nahaja pretezno
v preostanku (od 70 do 98 %).
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Slika 62: Porazdelitveni profili *’°Po v vzorcih zemelj po lokacijah in posameznih sekvencnih
ekstrakcijskih postopkih.
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Slika 63: Specificne aktivnosti *"’Po v vzorcih zemelj po lokacijah in sekvencnih ekstrakcijskih
postopkih.

Ob pregledu skupnih znacilnosti vseh obravnavanih radionuklidov ugotavljam, da je
bila v vseh primerih celotna specificna aktivnost najvisja v lokaciji 4. Skupne znacilnosti
vseh radionuklidov so tudi poviSane celotne specifi¢ne aktivnosti v lokaciji 6 v primerjavi
z lokacijo 3 ter primerljive celotne specifi¢ne aktivnosti v vzorcih iz lokacije 2. V primeru
29Th, **°Ra in *'°Pb sem zaznal tudi povisane celotne specificne aktivnosti v lokaciji 35,
ter v primeru %0, 2°Rain *'%Pb v lokaciji 1.

4.3 Izotopsko razmerje >*U/**U

Rezultate izotopskega razmerja PuPtu prikazuje slika 64. Graf prikazuje izotopsko
razmerje U/”80 za mobilne frakcije in za preostanek iz sekvencne ekstrakcije s
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postopkom S. V mobilni frakciji so zdruZeni rezultati sekvencne ekstrakcije s postopkom
S za izmenljivo frakcijo, karbonatno frakcijo, organsko snov in Fe/Mn okside. Razvidno
je, da je izotopsko razmerje vecje od 1 v primeru mobilnih frakcij v lokacijah 2 in 3, pri
ostalih lokacijah pa je izotopsko razmerje enako 1. Pri preostanku je razvidno nizje
izotopsko razmerje od 1 v lokacijah 1, 2 in 3 ter enako 1 v lokacijah 4, 5 in 6.

U-2341U-238

Mobilne Preostanek

Frakcija

Slika 64: Izotopska razmerija *** U/ U.

4.4 Vsebnosti naravnih radionuklidov v travah

Faktorje prenosa iz tal v travo, ki predstavljajo razmerje med specificno aktivnostjo
posameznega radionuklida v travi in specificno aktivnostjo v tleh, kakor tudi vsebnosti
23U, #°Th, Ra in *'°Pb v travi in v tleh prikazujejo slike 65 — 72 ter priloge 6-8.
Kemijski izkoristki separacij so znasali od 55 do 86 % za ***U, od 68 do 90 % za **’Th,
od 43 do 66 % za ***Ra in od 55 do 62 % za *'°Pb. Rezultati za posamezni radionuklid so
predstavljeni v dveh grafih, od katerih prvi prikazuje faktorje prenosa iz tal v travo v
odvisnosti od specificne aktivnosti v tleh, drugi pa specificno aktivnost v travi v
odvisnosti od specifiéne aktivnosti v tleh. Stevilke ob posamezni todki oznaGujejo
vzorCevalne lokacije, ki so predstavljene na sliki 4. Negotovosti so podane kot
kombinirane standardne negotovosti s faktorjem pokritja k = 1. V primerih, ko negotovost
na grafu ni vidna, je manj$a od simbola. Rezultati za *'’Po niso vkljudeni, saj je ob Gasu
analize preteklo priblizno tri leta od ¢asa vzoréenja. To pomeni, da sta *'°Po in *'°Pb v
trajnem radioaktivnem ravnoteZju in ni ve¢ mogoce razlociti med njima, saj sta njuni
specifi¢ni aktivnosti v vzorcih enaki.

Slika 65 prikazuje faktorje prenosa iz tal v travo za *U. Iz nje je razvidno, da sta
faktorja prenosa v vzorcih iz lokacij 1 in 2 priblizno 7 krat vecja kot pri ostalih lokacijah,
v katerih so faktorji prenosa priblizno enaki, ¢eprav je specificna aktivnost v tleh zelo
razli¢na. Na sliki 66 so predstavljene vrednosti specifi¢ne aktivnosti 28U v travah v
odvisnosti od specifi¢nih aktivnosti v tleh. Iz te slike so spet razvidne vecje specifi¢ne
aktivnosti v travi v vzorcih iz lokacij 1 in 2, ter mnogo niZje v ostalih lokacijah, ki so v
linearni korelaciji s specifi¢nimi aktivnostmi v tleh.
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Slika 65: Faktorji prenosa **U v odvisnosti od specificne aktivnosti ***U v tleh.
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Slika 66: Specificne aktivnosti **U v travi v odvisnosti od specificne aktivnosti U v tleh.

Podobno so predstavljeni tudi rezultati za 207, kjer na sliki 67 vidimo upad faktorjev
prenosa iz tal v travo s poveCanjem specificne aktivnosti v tleh. Na sliki 68, kjer so
predstavljene vrednosti specifiéne aktivnosti #OTh v travah v odvisnosti od specifi¢nih
aktivnosti v tleh pa vidimo, da le te med seboj niso korelirane.
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Slika 67: Faktorji prenosa “°Th v odvisnosti od specificne aktivnosti “°Th v tleh.
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Rezultate za faktorje prenosa iz tal v travo za 2Ra prikazuje slika 69, kjer sem opazil
mnogo nizje faktorje prenosa za lokacije 1, 2 in 3 v primerjavi z ostalimi. Rezultati na
sliki 70 prikazujejo linearno korelacijo specifi¢nih aktivnosti v travi in tleh za lokacije 4,
5 in 6, ter mnogo nizje vrednosti za ostale tri lokacije.
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Slika 69: Faktorji prenosa *°Ra v odvisnosti od specificne aktivnosti **Ra v tleh.
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Slika 70: Specificne aktivnosti **°*Ra v travi v odvisnosti od specificne aktivnosti **°Ra v tleh.

Podobno kot v primeru 2OTh, tudi v primeru 21%py, faktorji prenosa iz tal v travo padajo
z narasScajoCo specificno aktivnostjo “%p v tleh, kar prikazuje slika 71. Specifi¢ne
aktivnosti 2'°Pb v travi in tleh pa niso korelirane (slika 72).
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Slika 71: Faktorji prenosa *'°Pb v odvisnosti od specificne aktivnosti *'’Pb v tleh.
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Slika 72: Specificne aktivnosti *’’Pb v travi v odvisnosti od specificne aktivnosti *'°Pb v tleh.

Faktorji prenosa iz tal v travo so znasali od 1,40E-3 do 1,47E-2 za 238U, od 3,90E-3 do
1,24E-2 za *°Th, od 3,46E-2 do 4,65E-1 za **°Ra in od 9,83E-2 do 1,52E+0 za *'°Pb.
Ugotovljeni faktorji prenosa so v glavnem primerljivi z objavljenimi rezultati iz literature,
kjer znaSajo od 3,07E-4 do 4,56E-1 za **®U, od 7,40E-4 do 6,52E-1 za **Th, od 9,63E-2
do 7,19E-1 za *®Ra in od 2,23E-3 do 1,00E+0 za *'°Pb (Vandenhove et al., 2009).
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4.5 Vsebnosti naravnih radionuklidov v drevesih

Vsebnosti **U, #*°Th, *°Ra in *'°Pb v borih, smrekah in javorju so predstavljene na
slikah 73 — 84 ter v prilogah 9 in 10. Kemijski izkoristki separacije so znaSali od 50 do 90
% za **U, od 69 do 100 % za *Th, od 35 do 59 % za ***Ra in od 55 do 100 % za *'°Pb.
Pri borih in smrekah so rezultati na slikah 73 — 84 predstavljeni v obliki »box plot«
diagramov, v primeru javorja pa to ni bilo moZno saj je na odlagalis¢u Borst raslo le eno
tak$no drevo. Tako so pri javorju rezultati podani za eno drevo skupaj s kombinirano
standardno negotovostjo s faktorjem pokritja k = 1. »Box plot« diagrami pa prikazujejo
maksimalno in minimalno vrednost, zgornji in spodnji kvartil ter mediano. Podobno kot
pri vzorcih trav sem tudi v primeru dreves analize vzorcev izvedel pribliZno tri leta po
vzoréenju, zato dolocitev specifi¢ne aktivnosti *1%po ni bila ve& moZna.

Rezultati za 2*U so prikazani na slikah 73 — 75, pri katerih prvi prikazuje rezultate za
vzorce lesa, drugi za vzorce poganjkov in tretji za enoletne iglice ali liste. Ugotovil sem,
da so specificne aktivnosti 23U v enoletnih iglicah ali listih najvecje, tem sledijo
specificne aktivnosti v poganjkih, najmanjSe pa so vrednosti v lesu. Z namenom
ugotovitve ali so razlike med posameznimi deli dreves tudi statisticno relevantne sem
uporabil Kruskal-Wallisov ANOVA test, ki se uporablja v primerih, ko so variance
heterogene. Omenjeni test je pokazal, da so rezultati za vsebnosti 80U v enoletnih iglicah
ali listih, poganjkih in lesu statisticno razli€ne ( Py.3g < 0,0001). Najvec¢je maksimalne
specifi¢ne aktivnosti 28U v lesu in enoletnih iglicah ali listih so bile dolo€ene pri boru,
temu je sledil javor in smreka. Pri poganjkih pa sem najvecje maksimalne specifi¢ne
aktivnosti ~*U ugotovil pri javorju, zatem pa pri smreki in pri boru. Z namenom
ugotovitve statisti¢nih razlik med bori in smrekami sem uporabil Studentov t test, ki je pri
U pokazal, da so rezultati za omenjeni vrsti dreves v primeru poganjkov ter enoletnih
iglic in listov statisti¢no razlicni pri 95 % zaupanju, v primeru lesa pa pri 96 % zaupanju
(tabela 6).
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Slika 73: Specificne aktivnosti “*U v lesu.
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Slika 74: Specificne aktivnosti ***U v poganjkih.
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Slika 75: Specificne aktivnosti >°U v enoletnih iglicah ali listih.

Tabela 6: Rezultati Studentovega t testa 7 verjetnostmi (P), da so rezultati med bori in smrekami
enaki.

Vrsta P (les) P (poganjki) P (enoletne iglice ali listi)
=By 0,0582 0,0360 0,0498
20Th 0,0080 0,0982 0,1901
22°Ra 0,0171 0,0500 0,0315
210pp 0,1367 0,1330 0,0216

Podobno kot za ***U, so na slikah 76 — 78 predstavljeni tudi rezultati za 2307, kjer sem
najvecje specificne aktivnosti prav tako ugotovil v primeru enoletnih iglic ali listov, njim
ga so sledili poganjki in les. Rezultati Kruskal-Wallisovega ANOVA testa so tudi pri

*Th pokazali, da so vrednosti enoletnih iglic ali listov, poganjkov ter lesa statistino
razli€ne ( Prn230 < 0,0001). Najvecje maksimalne specificne aktivnosti 20Th v lesu in
enoletnih iglicah ali listih, sem doloc€il pri smreki, njej pa sta sledila javor in bor. Pri
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poganjkih sem najvecje maksimalne specifiéne aktivnosti 29Th dologil pri javorju, temu
pa sta sledila smreka in bor. Rezultati Studentovega t testa za #OTh v borih in smrekah so
pokazali, da so pri 95 % zaupanju le pri lesu rezultati statisticno razlicni med obema
vrstama (tabela 6).
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Slika 76: Specificne aktivnosti “°Th v lesu.
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Slika 77: Specificne aktivnosti °Th v poganjkih.
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Slika 78: Specificne aktivnosti *°Th v enoletnih iglicah ali listih.

Specifi¢na aktivnost Ra je bila prav tako najvec¢ja pri enoletnih iglicah ali listih,
zatem pa v poganjkih in v lesu (slike 79 — 81). Tudi tukaj so rezultati Kruskal-
Wallisovega ANOVA testa pokazali, da so rezultati za *%Ra v enoletnih iglicah ali listih,
poganjkih in lesu statistiéno razliéni ( Pra226 = 0,026). V vseh delih rastlin sem najvecje
maksimalne specifi¢ne aktivnosti *2%Ra dologil pri smreki, njej pa sta sledila javor in bor.
Zanimive so zelo majhne specifi¢ne aktivnosti “Ra pri boru v primerjavi s smreko, ki so
bile za 62 krat manjSe pri lesu, 101 krat manjSe pri poganjkih in 42 krat manjSe pri
enoletnih iglicah. Rezultati Studentovega t testa so pri *2Ra pokazali, da pri 95 %
zaupanju obstajajo statisti¢ne razlike pri vseh treh vrstah vzorcev (tabela 6).

Ra-226, les

e
]
=

350 A -
300 ~
250
200 A
130 1
100

(8]
—
1

Specificna aktivnost (Bg/kg)

]

Pinus s. Fices a. Acer

Slika 79: Specificne aktivnosti ***Ra v lesu.
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Slika 80: Specificne aktivnosti **’Ra v poganjkih.
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Slika 81: Specificne aktivnosti **°Ra v enoletnih iglicah ali listih.

Tudi specifi¢ne aktivnosti 1%y 50 bile najvecje pri enoletnih iglicah ali listih, vendar
pa so jim v primeru 2% gledile specificne aktivnosti v lesu, najmanjSe pa so bile v
poganjkih (slike 82 — 84). Kruskal-Wallisov ANOVA test je tudi tukaj pokazal, da so
rezultati za *'°Pb med enoletnimi iglicami ali listi, lesu in poganjkih statistiCno razlicne
(Ppb210 < 0,0001). Maksimalne specifiéne aktivnosti 210pp 50 bile najvecje v primeru
poganjkov in enoletnih iglic ali listov pri smreki, njej pa sta sledila javor in bor. V lesu
sem najvecje maksimalne specifine aktivnosti 1% dologil pri boru, temu pa sta sledila
smreka in javor. Studentov t test je pokazal, da so pri 1% med bori in smrekami ob 95
% zaupanju statisticno razli¢ni le rezultati pri enoletnih iglicah ali listih (tabela 6).
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Slika 84: Specificne aktivnosti *’’Pb v enoletnih iglicah ali listih.
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Pri pregledu slik 73 — 84 sem ugotovil, da so bile najvecje specificne aktivnosti v
drevesih doloGene za **°Ra (od 2,7 do 2728 Bg/kg), temu so sledili '°Pb (od 5,1 do 321
Bqg/kg), ZTh (od 0,03 do 11,3 Bg/kg) in ***U (0d 0,01 do 5,4 Bg/kg).

V tabeli 7 so predstavljeni rezultati izracunov koncentracigskih razmerij med
specifi¢no aktivnostjo v HMJ in posameznimi deli dreves za 23y, “°Th, ***Ra in *'Pb.
Pri borih in smrekah so podane minimalne in maksimalne vrednosti, kar pa ni bilo moZno
pri javorju, saj je bilo vzorceno le eno drevo. Vrednosti specifiénih aktivnosti posameznih
radionuklidov za HMJ, ki sem jih uporabil za preracun so bile (995 + 80) Bg/kg za 28y,
(3930 + 580) Bq/kg za *Th, (8630 + 340) Bg/kg za *°Ra (Krizman et al., 1995) in (7610
+ 495) Bg/kg za 21%pp, Najvecje vrednosti koncentracijskih razmerij sem dolocil za *Ra,
temu pa so sledili *'°Pb, *U in **°Th.

Tabela 7: Koncentracijska razmerja (CR) za 238U, 230Th, *Ra in *'°Pb za drevesa Pinus sylvestris,
Picea abies in Acer.

CR (enoletne iglice ali

Vrsta CR (les) CR (poganjki) gl

258U

Pinus sylvestris  min 1,4E-5 + 0,3E-5 8,6E-5 +2,7E-5 1,1E-3 £ 0,2E-3
maks  4,8E-5 + 0,6E-5 1,5E-4 + 0,3E-4 5,4E-3 + 0,6E-3

Picea abies min 1,1E-5 + 0,3E-5 1,2E-4 + 0,3E-5 9,8E-4 + 1,3E-4
maks  2,1E-5 +0,3E-5 2,9E-4 + 0,5E-4 2,1E-3 +0,2E-3

Acer 2,7E-5 + 0,5E-5 3,7E-4 + 0,7E-4 3,0E-3 + 0,4E-3

23()Th

Pinus sylvestris  min 7,7E-6 + 1,4E-6 8,7E-5 + 1,5E-5 1,0E-4 + 0,2E-4
maks  1,4E-5+0,3E-5 3,5E-4 + 0,6E-4 6,6E-4 + 1,0E-4

Picea abies min 1,2E-5 + 0,2E-5 8,1E-5 + 1,6E-5 1,4E-4 + 0,3E-4
maks  6,7E-5 + 1,1E-5 3,9E-4 + 0,7E-4 2,9E-3 +0,5E-3

Acer 2,0E-5 + 0,3E-5 4,7E-4 + 0,8E-4 1,8E-3 + 0,3E-3

22()Ra

Pinus sylvestris  min 3,1E-4 £ 0,2E-4 5,4E-4 + 0,4E-4 2,3E-3 +0,2E-3
maks  6,5E-4 + 0,4E-4 1,4E-3 +0,1E-3 7,5E-3 + 0,6E-3

Picea abies min 8,1E-3 £ 0,5E-3 1,5E-2 £ 0,1E-2 3,7E-2 £ 0,2E-2
maks  4,0E-2 £ 0,2E-2 1,4E-1 £0,1E-1 3,2E-1 £ 0,2E-1

Acer 3,2E-3 £ 0,2E-3 1,6E-2 + 0,1E-2 9,4E-2 + 0,6E-2

21()Pb

Pinus sylvestris ~ min 1,5E-3 £0,1E-3 6,7E-4 + 0,6E-4 4,1E-3 £ 0,3E-3
maks  4,8E-3 £ 0,4E-3 1,1E-3 £0,1E-3 6,4E-3 + 0,5E-3

Picea abies min 1,2E-3 £0,1E-3 8,7E-4 £ 0,7E-4 9,9E-3 + 0,8E-3
maks  3,6E-3 £ 0,3E-3 9,7E-3 £ 0,8E-3 4,2E-2 + 0,3E-2

Acer 2,8E-3 + 0,2E-3 2,9E-3 + 0,2E-3 2,3E-2 £ 0,2E-2

4.6 Vsebnosti naravnih radionuklidov v mleku in izrac¢un dozne

obremenitve

Vsebnosti 2*U, U, *Ra, *'%Pb in *°Po v vzorcih mleka in mleka v prahu so
predstavljene na sliki 85 in v tabelah 8 — 9. Kemijski izkoristki separacije so znaSali od 47
do 86 % za ***U in **U, od 36 do 81 % za **Ra, od 21 do 43 % za *'°Pb in od 47 do 85
% za *'°Po. Vzorci 1 — 4 so bili vzordeni na obmogju biviega rudnika urana Zirovski vrh,
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vzorec 5 je bil vzoréen v BukovsCici in predstavlja referencno lokacijo. Ostali Stirje
vzorci so vzorci mleka v prahu in sicer vzorec mleka v prahu iz Pomurskih mlekarn
(Pom. mlek.) ter trije vzorci mleka v prahu podjetja Hipp (Hipp PRE, Hipp 2 in Hipp 3).
Najvi§je specifi¢ne aktivnosti >°*U in ***U sem dolo&il v vzorcu mleka v prahu iz
Pomurskih mlekarn, najniZje pa v vzorcu mleka iz referen¢ne lokacije 5. Specifi¢na
aktivnost “°Ra je bila v obmocju od 0,041 Bg/kg suhe mase za mleko v prahu iz
Pomurskih mlekarn do 0,101 Bg/kg suhe mase za vzorec mleka iz obmocja bivSega
rudnika urana Zirovski vrh (vzorec 2). NajniZjo specifi¢no aktivnost 21%pp sem dologil v
vzorcu mleka v prahu Hipp 3 in je znasala 0,290 Bq/kg suhe mase, najviSja pa je bila v
primeru vzorca mleka v prahu Hipp PRE (0,652 Bg/kg suhe mase). Specifi¢ne aktivnosti
*1%p5 50 bile v obmogju od 0,055 Bg/kg suhe mase za vzorec mleka v prahu Hipp PRE do
0,611 Bg/kg suhe mase za vzorec mleka Stevilka 2 iz obmocja biviega rudnika urana

Zirovski vrh.

1 2 3 4

5 Pom.
mlek.

Vzorec

Slika 85: Specificne aktivnosti ~°U, **U, ***Ra,

(Pom. mlek. = Pomurske mlekarne).
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Tabela 8: Vsebnosti U, **U in **°Ra v vzorcih mleka in mleka v prahu.

2P in *'°Po v vzorcih mleka in mleka v prahu

SveZa masa

a (Bg/kg suhe mase)

Vg /suha masa By u 72°Ra

1 8,6 0,139 £ 0,009 0,075 £ 0,006 0,094 + 0,008
2 9.4 0,195 +0,012 0,115 0,009 0,110 + 0,008
3 7,5 0,107 £0,008 0,067 + 0,006 0,085 + 0,006
4 7,3 0,116 £0,007 0,064 + 0,005 0,091 + 0,007
5 7,8 0,009 +£ 0,002 0,019 +£0,003 0,094 + 0,007
Pomurske mlekarne - 0,354 +0,023 0,177 £0,015 0,041 + 0,004
Hipp PRE — 0,071 £ 0,008 0,087 + 0,009 0,063 +£ 0,010
Hipp 2 - 0,066 + 0,008 0,091 +0,010 0,062 + 0,008
Hipp 3 - 0,065 + 0,007 0,074 +0,008 0,057 + 0,008
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Tabela 9: Vsebnosti *'’Pb in *"’Po v vzorcih mleka in mleka v prahu.

Sveza masa

a (Bg/kg suhe mase)

Ve /suha masa *10pp “10pg

1 8,6 0,492 +0,118 0,347 £ 0,021
2 9.4 0,522 +0,075 0,611 +0,039
3 7,5 0,454 +0,117 0,490 + 0,030
4 7,3 0,388 +0,122 0,285 + 0,014
5 7,8 0,345+0,113 0,239 + 0,021
Pomurske mlekarne - 0,605 +£0,148 0,467 + 0,057
Hipp PRE - 0,652 +0,111 0,055 + 0,006
Hipp 2 - 0,312+0,162 0,070 = 0,010
Hipp 3 - 0,290 + 0,165 0,082 +0,011

Povpre¢no izotopsko razmerje 20U za vzorce 1 — 4 in mleko v prahu iz
Pomurskih mlekarn je znaSalo okrog 0,56. V primeru vzorcev mleka v prahu podjetja
Hipp pa je bilo okrog 1,25.

Za izraCun efektivne letne ingestijske doze zaradi zauZitja za posamezen radionuklid
sem uporabil enacbo 36 in podatke iz tabel 8 — 10.

Eing :h(g)ingam (36)
Kjer je:
Eing Efektivna letna ingestijska doza zaradi zauZitja za posamezen radionuklid v
Sv/leto
h(g)ing Predvidena efektivna doza na enoto vnosa zaradi zauZitja v Sv/Bq
a Specifi¢na aktivnost doloCenega radionuklida v vzorcu v Bq/kg suhe mase
m Letni vnos mleka v kg/leto

Tabela 10 prikazuje predvidene efektivne doze na enoto vnosa zaradi zauzitja za
odrasle (osebe starejSe od 17 let) in dojencke mlajse od enega leta kot jih podaja Uradni
list Republike Slovenije (2004) in so enake, kot v publikaciji IAEA International Basic
Safety Standards (IAEA, 2003). Iz tabele je razvidno, da so najvecje vrednosti
predvidenih efektivnih doz na enoto vnosa v primeru 21%po. To pomeni, da posameznik, ki
%%;uiije enako aktivnost *'°Po prejme vecjo dozo, kot ¢e zauZije enako aktivnost na primer

U.

Tabela 10: Predvidena efektivna doza na enoto vnosa zaradi zauZitja za odrasle in dojencke
mlajSe od enega leta.

. . h(g)ing (SV/BQ)
Radionuklid -~ > 171et) Dojencki (< 1 Ieto)
=By 4,5E-8 3,4E-7
2y 4,9E-8 3,7E-7
22°Ra 2,8E-7 4,7E-6
210pp 6,9E-7 8,4E-6
210pg 1,2E-6 2,6E-5

Efektivne letne ingestijske doze sem izracunal za dve skupini odraslega prebivalstva in
sicer za prvo skupino, ki zauZije mleko iz vzorcev 1 — 4, ki so bili odvzeti iz okolice
obmocja bivSega rudnika urana Zirovski vrh; druga skupina odraslega prebivalstva pa
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zauZzije mleko iz referencnega vzorca 5 iz BukovsCice. Pri dojenckih sem efektivne letne
ingestijske doze izraunal za Stiri skupine:

- dojencki do enega leta starosti, ki zauZijejo mleko iz vzorcev 1 — 4, ki so bili

odvzeti iz okolice obmodja biviega rudnika urana Zirovski vrh,

- dojencki do enega leta starosti, ki zauZijejo mleko iz referen¢nega vzorca 5 iz

Bukovscice,

- dojencki do enega leta starosti, ki zauZijejo mleko v prahu iz Pomurskih mlekarn,

- dojencki do enega leta starosti, ki zauZijejo mleko v prahu iz bioloSke pridelave

proizvajalca Hipp.

Kot je razvidno iz enacbe 36, je efektivna letna ingestijska doza odvisna od zauzite
mase mleka. Za izraCun efektivne letne ingestijske doze za odrasle sem predpostavil, da
odrasli ¢lovek letno zauZije 122 kg svezega mleka. Ta vrednost je ocena porabe, ki se
uporablja tudi za nadzor radioaktivnosti v okolju biviega rudnika urana Zirovski vrh in
sem jo povzel po Omahen et al. (2006). V primeru dojenckov, ki zauZijejo mleko iz
bioloSke pridelave proizvajalca Hipp, sem maso mleka v prahu, ki ga dojencek zauZije,
izracunal skladno z navodili proizvajalca za pripravo in Stevilo obrokov na dan. ZnaSala
je 22,4 kg suhe mase za Hipp PRE, ki se uporablja od rojstva dojencka do Sestega meseca
starosti; 10,8 kg suhe mase za Hipp 2, ki se uporablja za hrano dojenc¢kom od Sestega do
desetega meseca in 3,6 kg suhe mase za Hipp 3, ki se uporablja za hrano dojenckom od
desetega do dvanajstega meseca. Efektivne ingestijske doze teh treh produktov sem seStel,
da bi dobil efektivno letno ingestijsko dozo. Za primerljivost rezultatov sem maso
zauzitega mleka v prahu od Pomurskih mlekarn izracunal kot vsoto vseh treh mas
produktov Hipp in je znaSala 36,8 kg suhe mase. Ta masa pa odgovarja 294,5 kg sveze
mase mleka v primeru vzorcev 1 — 4 in 5 in sem jo uporabil za izracun efektivne letne
ingestijske doze dojenckov iz teh dveh skupin.

Tabela 11 predstavlja vsoto efektivnih letnih ingestijskih doz za posamezne
radionuklide, za v prejSnjem odstavku omenjene skupine odraslih populacij in dojenckov.
Vrednosti efektivnih letnih ingestijskih doz za posamezne radionuklide so razvidne iz slik
86 in 87 ter iz priloge 11. Iz tabele 11 je razvidno, da je vsota efektivnih letnih
ingestijskih doz za vse analizirane radionuklide za odrasle pri vzorcih iz okolice bivSega
rudnika urana Zirovski vrh za 4,3 pSv ve&ja kot pri referenénem vzorcu 5. Vsota
efektivnih letnih ingestijskih doz za vse analizirane radionuklide v primeru dojenckov pa
je najvisja pri vzorcu mleka v prahu iz Pomurskih mlekarn (648 pSv/leto), temu sledijo
vzorci 1 — 4 s 562 pSv/leto, vzorec 5 s 363 pSv/leto in vzorci mleka v prahu Hipp (195
uSv/leto).

Tabela 11: Vsota efektivnih letnih ingestijskih doz za vse analizirane radionuklide za odrasle in
dojencke do enega leta starosti.

Populacija Eine (uSv/leto)
Odrasli; 1 —4 13,0+ 1,7
Odrasli; 5 8,7+1,6
Dojencki; 1 — 4 562 +74
Dojencki; 5 363 + 66
Dojencki; Pomurske mlekarne 648 + 98

Dojencki; Hipp 195 +40
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Slika 86: Efektivna letna ingestijska doza za ***U, %*U, *°Ra, *'°Pb in *’°Po za odrasle.
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Slika 87: Efektivna letna ingestijska doza za **U, **U, **°Ra, *'°Pb in *"’Po za dojencke.

Slika 88 predstavlja deleZ posameznega radionuklida v vsoti efektivne letne ingestijske
doze iz katere lahko ugotovimo, kateri radionuklidi najve¢ prispevajo k dozi zaradi
zauzitja mleka. Tako sem ugotovil, da najve¢ prispeva k dozi zaradi zauzitja mleka 210pg,
ki predstavlja od 50 do 70 % doze pri vseh vzorcih, razen v primeru mleka v prahu Hipp.
Pri mleku v prahu Hipp k dozi z okrog 60 % najveC prispeva 210pp,, Prispevek k dozi
zaradi *'Po in 2'°Pb je v vseh primerih vegji od 90 %.
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Slika 88: Delez posameznega radionuklida v efektivni letni ingestijski dozi.

4.7 Dolocitve koncentracijskih razmerij med krmo in mlekom

Specifi¢ne aktivnosti 238U, 234U, 23OTh, 226Ra, 210ph in 2!%Po v vzorcih tal, travne silaze,
sena in mleka so predstavljene v tabelah 12 in 13. Trije vzorci tal reprezentativno
predstavljajo tla, na katerih kmetija prideluje krmo za krave, vzorca silaze in trave pa
krmo, s katero so bile krave krmljene ob ¢asu odvzema vzorca mleka. Iz tabel 12 in 13 je
razvidno, da se specifi¢ne aktivnosti **U, *U, *°Th in **Ra v treh vzorcih tal ne
razlikujejo bistveno, v primeru *'°Pb in *'°Po pa so bile vrednosti v tretjem vzorcu tal za
nekoliko veé kot dvakrat visje v primerjavi s prvima dvema vzorcema tal. Ce primerjam
specifi¢ne aktivnosti radionuklidov med silaZo in senom ugotovim, da so le te v primeru
29Th in 2'°Po skoraj petkrat visje v silazi, v primeru °Ra so v silazi dvakrat visje kot v
senu, pri 2*U in 2'°Pb pa so le te primerljive (tabeli 12 in 13).

Tabela 12: Vsebnosti 23U, %*U in %°Th v vzorcih tal, silaZe, sena in mleka.

SveZa masa a (Bg/kg suhe mase)
73

VEDEE /suha masa 28y ‘U Z0Th

Tla 1 - 65,0+ 3,6 62,9+3)5 58,1 +£29
Tla 2 - 65,1 +3,6 69,0 + 3,8 652+32
Tla 3 - 60,5 +3,2 60,1 +3,2 64,6 +3,2
Silaza - 0,213 +0,021 0,320 + 0,027 0,561 + 0,028
Seno - 0,218 £0,017 0,209 £ 0,017 0,125 +0,010
Mleko 7,9 0,056 + 0,008 0,062 + 0,009 0,087 £ 0,004
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Tabela 13: Vsebnosti 22'SRa, 20pp in ?°Po v vzorcih tal, silaZe, sena in mleka.

Vzorec SveZa masa a (Bg/kg suhe mase)

/suha masa “Ra “1%pp “%po
Tla 1 - 83,1 +4,0 51,3+1,9 59,6 +2,0
Tla?2 - 74,6 + 3,7 48,7+ 1,8 59,5+2,2
Tla 3 - 79,6 £2.,9 119 +4 134 +5
Silaza - 1,28 £ 0,08 14,7+£0,9 22,6 £0,85
Seno - 0,602 + 0,036 14,4+£0,9 4,54 £0,19
Mleko 7,9 0,066 + 0,005 0,302 + 0,087 0,251 +0,019

Izotopsko razmerje SuMtu je bilo v primeru vzorcev tal v povpre¢ju enako 1, pri
silazi je znaSalo 1,5; v primeru sena je bilo okrog 1, pri mleku pa je znaSalo 1,1. Pri
izotopskem razmerju med 2o in ?'°Pb lahko ugotovim, da sta le-ta v primeru vzorcev
tal in mleka prakticno v ravnoteZju, kar pa ne morem trditi za vzorca silaZe in sena. V
primeru vzorca silaze je 21%pg priblizno 1,5 krat ve¢, v primeru vzorca sena pa priblizno 3
krat manj kot 210py,

Pri izraCunu faktorjev prenosa iz tal v silaZo in seno ter pri izraunu koncentracijskih
razmerij med silaZo in senom sem uporabil povprecne vredosti za tla in silaZo ter za seno.
Tako sem predpostavil, da trije vzorci tal reprezentativno predstavljajo tla, na katerih
kmetija pridobiva krmo ter da pri kravah predstavlja polovica krme silaZa in polovica
krme seno. Faktorji prenosa iz tal v silaZo in seno za doloCene radionuklide so
predstavljeni na sliki 89 in v tabeli 14. Najvi§je faktorje prenosa iz tal v silaZo in seno
sem dolo¢il pri '°Pb, temu pa so sledili *'°Po, ***Ra, Z*°Th, #**U, in **U.
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Slika 89: Faktor prenosa tla — silaZa in seno za posamezen radionuklid.

Koncentracijska razmerja med silaZo in senom ter mlekom so predstavljena na sliki 90
in v tabeli 14. Iz njih je razvidno, da so koncentracijska razmerja za 28y, P40 in #°Th
med seboj primerljiva in znaSajo okrog 0,25. Koncentracijska razmerja za 22°Ra, 2'%Pb in
210pq pa so mnogo manjsa in znaSajo okrog 0,07 za *%Ra in okrog 0,02 za 19pp ter 21%Po.
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Slika 90: Koncentracijsko razmerje silaza in seno — mleko za posamezen radionuklid.

Tabela 14: Faktorji prenosa (TF) tla — silaZa in seno ter koncentracijska razmerja (CR) silaZa in
seno — mleko za **U, **U °Th, **°Ra, *'°Pb in *'"’Po.

Radionuklid TF (tla — silaZa in seno) CR (silaza in seno — mleko)
By 0,0034 + 0,0004 0,260 + 0,048
Py 0,0041 + 0,0008 0,235 + 0,040
20Th 0,0055 + 0,0005 0,255 + 0,024
22°Ra 0,0119 £0,0011 0,070 + 0,008
210pp 0,199 + 0,016 0,021 + 0,006
20pg 0,161 £0,014 0,019 + 0,002

4.8 Rezultati medlaboratorijskih primerjav

V Casu trajanja doktorskega dela sem v sklopu zagotovitve kakovosti meritev opravil
dolocditve radionuklidov v Stevilnih medlaboratorijskih primerjavah. V tabeli 15 so
predstavljeni rezultati teh primerjav. V prvi koloni je predstavljen naslov
medlaboratorijske primerjave in organizator le-te, v drugi je predstavljena vrsta vzorca, v
tretji koloni pa seznam analiziranih radionuklidov pri posamezni medlaboratorijski
primerjavi. V Cetrti koloni so predstavljeni kriteriji za preverjanje ustreznosti rezultatov, v
peti pa rezultati posameznih doloCitev. Zadnja kolona prikazuje ustreznost merilnih
rezultatov, kjer ¢rka Z pomeni, da so bili rezultati s strani organizatorja medlaboratorijske
primerjave ocenjeni kot zadovoljivi, ¢rka N pa, da le-ti niso bili zadovoljivi. Ob pregledu
rezultatov v tabeli 15 tako lahko ugotovim, da so vsi rezultati dosegli zadovoljivo oceno.
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Tabela 15: Rezultati medlaboratorijskih primerjav (R = radionuklid, U = ustreznost).

Medlaboratorijska Vrsta
primerjava; R Kriterij Rezultat U
. VZorca
orgamzator
IAEA-CU-2007-09; Voda %P0 52,8+ 1,4 Bg/kg 493 +38Bgkg Z
IAEA 101,6 +2,8 Bg/kg  99,9+4,7Bglkg Z
52,8 + 1,4 Bg/kg 51,7+2,7Bqg/kg Z
101,6 +2,8 Bg/kg  102,9+4,6 Bg/kg Z
Slep vzorec 0,019 £ 0,004 Bg/kg Z
IAEA-CU-2007-04; Zemlja “1pp 48 + 1,5 Bg/kg 56 + 8 Bg/kg z
IAEA Voda 2%y 29,34 +0,5 Bg/kg 25 + 1 Bg/kg y4
Spinaca U 1,02 £0,07 Bg/kg 14+02Bgkg Z
U 0,95 +0,05 Bg/kg 1,1+02Bgkg Z
Ringversuch 2/2008; Modelna U 1,41+0,282Bg/L 1,39+0,07Bg/L.  Z
Bundesamt fiir voda U 1,44+0239Bg/L  138+0,07Bg/L  Z
Strahlenschutz Realnavoda U 0,753 +0,135Bg/L 0,77 +0,04 Bg/L  Z
U 0,753+0,125Bg/L. 0,82+0,04Bg/L.  Z
NPL Environmental Voda AH “®Ra 4,77 £ 0,38 Bq/g 5,4 +0,3 Bg/g z
radioactivity U 11,1 +0,5 Bg/g 11,1+0,5Bg/lg  Z
proficiency test Voda AL 28U 11,262 £0,57 Bg/g 11,3+0,5Bg/lg  Z
exercise 2008; NPL *Ra 4,71 +0,33 Bg/kg 53+03Bqkg Z
U 14,6+0,88Bg/kg  15,6+0,7Bgkg Z
U 14,76 £0.89Bg/kg  163+08Bgkg Z
Ringversuch 2/2009; Modelna U 0,98 +0,14 Bg/L 1,02+0,04Bg/L  Z
Bundesamt fiir voda 2y 1,0 £0,14 Bg/L 1,03+0,04 B/ Z
Strahlenschutz Realnavoda U 0,15+0,026 Bg/L 0,150 +0,010Bg/L  Z
U 0,15+0,024Bg/L 0,153 +0,011 Bg/L  Z
IAEA-CU-2008-04; Voda 01 U 0,56+0,02Bqkg 0,61 £0,04 Bg’kg Z
IAEA U 036+0,01Bg/kg 0,39 +0,03Bg/kg Z
*%Ra 0,69 £0,04 Bg/kg 0,79 £0,05Bgkg Z
Voda 02 U 1,2£0,04 Bg/kg 1,20+0,07Bg/kg  Z
U 1,25+0,04Bg/kg  1,26+0,07Bg/kg Z
“Ra 1,93 +£0,09Bg/kg  226+0,12Bgkg Z
NPL Environmental Voda AH “®Ra  1590+0,21 Bg/kg 17,6 +0,8Bgkg Z
radioactivity
proficiency test Voda AL 28U 18,0+ 0,4 Bg/kg 18,1+0,9Bg/kg Z
exercise 2009; NPL
IAEA-CU-2009-03; Mah — U 22,2+0,8 Bg/kg 25 + 2 Bg/kg z
IAEA zemlja U 21,8 +0,8 Bg/kg 24 +2 Bg/kg v/
*%Ra 25,1 £2,0 Bg/kg 35 + 4 Bg/kg v/
21pp 424 + 20 Bg/kg 435+ 13Bgkg Z
2%y 423 + 10 Bg/kg 406 +20Bgkg  Z
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Rezultati primerjave obeh sekven¢nih ekstrakcijskih postopkov so pokazali, da sta oba
sekvencna ekstrakcijska postopka statisticno primerljiva le v primeru vsebnosti U v
organski frakciji in v preostanku (slike 24 — 53 in tabela 5). Torej lahko v sploSnem
ugotovim, da oba postopka med seboj nista primerljiva, kar je bilo tudi v skladu s
pricakovanji. Med obema postopkoma so namre¢ opazne $tevilne razlike (tabeli 1 in 2).
Postopek S ima eno frakcijo ve€ kot postopek B, prav tako je zaporedje frakcij razli¢no (v
primeru postopka S je organska frakcija postavljena pred karbonatno frakcijo in Fe/Mn
oksidi). Razli¢ni so tudi posamezni reagenti in njihove koncentracije, kakor tudi razmerje
med reagentom in vzorcem, ter ¢as stresanja. S samimi eksperimenti in s statisticno
primerjavo rezultatov sem tako le potrdil, da rezultati med seboj niso primerljivi. To je
pomembno zato, ker rezultatom za posamezne frakcije ni mogoce dajati prevelike teZe in
na podlagi le teh sklepati dolo¢ene zakljucke, saj so ti rezultati odvisni od vrste
sekvencnega ekstrakcijskega postopka in se ne navezujejo na toéno doloceno frakcijo.

Pri primerjavi rezultatov obeh sekvencnih ekstrakcijskih postopkov se je pokazalo, da
je pri vseh radionuklidih postopek S dajal vi§je rezultate za karbonatno frakcijo kot
postopek B. Razlog za to bi lahko bila uporaba 50 krat bolj koncentriranega reagenta v
primeru postopka S (tabeli 1 in 2). Vendar sta ¢as ekstrakcije in razmerje med reagentom
in vzorcem pri postopku B Stirikrat vecja kot pri postopku S. Prav tako je organska
frakcija pri postopku S postavljena pred karbonatno. Razlog za to je, da lahko organska
snov obdaja trdne delce v vzorcu in s tem preprecuje reakcijo le teh z reagentoma za
karbonatno frakcijo in Fe/Mn okside (Schultz et al., 1998). Zato je najverjetnejsi razlog
vi§jih rezultatov postopka S za karbonatne frakcije postavitev organske frakcije pred
karbonatno.

Postopek B je pri vseh radionuklidih dajal najviSje rezultate za Fe/Mn oksidno
frakcijo. Razlog temu je dvanajstkrat bolj koncentriran reagent v primeru postopka B ter
daljSi Cas stresanja in vecje razmerje med vzorcem in reagentom (tabeli 1 in 2).
Pomemben vpliv bi lahko imela tudi postavitev organske frakcije pred karbonatno in
Fe/Mn oksidno frakcijo v primeru postopka S, saj La Force in Fendorf (2000) porocata,
da lahko le to raztopi do 10 % Zeleza in poveca specifi¢no aktivnost v organski frakciji.
Vendar rezultati primerjave obeh sekven¢nih ekstrakcijskih postopkov tega ne potrjujejo,
saj dajeta oba postopka za 2y primerljive rezultate, pri #0Th, *%Pb in *'’Po daje
postopek B vi§je rezultate in le v primeru 22Ra daje postopek S nekoliko vi§je rezultate
od postopka B (slike 34 — 53 in tabela 5).

Kljub temu, da oba sekven¢na ekstrakcijska postopka v sploSnem ne dajeta
primerljivih rezultatov, je mogoce iz njih marsikaj zanimivega zakljuciti. Tako so v
primeru U porazdelitveni profili med lokacijama 2 in 5 podobni kot pri
nekontaminirani lokaciji 3 (slika 54). Pri tem je vecina Uy preostanku (ve¢ od 80 % v
primeru postopka B), kar pomeni, da je le manjsi del U v bolj mobilnih frakcijah. 1z
tega sledi, da lokacija 2 ne vsebuje 23U iz HMJ. Porazdelitveni profili v lokacijah 1, 4 in
6 so si podobni med seboj pri obeh postopkih (slika 54). 80 se v teh lokacijah nahaja
preteZno v bolj mobilnih frakcijah in ga je v preostanku le okrog 20 %. Tako lahko iz slik
54 in 55 zaklju€im, da se Uiz odlagalis¢a HMJ zadrZzuje v lokaciji 1 in ne v lokaciji 2.
Najvecjo celotno specificno aktivnost 28y pa sem ugotovil na dnu odlagalis¢a (lokacija
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4), ki lezi v smeri spiranja radionuklidov iz odlagali§¢a. 2*U iz odlagalii¢a HMJ se
nahaja pretezno vezan na organsko snov (od 40 — 60 %), v ostalih primerih pa je preteZno
vezan na preostanek (od 60 do 90 %).

Razlike med *°Th iz odlagalis¢a HMJ in naravno prisotnim #OTh niso tako ogitne, saj
se v vseh lokacijah 20Th nahaja preteZzno v preostanku (od 50 do 86 %) (slika 56). Ti
rezultati potrjujejo mnogo manjSo mobilnost “OTh v primerjavi z 28U, kar je znano tudi
iz literature (Hyde, 1960). Torij je namre¢ v okolju povezan s trdnimi delci, le manjsi
delez pa je raztopljen v vodi. Tudi v primeru >Th sem najvecjo celotno specifi¢no
aktivnost ugotovil v primeru lokacije 4, kar je bilo pri¢akovano (slika 57). ViSje celotne
specifi¢ne aktivnosti Th sem ugotovil tudi v primeru lokacij 5 in 6, ter v primeru
postopka S tudi v lokaciji 1.

Slika 58 prikazuje porazdelitvene profile med posameznimi frakcijami za *%Ra, iz
katere je oc€itno, da ga je ve€ v preostanku v lokacijah 1, 2 in 3, kot pa v lokacijah 4, 5 in
6. To je Se posebno izrazito v primeru postopka B, kjer je v prvih treh lokacijah od 60 do
70 % ***Ra v preostanku medtem, ko je v lokacijah 4, 5 in 6 ta deleZ od 30 do 40 %. Tako
je iz slik 58 in 59 o¢itno, da se **°Ra iz odlagali¥¢a HMJ ne zadrzuje v lokacijah 1 in 2,
saj so tako porazdelitveni profili, kot tudi celotne specifi¢ne aktivnosti 2%Ra podobne
tistim v lokaciji 3. V primeru lokacij 4, 5 in 6 pa lahko ugotovimo vecje celotne
specifi¢ne aktivnosti *%Ra v primerjavi z lokacijo 3, kar skupaj z drugacnimi
porazdelitvenimi profili posameznih frakcij v teh lokacijah v primerjavi z lokacijo 3
pomeni, da je vir povecane vsebnosti 226Ra HMLJ.

V primeru obeh sekvencnih ekstrakcijskih postopkov za 21%pp, ki jih prikazujeta sliki
60 in 61, pa rezultati niso tako enoznac¢ni. Oba postopka namre¢ tudi v primeru frakcije s
prevladujoCo vsebnostjo 210py, dajeta razli€ne rezultate. Pri postopku S je namrec
preostanek prevladujoca frakcija, v kateri se nahaja 1% (0d 55 do 70 %) preostanek, pri
postopku B pa so to Fe/Mn oksidi (od 40 do 60 %). Tako je na podlagi porazdelitvenih
profilov teZko sklepati karkoli, ker so rezultati obeh postopkov preve¢ razli¢ni. Pri
celotnih specifi¢nih aktivnostih 21%pp Jahko ugotovim, da so bile le te v primerjavi z
lokacijo 3 vecje v lokacijah 1, 4, 5 in 6.

Ker sem vzorce za dologitev vsebnosti 2'’Po analiziral pribliZzno tri leta po vzor€enju,
so bile celotne specifi¢ne aktivnosti 2% 7e v trajnem radioaktivnem ravnotezju s 21%py,
in dejanske celotne specifi¢ne aktivnosti *'°Po ob vzor&enju ni bilo ve¢ mogoce dologiti.
Zato pa se rezultati porazdelitvenih profilov posameznih frakcij, ki jih prikazuje slika 62
zelo razlikujejo od rezultatov za 2%y (slika 60); polonij se namre¢ v okolju obnaSa
drugace kot svinec. Tako je ve€ina 21%p5 v vseh lokacijah povezana s preostankom (od 70
do 98 %). Te vrednosti so celo visje, kot v primeru 20T (slika 56), ki je znan kot slabo
mobilen radionuklid. Sklepam lahko, da je 2%pg vy okolju odlagalis¢a Borst zelo
nemobilen in se nahaja preteZno v preostanku.

Pri primerjavi rezultatov porazdelitvenih profilov posameznih frakcij v lokaciji 4, kjer
sem ugotovil najvecjo celotno specificno aktivnost za vse radionuklide, lahko ugotovim,
da pripada najvecji delez vsote vseh frakcij brez preostanka 2u (okrog 80 %), temu
sledijo ***Ra (od 70 do 50 %), *'°Pb (od 70 do 40 %), Z*"Th (okrog 15 %) in *'°Po (okrog
5 %) (slike 54, 56, 58, 60 in 62). Iz tega lahko sklepam, da je na odlagali§¢u Borst najbolj
mobilen 238U, njemu pa sledijo 226Ra, ZlOPb, 20Th in *'po.

Rezultati izotopskih razmerij U0 so pokazali, da je uran v mobilnih frakcijah in
preostankih na lokacijah 2 in 3 naravnega izvora in ne prihaja iz odlagalis§¢a HMJ, saj je
bilo izotopsko razmerje v mobilnih frakcijah vecje od 1, v preostanku pa manjSe od 1
(slika 64). V primeru lokacije 1 lahko ugotovim, da je izvor urana v mobilnih frakcijah iz
odlagalis¢a HMJ, saj je izotopsko razmerje enako 1, uran v preostanku pa je naravnega
izvora, saj je izotopsko razmerje 2uPtu manjSe od 1. Pri lokacijah 4, 5 in 6 pa lahko
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ugotovim, da je tako pri mobilnih frakcijah, kot tudi pri preostanku, izotopsko razmerje
24U/PBU enako 1, iz esar sledi, da je izvor urana v teh frakcijah iz odlagalis¢a HMJ.

Slika 65 prikazuje faktorje prenosa iz tal v travo za 28U, iz katerih je razvidno, da sta
faktorja grenosa mnogo vi§ja v prvih dveh lokacijah. Razlog temu je najverjetneje vecji
privzem U iz izcedne vode iz odlagalis¢a HMJ (specifi¢na aktivnost 80 v izcedni vodi
znaSa okrog 8 Bg/L), ki tece skozi ti dve lokaciji, kot pa privzem iz samih tal. Faktorji
prenosa pri ostalih lokacijah so priblizno enaki. Tudi iz slike 66, ki prikazuje specifi¢ne
aktivnosti 2%U v travi v odvisnosti od le teh v tleh, je razvidno, da lokaciji 1 in 2
odstopata, v ostalih Stirih lokacijah pa so specificne aktivnosti 28U v travi in v tleh
linearno korelirane. Tako obstaja potencialna moZnost uporabe trave pri sledenju
migracije 2y, saj obstaja povezava med specificno aktivnostjo v tleh in v travi. Vendar
pa je potrebno Se meritve izboljSati in izkljuciti morebitni prispevek kontaminacije, ker
vzorci trav niso bili predhodno oprani z vodo.

V primeru #9Th lahko ugotovim, da faktorji prenosa iz tal v travo padajo z nara$¢ajoco
specificno aktivnostjo 2OTh (slika 67). Po poroCanju avtorjev Sheppard in Sheppard
(1985) je takSno obnaSanje znacilno za esencialne elemente. Za razliko od 8y pa pri
*OTh ni opaziti korelacije med specificno aktivnostjo #OTh v tleh in v travi (slika 68).
Zato v primeru “OTh trave ni moZno uporabiti za sledenje migracije, saj specifi¢ne
aktivnosti v travi niso odvisne od specifi¢nih aktivnosti v tleh.

Drugace je v primeru 226Ra, kjer so specifi¢ne aktivnosti 2%Ra v tleh in v travi v
vzorcih iz lokacij 4, 5 in 6 med seboj linearno korelirane (slika 70). V vzorcih iz lokacij 1,
2 in 3 so faktorji prenosa iz tal v travo mnogo nizji kot v primerjavi z vzorci iz lokacij 4, 5
in 6 (slika 69). Razlog temu bi lahko bila ve¢ja biodostopnost “*°Ra v lokacijah 4, 5 in 6.
Zanimivo je tudi, da se v primeru 26Ra, za razliko od **U, v lokacijah 1 in 2 ne pozna
vpliv izcednih vod iz odlagali§¢a na specificno aktivnost 26Ra v travi.

Podobno kot pri #9Th, lahko tudi pri 210py, ugotovim padanje faktorjev prenosa iz tal v
travo z naras¢anjem specifi¢ne aktivnosti 21%pp v tleh (slika 71). Tako se tudi >'°Pb obnaga
kot esencialni element, kot to okarakterizirata Sheppard in Sheppard (1985). Tudi pri
21%py, specifi¢ne aktivnosti v tleh in travi med seboj ne korelirajo (slika 72), zato tudi tukaj
ni mozno uporabiti trave za sledenje migracije 21%pp,

Faktorji prenosa iz tal v travo so bili v glavnem primerljivi z vrednostmi, ki jih poro¢a
Vandenhove et al. (2009). Nekoliko vi§ji so bili le v primeru 210py, Razlog temu je
najverjetneje to, da vzorce trave po vzorCenju nisem opral, rezultati, ki jih poroca
Vandenhove et al. (2009) pa vkljucujejo le predhodno oprane vzorce. 219pp se namreg, kot
razpadni produkt *Rn odlaga iz zraka na rastline, kar bi lahko bil razlog za nekoliko
vecje faktorje prenosa 10pp, Faktorji prenosa iz tal v travo so bili v povpre€ju najvisji za
21%pp, temu pa so sledili **°Ra, in 2**U ter 2*°Th (slike 65 — 72, priloga 8). V primeru **U
in 2°Th so bili faktorji prenosa iz tal v travo v povprecju primerljivi med seboj.

V drevesih sem najvecje specifi¢ne aktivnosti dolocil za *2Ra (0d 2,7 do 2728 Bg/kg),
temu pa so sledili 2'°Pb (od 5,1 do 321 Bg/kg), 2*°Th (od 0,03 do 11,3 Bg/kg) in ***U (od
0,01 do 5,4 Bqg/kg). Pri vseh radionuklidih sem najvecjo vsebnost dolocil v enoletnih
iglicah ali listih, kar pritrjuje hipotezi, da drevesa kopicijo radionuklide v starejSe liste in
iglice (slike 73 — 84). Razlike med posameznimi deli rastlin so bile pri vseh analiziranih
radionuklidih tudi statisticno potrjene. V primeru *2Ra pri smreki so bile vrednosti v
enoletnih iglicah e posebno visoke saj so znaSale tudi do 2728 Bq/kg, kar predstavlja eno
tretjino specifi¢ne aktivnosti *2°Ra v HMJ. Zanimive so tudi do 100 krat niZje specific¢ne
aktivnosti *°Ra pri borih v primerjavi s smrekami, ¢eprav gre v obeh primerih za iglasto
drevo (slike 79 — 81). To verjetno pri¢a o drugacnem mehanizmu privzema °Ra pri teh
dveh vrstah dreves.

Koncentracijska razmerja med specifi¢no aktivnostjo v HMJ in specifi¢no aktivnostjo
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v razli¢nih delih dreves kazejo, da je *°Ra na obmocju odlagali§¢a Borst za drevesa
najbolj biodostopen, temu pa sledijo 2%, 2¥U in P°Th (tabela 7). Primerjava
koncentracijskih razmerij za 28U in *°Ra v enoletnih iglicah borov je pokazala, da so le ti
rezultati primerljivi z rezultati, ki jih poro&a Petrova (2006) in znasajo za >*U od 0,0004
do 0,0159 ter za “*°Ra od 0,0013 do 0,1081.

Rezultati analiz radionuklidov v vzorcih mleka in mleka v prahu so pokazali, da sem
najvi§je specificne aktivnosti v vzorcih mleka 1 — 5 in v vzorcu mleka v prahu iz
Pomurskih mlekarn ugotovil za 210pp in 2% (slika 85, tabeli 8 in 9). V teh vzorcih so
bile razlike v specifi¢nih aktivnostih med 1% in 2'%po znotraj kombinirane standardne
negotovosti, iz ¢esar lahko sklepam, da sta bila oba radionuklida v trajnem radioaktivnem
ravnoteZju. Zanimivo je, da so specificne aktivnosti 21%pq pri vseh vzorcih podjetja Hipp
precej niZje od specific¢nih aktivnosti 210pp, Razlogov za to je lahko ve¢. Eden izmed njih
je hlapnost 1%, ki bi lahko med postopkom predelave mleka in pridobivanja mleka v
prahu izhlapel. MoZen razlog pa je lahko tudi, da je *1%pyp prisoten v katerem izmed
mle¢nih dodatkov, ki niso dovolj stari, da bi priSlo do vzpostavitve trajnega
radioaktivnega ravnotezja s 21%po. Rezultati specifi¢nih aktivnosti za %Ra se med vsemi
vzorci ne razlikujejo bistveno (slika 85, tabela 8). Pri rezultatih specifi¢nih aktivnosti za
U in P*U pa so te razlike vecje; vrednosti so bile pri vzorcu mleka 5 niZje v primerjavi
z vzorci mleka 1 — 4 in vzorci mleka v prahu Hipp, vrednosti za vzorec mleka v prahu iz
Pomurskih mlekarn pa visje (slika 85, tabela 8).

Zanimivi so tudi rezultati izotopskih razmerij med %0 in U v vzorcih mleka. Tako
je bilo povpre¢no izotopsko razmerje U780 za vzorce 1 — 4 in mleko v prahu iz
Pomurskih mlekarn okrog 0,56. V primeru vzorcev mleka v prahu podjetja Hipp pa je
bilo to razmerje okrog 1,25 (slika 85, tabela 8). U je razpadni produkt 38U zato sta
ponavadi v pogojih, kjer ne prihaja do tako imenovanega odbojnega efekta, v trajnem
radioaktivnem ravnoteZju. Vendar v naravi temu pogosto ni tako, saj je zaradi odbojnega
efekta izotopsko razmerje 24U/ v trdnih delcih manjSe od 1 in v vodi, ki obkroza te
trdne delce vecje od 1 (Bourdon et al., 2003; Adloff in Rossler, 1991; Suksi et al., 2006).
Iz tega sledi, da lahko v vodi in posledi¢no v rastlinah ter mleku pri¢akujemo izotopsko
razmerje e O/ SRS je bodisi enako ali vecje od 1. Tudi potencialna sistemati¢na
napaka meritve U in U s spektrometrijo alfa ne more biti vzrok za to, da je izotopsko
razmerje Btu/Ptu manjSe od 1. Iz slike 11, ki prikazuje spekter alfa uranovih izotopov je
namre¢ razvidno, da je vrh 28y bolj oddaljen od vrha kemijskega izkoristka 22U, kot pa
vth 2*U. To pomeni, da je morebitni vpliv pri nepravilni izbiri koli¢ine sledilca
kemijskega izkoristka ali pri presirokih vrhovih, ve&ji pri >*U, kot pri >*°U. Posledica
tega je, da so lahko, zaradi vplivov sledilca kemijskega izkoristka #2U, vrednosti
izotopskega razmerja R O/t U] kve¢jemu vecje od 1 in ne manjSe od 1. Tako vrednosti
izotopskih razmerij U780 za vzorce 1 — 4 in mleko v prahu iz Pomurskih mlekarn ne
morem pripisati ne odbojnemu efektu, ne morebitni napaki pri meritvi. Eden od moZnih
vzrokov za izotopska razmerja manjsa od 1 bi lahko bila prisotnost osiromasenega urana,
vendar je to malo verjetno saj na obmod&ju biviega rudnika urana Zirovski vrh ni virov
osiromasenega urana. Zanimivo je, da so vrednosti izotopskega razmerja Ut v
vzorcih proizvajalca Hipp, ki so opredeljeni kot vzorci iz bioloSke pridelave, vecji od 1.
Zato bi bilo mogoce razloge za izotopsko razmerje PuPtu manjSe od 1 iskati v razlikah
med klasi¢no pridelavo in bioloSko pridelavo. Vendar je Stevilo meritev premajhno, da bi
to lahko z gotovostjo potrdil. Zato bi bilo potrebno izvesti obSirnejSo raziskavo, ki bi
vklju€evala tako klasi¢ne pridelovalce kot tudi tiste z bioloSko pridelavo ter bi zajemala
celotno verigo prenosa radionuklidov v mleko preko tal, umetnih gnojil in krme.

Na splo$no lahko ugotovim, da so v povprecju specificne aktivnosti *%Ra in *°Pb v
vzorcih mleka 1 — 4 iz okolice obmogja biviega rudnika urana Zirovski vrh primerljive z
referenénim vzorcem mleka 5 (slika 85, tabeli 8 in 9). Specificne aktivnosti 2 SU, 24U in
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210pq pa so v vzrocih mleka 1 — 4 vi§je kot v vzorcu mleka iz referen¢ne lokacije. Tako so
vrednosi za >*U v povprecju 15 krat visje, za A ORY povprecju 4 krat vi§je in za 21%pg v
povprec¢ju 1,8 krat viSje kot pri referencnem vzorcu 5. Vendar pa, €e primerjam
povprecne specificne aktivnosti 280, U in *'"°Po v vzorcih 1 — 4 z vzorcem mleka v
prahu iz Pomurskih mlekarn, ugotovim, da so vrednosti za 238U, 34U v vzorcih 1 — 4
nizje, vrednosti za *1%pg pa primerljive s tistimi v vzorcu iz Pomurskih mlekarn. Tako ne
morem enoznac¢no trditi, da so vsebnosti omenjenih radionuklidov v vzorcih mleka iz
okolice biviega rudnika urana Zirovski vrh vigje kot drugod po Sloveniji.

Vsota efektivnih letnih ingestijskih doz analiziranih radionuklidov v mleku je bila za
odrasle pri vzorcih iz okolice biviega rudnika urana Zirovski vrh za 4,3 pSv/leto ve&ja kot
v referen¢nem vzorcu 5 (tabela 11). Vendar pa bi bila, ¢e bi preracunali dozo za odrasle
tudi iz mleka v prahu Pomurskih mlekarn, vrednost v vzorcih iz okolice bivSega rudnika
urana Zirovski vrh za 2,5 pSv/leto manj$a. To pomeni, da ni mogode potrditi, da dobi
prebivalstvo, ki pije mleko iz okolice biviega rudnika urana Zirovski vrh, ve&jo dozo kot
prebivalstvo drugod po Sloveniji. Podobno velja za dojencke do enega leta, kjer bi prejeli
najvecjo dozo dojencki, ki bi uzivali mleko v prahu iz Pomurskih mlekarn in sicer 648
puSv/leto, zatem tisti, ki bi uzivali mleko iz okolice bivSega rudnika urana Zirovski vrh
(562 pSv/leto), iz referencnega vzorca (363 uSv/leto), najmanjSo dozo (195 pSv/leto) pa
bi prejeli tisti, ki bi uzivali mleko v prahu podjetja Hipp (tabela 11).

Rezultati, ki prikazujejo deleze posameznih radionuklidov v vsoti efektivne letne
ingestijske doze so pokazali, da predstavljata najvecji deleZ pri dozni obremenitvi
posameznikov tako v primeru odraslih kot tudi dojenckov %o in *'°pp. Njun skupni
delez presega 90 % doze pri vseh obravnavanih ciljnih skupinah (slika 88). Pri skupinah
odraslih in dojenckov, ki zauZijejo mleko iz vzorcev 1 — 4, odraslih in dojenckov, ki
zauZijejo mleko iz vzorca 5 ter pri dojenckih, ki zauZijejo mleko v prahu iz Pomurskih
mlekarn, predstavlja 10pq najvecji prispevek k dozi zaradi zauZitja mleka (50 do 70 %
doze). Le v primeru dojenckov, ki zauZijejo mleko v prahu Hipp predstavlja 210pp, najvedji
prispevek k dozi (okrog 60 % doze). Razlog za to je v povprecju Sestkrat niZja specifi¢na
aktivnost *'°Po v primerjavi z 219} v vzorcih mleka v prahu Hipp (slika 85, tabela 9).
Delezi ostalih analiziranih radionuklidov v vsoti efektivne letne ingestijske doze so
zanemarljivi. Razloga za tako visok deleZ 2190 in 21%Pb v vsoti efektivne letne ingestijske
doze sta vi§je specifi€ne aktivnosti teh dveh radionuklidov v primerjavi z ostalimi (slika
85, tabeli 8 in 9) ter visji predvideni efektivni dozi na enoto vnosa zaradi zauZitja za 210pq

in *'°Pb v primerjavi z ostalimi radionuklidi (tabela 10).

Rezultati meritev specificnih aktivnosti 238U, 234U, 230Th, 226Ra, 20py in %o v
vzorcih tal, travne silaZe, sena in mleka so pokazali, da so le te v treh vzorcih tal za vse
radionuklide, razen za *'°Pb in *'°Po, med seboj primerljive (tabeli 12 in 13). Izotopska
razmerja PUPPU so bila v omenjenih vzorcih vecja ali enaka 1 in skladna s
pricakovanji. Meritve specifi¢nih aktivnosti %6 in 2°Pb so0 pokazale neravnoteZje med
tema dvema radionuklidoma v vzorcih silaZe in sena. Tako je bilo v silazi 210pq pribliZno
1,5 krat ve¢, v senu pa priblizno 3 krat manj kot 21%pp (tabela 13). Razlog za takSno
nesorazmerje ni jasen. 219pq je sicer znan kot hlapen radionuklid (Mabuchi, 1958) vendar
pa temperature susenja trave na soncu verjetno ne presegajo 80 °C, ki glede na podatke iz
literature, predstavlja temperaturo pri kateri ni pricakovati zaznavne hlapnosti 210pg,

Faktorji prenosa iz tal v silazo in v seno iz kmetije v bliZini biv§ega rudnika urana
Zirovski vrh za 2*U, 2*U, #°Th, ***Ra in *'°Pb so bili primerljivi s tistimi, ki sem jih
dolocil za vzorce trave z obmocja odlagalis¢a Borst (slika 89 in tabela 14 ter slike 65 —
72 in priloga 8). Najvi§je faktorje prenosa iz tal v silaZo in v seno sem dolo¢il za 21%pp in
210pyg, Razlog za to je najverjetneje zracna depozicija 21%p in *°Po na travo kar
posledi¢no zvisjuje faktorje prenosa.

Koncentracijska razmerja med silaZo in senom ter mlekom so bila najvisja v primeru
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28y, U in 2°Th in so znagala okrog 0,25 (tabela 14). Koncentracijska razmerja za
22°Ra, 2'°Pb in *'°Po so bila mnogo manjsa in so znaSala okrog 0,07 za *Ra in okrog 0,02
za *'°Pb ter *'°Po.

Rezultati analiz medlaboratorijskih primerjav, ki so predstavljeni v tabeli 15, kazejo na
visoko kakovost meritev radionuklidov, saj so bili v vseh primerih s strani organizatorjev
medlaboratorijskih primerjav ovrednoteni kot zadovoljivi. Na Zalost pa za radionuklide ne
obstaja nobena medlaboratorijska primerjava ali ustrezni referenéni material za doloCanje
vsebnosti radionuklidov v posameznih frakcijah s pomoc¢jo sekvenénih ekstrakcijskih
postopkov.
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6 Zakljucki

Primerjava obeh sekvenc¢nih ekstrakcijskih postopkov je pokazala, da sta primerljiva le v
primeru organske frakcije in preostanka za 28U, Pri vseh ostalih frakcijah in
radionuklidih pa sta oba postopka dajala statisti¢no razli¢ne rezultate. Kljub temu je iz
rezultatov sekvencnih ekstrakcijskih postopkov mogoce ugotoviti, da se %0, #°Th in
21%py, zadrzujejo v tleh v lokaciji 1, skozi katero tece izcedna voda iz odlagaliS¢a Borst s
poviSano vsebnostjo naravnih radionuklidov. V lokaciji 2, skozi katero prav tako tece
izcedna voda iz odlagali$¢a, pa se radionuklidi v tleh ne zadrZujejo. Ugotovil sem tudi, da
so najvisje celotne specifiéne aktivnosti za vse radionuklide na dnu odlagali§¢a (lokacija
4). Glede na deleZe mobilnih frakcij v lokaciji 4, je ***U na obmo&ju odlagaliita Borst
najbolj mobilen, sledijo pa mu 22°Ra, 2'%Pb, #°Th in *'°Po. Rezultati izotopskih razmerij
2*U/*8U kazejo, da je vir urana pri mobilnih frakcijah iz lokacije 1 odlagalis¢e HMJ, pri
preostanku pa gre za uran, ki je naravno prisoten v okolju. V lokacijah 2 in 3 sem
ugotovil, da gre tako v mobilnih frakcijah, kot tudi v preostanku za uran, ki je naravno
prisoten v okolju in ni posledica odloZzene HMJ. V lokacijah 4, 5 in 6 pa je iz izotopskega
razmerja U0 mog razbrati, da je vir urana tako v mobilnih frakcijah, kot tudi v
preostanku pretezno HMJ.

Faktorji prenosa iz tal v travo so zna3ali od 1,40E-3 do 1,47E-2 za **U, od 3,90E-3 do
1,24E-2 za *Th, od 3,46E-2 do 4,65E-1 za **’Ra in od 9,83E-2 do 1,52E+0 za *'’Pb in so
bili v glavnem primerljivi z vrednostmi iz literature (Vandenhove et al., 2009). Faktorji
prenosa iz tal v travo za “OTh in *°Pb so se zmanjSevali z nara$¢ajoco specifi¢no
aktivnostjo v tleh, kar je zna€ilnost esencialnih elementov. Specifi¢ne aktivnosti v travi in
v tleh so bile linearno korelirane v primeru 28U za lokacije 3, 4, 5 in 6, ter v primeru
*Ra za lokacije 4, 5 in 6. To dejstvo predstavlja potencial za uporabo trave za sledenje
migracije teh dveh radionuklidov v tleh.

Najvi§jo vsebnost radionuklidov v drevesih sem dolocil v enoletnih iglicah ali listih,
kar pomeni, da drevesa koncentrirajo radionuklide v starejSe liste in iglice. Pri smrekah so
vrednosti “*°Ra v enoletnih iglicah Se posebno visoke in so znaSale v posameznih primerih
tudi do tretjine specificne aktivnosti *6Ra v jalovini. Tudi do 100 krat niZje specifi¢ne
aktivnosti “*°Ra pri borih v primerjavi s smrekami nakazujejo drugaen mehanizem
privzema 2Ra pri teh dveh vrstah dreves. Koncentracijska razmerja med specificno
aktivnostjo v HMJ in specifi¢no aktivnostjo v razli¢nih delih dreves so pokazala, da je
*2Ra na obmocju odlagalisca Borst za drevesa najbolj bioloSko dostopen, temu pa sledijo
21%pp, 28U in “°Th. Primerjava koncentracijskih razmerij za U in Ra v enoletnih
borovih iglicah je pokazala, da so vrednosti primerljive z rezultati, ki jih poro¢a Petrova
(20006).

Rezultati analiz 238U, 234U, 226Ra, 210ph in %o v vzorcih mleka in mleka v prahu so
pokazali, da na sploS$no specificne aktivnosti omenjenih radionuklidov v vzorcih mleka iz
okolice obmo¢ja biviega rudnika urana Zirovski vrh niso poviSane v primerjavi z ostalimi
vzorci. Vsota efektivnih letnih ingestijskih doz analiziranih radionuklidov za odrasle je
pri vzorcih iz okolice biviega rudnika urana Zirovski vrh znagala 13 uSv/leto, pri vzorcu
iz referencne lokacije pa 8,7 uSv/leto. Vsota efektivnih letnih ingestijskih doz analiziranih
radionuklidov za dojencke do enega leta starosti je znaSala 648 uSv/leto za vzorec mleka
v prahu iz Pomurskih mlekarni, 562 pSv/leto za vzorce iz okolice biv§ega rudnika urana
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Zirovski vrh, 363 pSv/leto za referen¢ni vzorec in 195 uSv/leto za vzorce mleka v prahu
podjetja Hipp.

Rezultati meritev izotopskih razmerij med U in U v vzorcih mleka iz okolice
bivsega rudnika urana Zirovski vrh in mleka v prahu iz Pomurskih mlekarn so bili manjsi
od 1, kar ni mogoce razloZiti ne s tako imenovanim odbojnim efektom ne z morebitno
napako pri meritvi. Zato bi bile potrebne dodatne obseZnejSe raziskave celotne prehranske
verige krav, da bi ugotovili morebitni vzrok.

Delez *'°Po in *'%Pb v vsoti efektivne letne ingestijske doze tako v primeru odraslih kot
tudi dojenckov presega 90 % doze pri vseh obravnavanih ciljnih skupinah. Razloga za to
sta vi§je specificne aktivnosti teh dveh radionuklidov v primerjavi z ostalimi v vzorcih
mleka ter visji predvideni efektivni dozi na enoto vnosa zaradi zauZitja za 1% in *1°Pb v
primerjavi z ostalimi radionuklidi.

Koncentracijska razmerja med silaZzo in senom ter mlekom iz vzorcev iz kmetije v
blizini biviega rudnika urana Zirovski vrh so bila najvi§ja v primeru 2%, 2*U in *°Th in
so znaSala okrog 0,25. Koncentracijska razmerja za *°Ra, *'°Pb in *'°Po so bila mnogo
manjsa in so znaSala okrog 0,07 za *%Rain okrog 0,02 za *1%pp ter *'%po.
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As a result of former uranium mining and milling activities at Zirovski vrh, Slovenia, 0.6 million tons of
uranium mill tailings (UMT) were deposited onto a nearby waste pile Borst. Resulting enhanced levels of
natural radionuclides in UMT could pose threat for the surrounding environment. Therefore, sequential
extraction protocol was performed to assess mobility and bioavailability of 238y, 234y, 230Th and 22%Ra in
soils from the waste pile and its surrounding. The radionuclides associated with exchangeable, organic,
carbonate, Fe/Mn oxides and residual fraction, respectively, were determined. Results showed that the
highest activity concentrations for the studied radionuciides were on the bottom of the waste piie. in
non-contaminated locations, about 80% of all radionuclides were in the residual fraction. Considering
activity concentrations in the UMT, 238U and 2*4U are the most mobile. Mobility of 226Ra is suppressed by
high sulphate concentrations and is similar to mobility of 2*°Th.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

industriai excavations of the uranium ore in the area of Zirovski
vrh, Slovenia were started in the year 1982. Yellowcake production
was started two years later and lasted up to 1990, when the mining
and milling activities were stopped. During this time, about 0.6
million tons of uranium ore and more than 2.5 million tons of other
waste rocks and pore uranium ore were excavated. After the
uranium ore was crushed and milled in a mill, it was leached with
H,S04 in order to obtain uranium from the ore. Remains after
leaching are called uranium mill tailings (UMT). UMT is gray col-
oured waste product from leaching and contains enhanced levels of
aii decay products from the »**U decay chain. Activity concentra-
tions in the UMT at Borit are: (995:+80)Bq/kg of 23U,
(3930 +580) Bg/kg of 23°Th and (8630 340)Bq/kg of 2*°Ra
(Krizman et al., 1995).

UMT was deposited onto the Borst waste pile, which lies close
to the uranium mine. The amount of UMT is about 0.6 million
tons. In the time of sampling, the BorSt waste pile was covered
with 30-40 cm thick soil cover and overgrown with grass and
pine trees. The waste pile is situated in the subalpine region with
relatively high rainfall and within a relatively densely populated
area. Therefore, it is very important to assess mobility and
bioavailability of natural radionuclides present in the tailings,

* Cor ding author. Tel.: 353; fax: 138615885346.
E-mail addresses: marko.strok@ijs.si (M. Strok), borut.smodis@ijs.si (B. Smodi3).

0265-931X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvrad.2009.08.006

both from radiation protection and long-term stability of waste
pile viewpoints.

one of the powerful tools for asse;
mobility and bioavailability of contaminants in the environment.
Since their introduction in the late 1970s, sequential extraction
procedures have experienced a rapid increase in use for a large
number of potentially toxic elements in a wide range of sample
types (Bacon and Davidson, 2008). Nowadays two procedures have
attained almost a rank of standard, one is Tessier's method (Tessier
et al., 1979) and the other is so called BCR method (Quevauviller
et al,, 1993). Use of sequential extraction procedures for natural
radionuclide investigations is rather scarce (Bunzl et al., 1995;
Bianco et al., 2005) and usuaily implies Tessiei’s method or Schuliz
modification of Tessier method (Schultz et al., 1998). Blanco et al.
(2004) investigates both Tessier's method and Schultz modification
of Tessier's method and concluded that the two procedures yield
different results and that Schultz modifications better suit the
objectives of this type of sequential protocol. Therefore, Schultz
modification of Tessier's method was used in our study.

2. Materials and methods
2.1. Sampling and sample preparation

About 5 kg of each soil sample from six sites at the Borst waste pile, presented in
Fig. 1, were collected at the depth 10-15 cm. The sites 1 and 2 lie in two swampy
areas through which seepage water from the Borst waste pile with elevated radio-
nuclides concentrations is flowing. It was expected that in these sites the radionu-
clides could be retained and their activity conc ions elevated. The
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Fig. 1. Air picture of the Bor3t waste pile; numbers represent sampling sites.

site 3 lies outside of the waste pile and should not be affected by the radionuclides
from the waste pile. Therefore, it was considered as a non-contaminated site. The
other three sites lie on the waste pile and represent basically UMT covered with soil.

Pretreatment of the samples was performed according to the ISO 11464 (1994).
After sampling, the samples were weighed, dried in an oven at 80 °C and again
weighed. Samples were then sieved through 2 mm sieve. Bigger clods were crushed
with a mortar and pestle and again sieved through 2 mm sieve. Sample was then
subsampled by hand quartering into representative portions of about 200 g to get
a laboratory sample and stored until analysis. To obtain required amount of the
sample for the analysis (i.e., 1.5 g), laboratory sample was further subsampled by
hand quartering into representative portions. One part of each sample was sent to
the Pedological Centre of the Department of Agronomy, Biotechnical Faculty,
University of Ljubljana, for the pH, organic matter, carbonate content and particle
size distribution determinations.

2.2. Sequential extraction procedure

1.5 g of the sample was weighed into a centrifuge tube and wetted overnight
with deionized water. Then, sequential extraction procedure according to Table 1
was applied (Schultz et al., 1998). In each sequential extraction step, 22.5 mL of
extractive reagent was added and samples were shaken at 180 rpm. Shaking times
are presented in Table 1. For organic matter fraction, the samples were shaken in
a shaking water bath at 96 “C. After each sequential extraction step, the samples
were centrifuged for 30 min at 3000 rpm and filtered through a 0.1 pm pore
diameter filter. The residue was reintroduced into the following sequential extrac-
tion step and the radionuclides in filtrate were separated according to the radio-
chemical separation procedure (Fig. 2).

Table 1
Modified Tessier sequential extraction procedure.

2.3. Radiochemical separation procedure

Radiochemical separation procedure for solutions after each sequential extrac-
tion step is summarized in Fig. 2. 2*°Ra was separated using principles described in
Lozano et al. (1997). Uranium and thorium isotopes were separated on an UTEVA
separation column.

To the filtered solution from each sequential extraction step 232U, **°Th and
1338, tracers were added in order to determine radiochemical recovery. Radium and
barium were coprecipitated with PbSO4 with addition of 1 mL concentrated HySO4
and 1 mL of Pb(NO3), solution (50 mg/mL Pb2'). After 10 min, sample was centri-
fuged for 10 min at 3000 rpm. Supernatant containing uranium and thorium was
decanted. Precipitate containing radium and barium was washed with deionized
water in order to remove excess H2S04 and again centrifuged. This step was repeated
until neutral pH was achieved. Then the precipitate was dissolved with addition of
4 mL0.1 M EDTA/0.5 M NaOH with help of an ultrasound bath. If the amount of EDTA
and NaOH was not sufficient for complete dissolution of PbSO4, more EDTA and
NaOH was added. Then 0.3 mL Ba carrier (0.3 mg/mL Ba?®")and one drop of liquid pH
0-5 indicator were added. Then the pH was adjusted to acidic with addition of 1 mL
1:1 acetic acid. After that, 4 mL of saturated Na,SO4 was added in order to form
Ba(Ra)SO4 precipitate. Then 0.3 mL of 0.125 mg/mL BaSO4 substrate was added. After
10 min, solution was filtered through a 0.1 um pore diameter filter and after that the
filter was washed two times with deionized water. The filter was then mounted on
a stainless steel disc with water basis glue and dried under a heating lamp. After
drying, the so prepared counting source was ready for measurement.

To the supernatant - containing uranium and thorium -, which was left after
PbSO4 precipitate centrifugation, ammonia solution was added until alkaline pH was
achieved. Uranium and thorium were coprecipitated as Fe(OH); with addition of
three drops of 5 mg/mL Fe?' solution. After 30 min, the sample was centrifuged for
10 min at 3000 rpm. Solution was decanted and precipitate was washed with
deionized water and again centrifuged. This step was repeated until neutral pH was
achieved. After that, precipitate was dissolved with 10 mL of 3 M HNO3/1 M AI(NO3)3
and solution transferred onto a TEVA separation resin. TEVA separation resins were
packed into column and pre-conditioned with 5 mL of 3 M HNOs. Eluates were
collected in centrifuge tubes. In this step, thorium was retained on TEVA separation
column and uranium was eluted. The centrifuge tube was rinsed with 5 mL of 2.5 M
HNO; and again processed through the column. Finally, the column was washed
with 30 mL of 2.5M HNO3 and the eiuate retained for further purification on an
UTEVA separation column. Thorium was eluted from the TEVA column with
consecutive addition of 20 mL 9 M HCl and 5 mL of 6 M HCl and the eluate collected
in a centrifuge tube.

Uranium-containing eluate, which was left from separation on TEVA column,
was transferred onto an UTEVA separation column that was previously conditioned
with 5mL of 3M HNO;. The centrifuge tube in which was uranium-containing
eluate was rinsed with 5 mL of 3 M HNO3 and processed through the column. The
column was rinsed with consecutive addition of 5 mL of 3M HNO;, 5mLof 9 M HCl

vere discarded

and 20 mi of 5 M HCIf0.05 M oxalic acid. Eluates
and uranium finally eluted with 15 mL of 1 M HCl into a Lentrlfuge tube.

Thorium was microprecipitated with addition of 0.1 mL of 0.5 mg/mL Nd** and
1 mL of concentrated HF. Uranium was microprecipitated with addition of 0.1 mL
0.5 mg/mL Nd3, 1 mL of 15% TiClz and 1 mL of concentrated HF. Both thorium and
uranium microprecipitates were placed prior to filtration for at least 30 min into ice
bath. Filtration was carried out through a 0.1 pm pore diameter filter that was
previously rinsed twice with 5mL of 10 um/mL NdF; substrate solution. The
centrifuge tube was rinsed twice with 2 mL of 0.58 M HF and twice with deionized
water. Finally, the filter was mounted on stainless steel disc with water basis glue
and dried under a heating lamp.

Procedure for the radiochemical separanon of the residue that remained after
the final sequential extraction step is d in Fig. 3. Residue was ashed for
5 h at 650 °C and afterwards digested using principles described by Jia et al. (2004)
and Sill (1961). 0.5 g of ash was introduced into a glassy carbon crucible together
with 2 g of NaCO3 and 2 g of Na;0;, and melted in muffle furnace for 5 min at
900 “C. After cooling to the room temperature 2*2U, 2°Th and *3Ba tracers were
added in order to trace radiochemical recovery. The melt was dissolved with 1 mL of
deionized water and 4 mL of concentrated HNO3, and transferred into a Teflon
beaker. To the sample, 5 mL concentrated HCl, 5mL concentrated HNOs3, 5mL
concentrated HF and 5 mL H;0, were added and evaporated until incipient dryness
on a hot plate. This procedure was repeated three times in order to remove silicates.
Afterwards, 8 mL of concentrated HS04 was added and evaporated until incipient

Target fraction Extractive reagent Reagent/sample ratio Temp (°C) Shaking time (h)
Exchangeable 0.4 M MgCl, pH5 15:1 Room temp. 1

Organic matter 5-6% NaOCl pH 7.5 15:1 96 0.5x2
Carbonates 1 M NaAc in 25% HAc pH4 15:1 Room temp. 2x2

Oxides (Fe/Mn) 0.04 M NH,0H HCl pH 2 (HNO3) 15:1 Room temp. 5

Residue NaOH fusion and HNO3/HCI/HF/HCIO4 900
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dryness. This step removed any residual HF and fluorosilicates and converted salts
into sulphates. After final evaporation, the sample was dissolved with 2 mL deion-
ized water and 2 mL concentrated HNOs. Finally, the obtained solution was pro-
cessed the same way as the other fractions of the sequential extraction steps.

2.4. Measurement system

All counting sources were measured on alpha spectrometric systems equipped
with passivated implanted planar silicon (PIPS) detectors (Alpha Analyst, Canberra).
R or 226R was determined via measurement of 133Ba tracer

R

on gamma-ray spectrometer consisting of HP Ge detector connected to a multi-
channel analyser (Spectrum Master 919, Ortec).

3. Results and discussion
3.1. Physicochemical parameters

Results for physicochemical parameters are shown in Table 2. It
can be observed that at almost all locations pH of soil is slightly
acidic, only at location 4 the pH is neutral. This can be attributed to
the highest carbonate content in that location. Organic matter
content varies from 2.1 to 5.9%. Carbonates content is the highest at
site four, 7.9%, and much lower (up to 1.6%) at other locations.
Particle size distribution at sites 4 and 6, which lies on the waste
pile, is almost identical. Silt fraction is dominant at site 3 and sand
fraction at site 1. At site 2, soil particles are almost equally
distributed among sand, silt and clay fractions.

Fig. 2. Radiochemical separation procedure for solution from each sequential extraction step.

3.2. Sequential extraction

Results of the applied sequential extraction are presented in
Fig. 4. Uncertainties are not shown because of better clarity and are
in the range from 4 to 15%, depending on the activity concentration.
Radiochemical recovery varied from 47 to 95%, 46 to 92% and 54 to
87% for U, Th and Ra radionuclides, respectively.

Analytical determinations reveal that the studied radionuclides
are not concentrated at site 2, as both total activity concentrations
and distribution of radionuciides among different fraction are
similar as in site 3 lying outside of the waste pile. On the other hand,
elevated activity concentrations of 2*¥2*%U in site 1 and its distri-
bution profile among different fractions at that site that is similar to
those at sites 4 and 6, indicates that uranium is retained in this site.
226R, is not retained in the swampy sites 1 and 2. Activity concen-
tration profiles for 23°Th at sites 1 and 2 are similar as for 2341238y,
230Th s retained in site 1 but not in site 2. However, difference in the
distribution profile of 2*°Th between the sites 1, 4, 5 and 6 with
elevated activity concentrations and sites 2 and 3 are much smaller.
Maximum activity concentrations for all the radionuclides were
determined in site 4, which lies on the bottom of the waste pile and is
therefore under direct influence of washout from the pile.

Approximately 80% of the 28U, U and ??°Ra in the non-
contaminated sites were found in the residual fraction. This confirms
the thesis that the radionuclides contained in the samples, which are
not affected from mining and milling activities, are present mostly
within primordial minerals. Oppositely, about 60% of 22*23( in the
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sites 4 and 6, and about 40% in the site 1 are present in the organic
fraction, with only about 20% in the residual fraction. This could be
attributed to the fact that those sites are contaminated with 234238y
released from the deposited UMT. Similar conclusions can be drawn
for 225Ra, where 50-60% of 22°Ra is present in the residual fraction at
the contaminated sites 4, 5 and 6; this is up to 30% lower than at the
non-contaminated sites 1, 2 and 3.

Table 2

Physicochemical parameters for collected soil samples.
Location  pHin Organic Carbonates Sand Silt Clay

CaCl matter (%) (%) (%) (%)
(%)

1 54 54 16 620 275 105
2 4.5 38 08 372 363 265
3 4.5 59 12 12.5 682 193
4 7 38 79 46.7 349 18.4
6 59 2.1 <05 499 313 18.8

Fig. 3. Radiochemical separation procedure for residue after the final extraction step.

This pattern is different for 23°Th, where its distribution among
the different fractions at the sites 2-5 is similar, although the total
activity concentrations are quite different. This confirms low solu-
bility of thorium, which remains mostly in the residual fraction also
in the contaminated areas; approximately 80% in sites 2-5, 60% in
the site 6 and 50% in the site 1.

Activity concentration of 226Ra in UMT is almost nine times
higher than for >**U, as shown in Section 1. However, uranium is
shown to be much more mobile. Mobility of ?°Ra from UMT is
suppressed by high concentrations of sulphate ions as a conse-
quence of uranium extraction process, leading to the formation of
stable RaSOy, and thus reducing the mobility of radium.

3.3, 234U/238Y ratios and radiochemical disequilibrium

Under undisturbed and steady conditions equilibrium would be
expected between activity concentration of 23U and *U;
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however, this is not always the case. According to Bourdon et al.
(2003), Adloff and Réssler (1991) and Suksi et al. (2006), the reason
for 234U/238U disequilibrium is (1) recoil effect, which induces
ejection of decay product from a particle into its environment, and
(2) increased mobility of a decay product due to subsequent
oxidation of 234U in zones which are not close to phase boundary.
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Fig. 4. Results of the sequential extraction.

This effect is evidenced by reduced 23*U/?**U ratio within the
observed particle and increased ratio in its environment. According
to the above-mentioned reasoning, within the Bor3t waste pile, i.e.,
in UMT and in sites contaminated with UMT 2**U and #**U should
be in equilibrium, as the tailings are the remains of a crushed ore
leached with H,S04. Consequently, the recoil effect and oxidation




Priloga 1: Nadaljevanje

113

M. Strok, B. Smodis / Journal of Environmental Radioactivity 101 (2010) 22-28 27

18

U-234 1 U-238

7,

Mobile

Residue

Fraction

Fig. 5. 22%U/?**U ratios for mobile and residual fractions.

state impact are assumed to not have that important influence on
the isotope ratio. In the undisturbed locations that are not affected
with UMT, however, the ratio in residual fraction could be expected
to be less than 1. Following the same reasoning for a mobile frac-
tion, 234U and 28U could be expected to be in equilibrium in the
areas contaminated by UMT leached-out water, but #**U enrich-
ment could be expected in non-contaminated locations.

In Fig. 5 234U/238U ratios are shown for the mobile (referred to as
summed measurement results for the exchangeable, organic
matter, carbonate and Fe/Mn oxides fractions) and the residual
fractions. In the sites 2 and 3 the ratio in mobile fraction is 1.2,
supporting hypothesis that those sites are not influenced by the
contaminated material. Further support to this hypothesis gives
results for the residual fractions, where 234U/?38U ratio is 0.9. The
similar ratio was found in the site 1, giving supportive evidence that
the residual fraction from that site is also not contaminated. In the
mobile fractions at sites 1,4 and 6, 24U and 238U are in equilibrium,
i.e., their ratio is about 1. This finding suggests that the mobile
fraction in the site 1 might be contaminated by the mobile material
leached from the UMT containing pile.

4. Conclusions

Measurement results showed that uranium and *°Th are
retained in swampy site 1 but not in swampy site 2, whilst 2°Ra is
not retained in any of the two sites. In the non-contaminated sites,
the studied radionuclides are mainly concentrated in the residual
fraction. In the contaminated sites uranium is mainly found in the
organic fraction. 23°Th is very insoluble, and consequently found in
both contaminated and non-contaminated sites mainly in the
residual fraction. 22°Ra distribution in the contaminated sites is
somewhere between uranium and #*°Th with about 60% found in
the residual fraction. Considering activity concentrations in the
UMT, it can be concluded that 2*8U and 2*%U are the most mobile
radionuclides among the studied ones. Mobility of ??Ra is sup-
pressed by the high sulphate ion concentrations in the UMT and its
distribution is similar to 2°Th.

2341238 ratio in the mobile fraction in the site 1 is the same as
for the sites 4-6, thus giving support to the hypothesis that
uranium in the mobile fraction from that location is result of the
UMT leaching. Results for the sites 2 and 3 are similar, thus giving
support to the assumption that the site 2 is not contaminated with

uranium from the UMT. However, more profound studies should be
carried out to definitely confirm the given hypothesis.

Sequential extraction proved to be a very useful tool for
assessing radionuclide migration and mobility in soils. 2*4U/**U
ratio determination yielded helpful evidence for identifying if
uranium found at a specific sampiing site is of naturai origin or
transported from the waste pile.

The obtained results will contribute to the further decisions on
how to remediate the contaminated area of the former uranium
mine in order to minimise the influence of the waste pile onto the
nearby environment.
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Summary. Fevized BCE (Buesn Comommautsire de
Biéférence) and the Schulz modification of Tessier's sequen-
tial exmacton protocols are compared for fractionation of
uranimm, thoriom and radiom in seil samples. Six soil sam-
ples were collected near to the ursninm mill tailings waste
pile and some of them had enhanced levels of natural re-
diomuclides. The samples were processed by both protocals
and the radiommclide content assayed by alpha specmometnic
determination. The analysis revealed that results obtained by
the two protocols are not fully comparable as data are maosthy
protecol- and element-dependen:. MNeverhbelsss, general con-
closions sbout potentisl source of the particulsr radionuclide,
which could be drawn from the specific smdy carmried out, ars
mostly similar for both protecols.

1. Introduction

Emwronmental behaviowr of natural radiormchdes depends
on the chemical form m which they ocem Chemical form
of a certain radionuchde 15 closely related to 1ts mobility
and bicavailability in the emaronment. There are mamy tech-
nologically enhanced naturally ccournng radicactrve mia-
terial (MOFM) waste piles worldwide, wihach are affected
by weathenng processes. This could canse mgrahon of ra-
diomuclides from the controlled area mto the mwyocunding
emvronment and thus pose a radiological nsk to people who
Irve there Specific radiomelide 15 in 3 certam chemical form
more biomailable than in the other, which may result m
the hizker plant uptake of that radicmchde. Consequently,
higher portion of that radicmuclide is transferved into the
buman food chain Therefore, it = important to know how
3 particular radionuchde 1= mobile and bioavailable m the
emvironment.

One powerful tool for assessing mobility and bioavail-
ability of patwal mdionuchides in the emiromment is se-
quenfial extrachion Smee its infroduction m the late 1970=,
sequential extrachion procedures have expenenced a rapid
merease in use for a large mumber of potentially tocac elem-
enfs 1n a wide range of sample types [1]. However, there 1=

* Auther for comrespondence (E-mail- bort. smodisgijs.si).

an ever-lasting dilemma and that 1=, which sequential extrac-
tion procedure 15 most stable for a certam problem? In the
past, there have been many efforts fo dermve 2 umique pro-
tocol for sequenhial extraction in order to achueve compara-
bility and enhanee quality of the results. In the case of torae
elements, these efforts lead to development of the revized
BCR sequential extraction protocol [2]. However, the use
of the sequential extraction protocols for naturzl radionu-
clides 15 scarce [3, 4] and most often mvolves the Teszer’s
protocel [5] or the Schultz modification of Tessier’s proto-
col [6] rather than the revised BCE. protocol Blanco et al
imvestigated both the Tessier’s protocel and the Schultz mod-
ification of Tessier's protocol and concluded that the two
procedures vield different results and that the Sclmltz pro-
tocol better suits the objectrves of this type of sequential
protocol in terms of reproductbility and recovery [7].

In our siudy, the revised BCR protocol and the Schultz
modification of Tessier's protecol were compared for wa-
nmm thorium and radiim radionuclides. Throughout the
text, the revised BCR. protocol 1= refarred to as protocol B
and the Sclmltz modification of Tessier’s protocol as pro-
tocal 5. The protocols were applied on real soi samples,
whach were collected n the arez of 3 wannm ol tail-
ings (UMT) waste pile of the former uranium mine Zrovski
wrh, Slovema Due to different extractants used by the two
sequenhal extrachon protocels (Tables 1 and ), 1t was ex-
pected that the obtained results could be different There-
fore, the purpose was to test whether the differences would
be small enough to allow for similar conclusions concermning
the mobility and bioavailability of the analysed radionu-
clides i sol samples. This would mean that both metheds
would fit the objectves of this type of sequential extraction
protocol, althouzh they do not yield exactly the same results.

1. Experimental
2.1 Sampling and sample preparation

About 5kg of each sel sample from six mites at the Borst
waste pile, presented m Fig. 1. were collected at the depth
10-15cm_ Sites 1 and 2 lie in two swampy areas through
which seepage water from the Borst waste pile 15 owing
with elevated radionuclide comcentrations. It was expected
that m these sites the radiormchdes could be retained and
consequently their acivity concentrations elevated. Sie 3
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Table 1. Schultz modification of Tesser sequential exraction prodocol (profocol 5).

Targer Exmactive FReagenn/ Temp. Shakinz
faction TEagent sample ratie =C) time [T}
Exchangesahle 04MMeCL 15:1 Room temp. 1
pH 3
Organic mattar 5% Wall1 15:1 26 LR
pH 75
Carbonates 1M NaAc in 253 HAc 15:1 Foom temp. A%l
rH 4
Orides (Fe/Mn) .04 M KH,OH-HCL 15:1 Foom temp. 3
pH 2 (HNQ,)
Blazidus Ma, 0, fisien and HNO, / o0
HC/EHF /H,50,
Table 2. Revised BCF. saquential exmaction protocel (protocal B).
Target Exiractive Reagent/ Temp. Shakmg
faction TEagent sample ratie =C) time [T}
Carbonates 0.11 M HAC 40:1 Eoom temp. 15
Orides (Fe/Mn) 0.5M NH,OH-HC1 40:1 Foom temp. 1§
0205 M HNO,
Oreanic matter EEMH:O, 10:1 Room femp. 1
85 1
EEMHO, 10:1 25 1
1M NH,Ac 50:1 Foom temp. 14§
Besidus Ha,0, fision and HNO, o0
HCI/HF /H, 50,

s10es.

Lies outside of the waste pile and should net be affected by
the radionuchdes from the waste pile. Therefore, 1t was con-
sidered a5 a non-contammated site. The other three sites he
on the waste pile and represent basically UMT covered with
soil

Pretreatment of the samples was performed according
to the ISO 11464 [B]. After sampling the samples were
weighed, dned in an oven at 80 °C and agam weighed. Sam-
ples were then sieved through a 2 mm sieve. Bigger clods
were cruched with a2 mortar and pestle and again sieved
through the 2 mm sieve. A sample was then subsampled by
hand quartering mto representative portions of about 200 2
to zet a laboratory sample and stored until anakysis. To ob-
tain the required amount of the sample for the analysis,
laboratory sample was fiurther subsampled by hand quarter-
ing info representative portions. One part of each sample was
sent to the Pedological Cenire of the Dlepartment of A gron-
omy, Biotechmical Faculty, University of Ljubljana, for the
pH, orgamic matter, carbonate content and particle size dis-
tmbution determunations.

1.2 Sequential extraction protocols

The two sequential extrachion protocels shown m Tables 1-2
were performed accordng to references 2 and 6. All frae-
tions n the protocols should be regarded as operationally

Fig. 1. Air picture of the Bortt waste pile; mmbers show the sampling ~ defined and do not stictly eomrespond to certam chemical

specias.
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Comparizon of two sequential exraction protocals

In the case of protocol 5, 1.5g of the sample were
weighed mto a centrifuge tube and wetted cvermght with
detonized water. Then, one sequential extrachon procedures
according to the Table 1 were applied. In each sequental
extracizon step, 22.5ml of extractive reagent were added
and samples were shaken at 180 rpm according to the shak-
mg times presented mn Table 1. For orgamc matter frac-
tion, the samples were shaken in a shaking water bath at
96°C. After each sequenfizl extraction step, the samples
were centrifiiged for 30 man at 3000 rpm and filtered through
2 ] pm pore diameter filter. The residue was remtroduced
mio the following sequential extraction step and the radioma-
chdes m filtrate were separated accordmg to the radiochem-
ical separztion procedure.

In protocol B, 1 g of sample was weighed into the cen-
tnfuge tube and 40ml of the first extraction reagent were
added (Table 2). Then the sample was shaken for 16h at
30 rpm. After that, the exfract was separated from the sohd
residue with cenfrifugation for 20 nun at 3000 rpm and sub-
sequently filtered through a 0.1 pm pore diameter filter
Then radionuchdes in the filrate were separated accord-
mg to the radiochemmeal separation procedure. Fesidue was
washed with 20 ml. of the deiomzed water with shakmg for
15 pun at 30 ipm and centrifugmg for 20 mm at 3000 rpm.
After that, the next exfrachion reagent was imfroduced to
were repeated For coganic matter dissolubion, 10ml of
H, 0. were added to the residue from previous step and di-
gested at the room temperafure for 1 b Then the centrifuge
tube was placed mto the water bath at 85 °C and dizested for
1 b, covered loosely with s cap. After that the cap was re-
moved and volume of the solution reduced to 3 ml. Then
additional aliquot of 10mL of H.O, were added and agaim
digested for 1 b, covered loosely with its cap at 85 °C. Then
the cap was removed and volime of the solution reduced to
1 ml and after cooling down, 50ml. of 1 M NH,Ac were
added and shaken for 16h at 30 1pm. The separation of the
extract from the residue was the same as n previous steps.

1.3 Radiochemical separation procedure

For sclutions that remamed after each sequential extrac-
fion step for both sequential extraction protocols, the same
radiochemical separation procedure was wsed and it is suny-
manzed in Fig. 2. *Ra was separated using principles de-
seribed by Lozano eral. [9]. Urannm and thornm isofopes
were separated on an UTEVA separation column.

To the filtered solution from each sequentizl extrachon
step, **U, **Th and "*Ba tracers were added to defermume
radiochemical recovery. Radium and barmm were copre-
cipitated with P50, with addition of 1 ml concentrated
H.50: and lml of Ph{MOs): sohton (30 mg/ml Pb*).
After 10un the sample was centmfuged for 10mun at
3000 rpm. Supernatant contaming wanmm and thornm was
decanfed Precipifate confammg radmm apd bamum was
washed with detonized water to remove excess H.50: and
agam centnfuged This step was repeated untl peutral pH
was achieved. Then the precipitate was dissolved wath add-
on of 4ml 0.1 M EDTA/0.5 M Na0H with the help of
an ultrasound bath If the amount of EDTA and N20H
was not sufficient for the complete dissoluhon of FhSO,,
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Fiz. 1. Radiechemical separation procedure for soltion from each se-
quential exmaction step.

maore EDTA and Na0H was added Then 0.3 ml. Ba camer
(0.3 mg/ml. Ba**) and one drop of lignid pH (-5 mdicator
were added Then the pH was adjusted to acidic with the
addinon of 1ml 1:1 acetic acid After that 4ml. of sat-
urated Nz, 50, were added to form Ba(Fa)50, precipitate.
Then 0.3 ml of 0.125 mg,/ml. BaS0, substrate were added.
After 10min the solution was filtered through the 0.1 pm
pore diameter filter and then the filter was washed twice with
deionized water The filter was then mounted on a stainless
steel disc with a water based glue and dned under a beat-
ing lamp. After dryme, the so prepared counting source was
ready for measurement.

To the supematznt — containing wanivm znd thorium,
which was left after PbS0), precipitate centnfuzation am-
monia solation was added unfl alkaline pH was achueved.
Uranmmy and thorium were coprecipitated as Fe(OH), with
addiion of three drops of 3mg/ml Fe' solution After
30 mun, the sample was centnfuged for 10 min at 3000 pm.
Sohition was decanted and the precipitate was washed with
deionized water and agam centrifuged This step was re-
peated unhl neuiral pH was achieved. After that, the precip-
tate was dissolved with 10ml of 3 M HNO, /1 M ALNO,),
and solution transferved onto 2 TEVA separation resin. The
TEVA separation resins were packed into a column and pre-
conditioned with 5 ml of 3 M HNO.. The elaates were col-
lected in centnifuge tubes. In this step, thomumm was retamed
on the TEVA separation column and wanium was eluted.
The cenmfuge tube was nnsed with Sml of 2.5 M HNO,
and again processed through the cohmmn Fmally, the col-
umn was washed wath 30 mL of 2.5 M HNO, and the eluate
retained for further puification on the UTEVA separation
column Thorium was eluted from the TEVA column with
consecuine additions of 20 mL 9 M HCl and 5ml of 6 M
HC1 and the eluate collected m a ceninfuge tube.

The wanmum-contaimng eluate, which was left from
the separaton on TEVA column was transferred onto the
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UTEVA separation column that was previcusly condiboned
with Sml of 3M HNO, The centifure tabe which con-
tained the wanivm-contaming eluate was nnsed with 5wl
of 3M HNO, and processed through the columm. The col-
umn was nnsed with consecutive additions of Sml of 3 M
HMO:, 3mL of 9 M HCl and 20 mL of 5 M HCL/0.05 M ox-
alic acid. Eluates from all prior steps were discarded and
uranmm finally ehited with 15 ml. of 1M HCl mmto a cen-
tnfiuge tube.

Thormum was microprecipitated with addibon of 0.1 ml.
of 0.5 mg/ml. Nd*™* and | ml of concentrated HF. Urz-
nium was microprecipitated with addiion of 0.1 ml of
0.5mg/ml. Nd", 1mL of 15% TiCl, and 1 ml of con-
centrated HF. Both thormum and wanium mueroprecipitates
wete placed pnor to filiration for at least 30 mun into an
ice bath. Filtation was camed out through a 0.1 pm pore
diameter filter that was previously nnsed twce with Sml.
of 10 pg/ml NdF, substrate soluhon The centnfuze tube
was nnsed twice with 2ml of 0.58 M HF and twice wath
detonised water. Finally, the filter was mounted on 2 stain-
less steel dise with water based ghue and dried under a heat-

mg lamp.

Procedure fior the radiochermceal separation of the resadue
that remamed after the final sequential extzchon step for
both protocols 15 summarized m Fig 3. Residue was ashed
for 5h at 650°C and afterwards digested wsing the prinei-
ples desenbed by Ma eral [10] and 5ill [11]. 0.5 g of a=h
was introduced mto a glassy carbon crucible together with
2 g of Na,CO, and 2 g of Na,0,, and melted m muffe fir-
nace for 5 min at 900 °C. After cooling to room temperature,
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Fig 3. Badiochemical separation procedure for residue after the final
exRiraction step.

| Alaha spesi cmelry

M, **Th and "“Ba tracers were added to determine ra-
diochemical recovery. The melt was dissolved with 1 ml
of deiomsed water and 4ml. of concentrated HMNO,, and
transferred mto a Teflon beaker. To the sample, 3 ml. con-
centrated HCL, 5 mL concentrated HNQ,, 5 ml. concentrated
HF and 5 ml H:0; were added and evaporated untl ineim-
ent drvness on a kot plate. This procedure was repeated thiee
tmes m order to remove sihcates. Afterwards, S mL of con-
centrated H,50, were added and evaporated unhl merpient
dryness. This step removed any residnal HF and flworosih-
cates and comverted salts into sulphates. After final evapo-
ration, the zample was dissolved with 2 ml. deiomzed water
and 2 ml. concentrated HNO,. Finally, the obtzined solution
was processed the same way as the other frachons of the
sequential extrachion steps.

1.4 Measurement system

All conmting sources were measured on an alpha spectromet-
nic system equipped with passivated implanted planar sihcon
(FIP5) detectors (Alpha Analyst, Canbenz). Radiocheny-
cal recovery for ““Ra was determined vig measurement of
"Ba tracer on a gamma-ray spectrometer consistmg of HP
Ge detector connected to a mmltichannel analyser (Spectrum
Master 918, Ortec).

3. Results and discussion
3.1 Phyzicochemical parameters

Results for physicochemical parameters are shown in
Table 3. It can be cbserved that at almost all locations the
pH of the ol 15 shightly acidic; only at location 4 the pH is
neutral This can be atirnbuted to the lnghest carbonate con-
tent m that location. Orgamc matter content vanes from 2.1
to 5.9%. Carbonate confent 15 lnghest at site 4, 7.9%, and
mmch lower (up to 1.6%) at other locatons. Particle size dis-
trbuhon at sites 4 and 6, which hes on the waste pile, 15
almaost identical Silt frachion 15 dominant at site 3 and sand
fraction at site 1. At site 2, soil particles are almost equally
distributed among sand, silt and clay fractions.

3.2 Comparizon of the sequential extraction protocols

A companisen of both sequential extraction protecols 15 pre-
sented m Fig 43— Fadicchemical recovenes vaned from
47-95%, 46-92% and 54—87% for U, Th and Ra radionu-
clides, respectively. On each graph, actvity concentrations
of a certain fraction for the protocol 5 are presented on x axas
and for the protocol B on 3 axs. For better clanty, the results

Table 3. Physicochemical parameters of the collected soil samples.

Location pHin Orgamic Carbomates Samd  Sit  Clay

Gl maer() 09 09 G O
L 54 54 1.6 80 275 105
1 43 ig 0.8 372 363 245
] 435 59 12 125 &2 193
4 7 38 78 467 348 184
[ ia 1l =05 400 313 188
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for each radhonuchide are shown on two graphs. Uncertamty
bars refer to combined standard uncertanty; if the bar 15
not visible, uncertainty is smaller than the symbeol size. As
the protocol S mvolves exchangeable fraction, which is not
the case for the protocol B, the exchangeable and carbon-
ate fractions for protecel 5 are summed and presented as
cartbonate frachon.

Fig. 4a—f help in assessmg if the results for both proto-
cols are comparable; if they would be the same, they would
lie on the line y = x. However, it 15 difficult to make visual
udgements whether certain point 15 close encugh to the lne
or not. Therefore stafistical approach for assessing of agyee-
ment betwean the two methods was apphed [12]. Figs. 5-7
show differences between the two protocels agamst aver-
age values for the two protocols for specthe frachon and
radionuclide. If the difference 15 zero or close to zero, it
means that both protocols are in zood agreement Mean
vahie of the differences 15 also caleulated and presented to-
gether with =2 times standard deviation of those difference
wvalnes (25D¥) at 95% confidence level. Theose figures eveal
the differences between beth protocols more clearly. Howr-
ever, it should also be assessed whether differences are small
enough to enswre agresment between two protocels or not
In ouwr case, combined standard uncertainties of the meas-
ured results for both protocols were in the range from 4 to
15%:, dependmyg on the activity concentration and with most
of the results around 10%. Therefore, the value of 10%: was
applied. finally resulting m relative expanded uncertainty of

20%% (coverage factor of 2 for 95% confidence level). As the
value for 25D is expressed n absolute form. it was necessary
to transform it mio relative form. This was accomplished by
dniding it with the largest average value for both protocels
for the certain fraction. Protocols were considered compara-
ble of thas value was smaller than 20%;. Table 4 shows data
fior the means of differences between the two protocols, 25D
values, largest average values of the both protocols (max
(:ma'r(S_E)J) 25D values for the largest average values and
the results for both protocols for certain fraction are in
agr\eementamdmgtoﬂ:ea&:p‘hedm

Figs. 4a-b, 5 and Table 4 show that the two protocols
for U gwve smmilar results for both crgamc matter and
the residue fraction. That 15 not the case for carbonates and
Fe/Mn omdes; protocol 5 resulted in lngher values for the
carbonate fraction and protocol B for Fe/Mn oxides. For
*Th (Figs. 4c—d, 6 and Table 4), results for all fractions are
not comparable. Protocol 5 vielded hizher values for carbon-
ates and residue fraction, protecol B for organic matter and
Fe/Mn oxides. Results for FRa (Figs. 4ef, 7 and Table 4)
showed no agreement for any frachion; applicahion of proto-
col 5 resulted in hizher vahies for orgamic matter, carbonates
and residue, whilst the vahes for the Fe/Mn oxides were
higher for protocol B.

The results for protocol S for carbonate fraction ave all
hgher than for protocol B. This could be attributed to the
stronger extraction reagent used in protocol 5 (Tables 1, 1),
whach 15 about 50 tumes mere concentrated than m proto-

gy o8 B Sdo ey A vo|ssiuued ueiim s peme e Kue 8 esn By Aue esn [puosed nok oy epapme s anquisip pue Ad oo few no g we wiuidos wwies A paoeiosd s)8HWE Sy L




Priloga 1: Nadaljevanje

Priloge

226 M. Strok and B. Smodit
™ Cabomaies U-238 ; FeMn ouidey

u r |
i ™ » © - ® w [
2a . r b . " RE
£ g et
fa1 : 3 -

s & P

L] el " -

- Rrmimpr ol ey b iwtaral s Batgl = A of Fan prodos ol » B4k

- Drgans matter Poesiibes

[ % :

i 4 R Fig.5. Diferances betwesn pro-
e - & | tocols 5 and B against awerage
£ . ~ e ‘E-'“ + 50 of the two protocols for 21U for
F e | B * e all samples and factions; mean
2. ] - | reamm| N =

M EEEERN ] = L line ndicates mean of all differ-
- ence wahes for one faction: mean
a - ) £ 25D line indicates 1 times stan-
> i) e dard dewiation (9% confidence
Araraga of b proteced (Bakg | Rervage of bu s prodes ok AN g Mmj
ot 20 Fein ssiaes

a B
i, 3 IR : '
¥ 2. 2

L] -

- -
- v
dmirage of b pesbod oly Pokig) Asrnpeof o arstac ol el

i Drganis maiter — n-:lm-_ —

- Fig_ 6. Differences bemwesn prote-

e T T 3 B cols 5 and B against average of
ia . BT " B the two protecals for ™Th for
= . e IR B o w sl meen| 2l samples and fractions: mean
“a e 2 2 line mdicates mean of all difer-
: ence vahes for one fraction; mean

for . + 25D line indicates 1 times stan-
k= % dard dewiation (9% confidence

Avaraga of b profuois Dakgl A o P pre ol s R ]M“J:'

col B. However, the exfracton fune and reagent to sample
ratie are about four times lower than m the case of proto-
col B. Furthermore, protocol 5 imvelves the crzanic frachon
extraction step before the carbonate fraction step. The rea-
son for placing the organie fraction befiore the carbonate and
Fe/Mn ccade fractions 15 m fact that solid particles are of-
ten coated with a layer of orgame matter, which may mhabst
reachon of the other zeochemical phases targeted by sub-
sequent 1ezgents applied i the expenimental sequence [6]
Therefore, the reason for higher carbonate comtent found
m the case of protocol 5 could be attributed to placement
of the organic matter step early in the sequential extraction

MﬂlB}iﬂd&d hpher results for Fe/Mn cades than
protocel 5 in all cases. Reasens for that could be the fact that

(1)) extraction reagent for this frzchon m both protocols (Ta-
bles 1, 2) 15 about 12 tines more concentrated m protocel B
and that (2) shaking time and reagent to zample ratio is also
higher Further reason for that could be in the placement of
the organic fraction m early stages of the sequential extrac-
tion sequence for the protocel 5, which could dissolbve up to
10% of won and thus mmerease the activity concenfrations m.
the orgame fracion [13] However, our results did not prove
that a= the result= for **1J in the crzanic fraction were somi-
lar for both protocols, for “*Th higher by protocol B and for
**Ra slighthy kigher by protoeol 5.

When comparing the three analysed radionuclides pre-
sented m Fig 4a—f 1f 15 ewident that the activity concentra-
tons of “'Th m the orgamc fraction obtained by protoceol
B are substantially higher compared to protocol 5, which 15
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Table 4. Smdstical assessment of agresment berwesn protocol & and B.

Arirage of rei protecein (R bgi

Fadioporlide  Fracton mean (5-B) 15D max (aver(S.B)) QSDm(S_B,: Agreement
[Bg/kz] I|Bgskel [Bg/kz] [%al

¥ Carbonates 257 540 210 57 NO
Fz/Mn owides —56.2 1376 86.7 158 NO
Org.nul: marter 216 68.9 3670 1% YES
Feesidue -13.6 185 1163 16 YES

=Th Carbonates 40.0 55.5 418 131 NO
Fa/Mn owides -1.7 6.7 b [ NO
Cergam: marter -4 50.1 418 117 NO
Residuz 80 003 178 4 N

=Ra Carbonates 50.8 1327 1400 a9 N
Fa/Mn oxides -1259 3353 2176.7 121 NO
(Organic matter 15.0 53.9 1208 41 NO
Fesidue 50.7 118.6 311.7 37 NO

not the case for the other two radionuchdes. Cther observ-
zble difference is that the results for **Fa m all frachions
were the most scattered ameong the three radiomichdes, and
the smallest level of sinmlannes could be found between the
two protocols.

Fig. 8a—f show results for both sequential extraction pre-
tocols according to the sampling sites. Analviical uncertzim-
ties that were in the range fiom 4 to 15%, dependmg on
the actnaty concentrabion, are not shown for better clanty.
Graph b m Fiz. 8 shows results for ®¥U. Both protocols
reveal that elevated levels of total acmaty concentrations
(defined as a sum of all fractions) for wanmm are m sites 1,
4 and 6. The two protocols also show that mn sites 2 and 5
total actrvity concentrations are simalar as for site 3, winch
15 referred to a5 a reference, non-contammated location. Dhf-
ferent results can be observed for ““'Th (Fig. 8d). In both
protecels, higher total activity concentrations of ““Th are on
sites 4, 5 and & compared with site 3. In addition, protocel S
vields elevated total activity concentration of * Th for site 1,
whereas protocol B yields results simlar to the site 3. How-
ever, both protocals reveal that total actnaty concentrahion of
“Th m site 2 15 spmilar to site 3. Results of both protocels

for **Ra (Fig. 8f) show elevated total actnvity concentrations
i sifes 4, 5 and 6 with respect to site 3. In other two mites (1
and 2) total activity concentrations are smmlar to mite 3.

In terms of particnlar fractions, in sites 2 and 3 more than
B0% of **1J is in the residue for both protocols (Fig 8a).
Differences between the two protocols for residuzl fraction
are higher in site 5. At sites 1) 4 and 6, the residual frae-
tion contains about 20% of **U for both protocols. There-
fore, majonity of “*U in locations with elevated total activity
concentrations 15 present m potentially mobile fractions. Ap-
phication of the two protocols at sites 1, 4 and 6 results in
different distbution among the mobile fractions: protocol B
vields hugher activity concentrations for Fe/Mn oxides, and
lower values for orzame matter and carbomates. Vanability
can also be observed m more mobile frachons o sites 2, 3
and 3, with the highest differences for the residual fraction.
Nevertheless, distribufion profiles for each protocol for sies
with elevated levels (1, 4 and &), as well as for site 2 wath
total activity concentration close to site 3, are simdlar This
means that both protocols gve comparable information on
the potential source of **1J. Distbution profiles for “'Th
showed in Fig. 8c reveal that for both protocols most of the
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“Th i= m the residue fraction {50-85%); protocel 5 gves
relatrvely lugher resulits for the carbonates and protocol B for
the organic matter. From the distribution profiles for **Th
it 15 not possible to identify any differences between site 3
(referred as non-contaminated site) and sites 4, 5 and 6 with
elevated total actvity concentrafions. Distnbution profiles
for “*Ra (Fig. 8e) in particular fractions differ between the
two protocols. Mevertheless, distnbution profiles for each
protocol for sites with elevated levels (4, 5 and 6), as well as
for sites 1 and 2 with total activity concentration close to site
3, are similar Consequently, both protocels give comparable
information on the potential source of “*Ra.

4. Conclusions

The results ocbtained by the Schulte modification of Tessier's
sequential extraction protocol (protocol 5) and the revised
BCE. protocol (protocol B) revealed that different activ-
ity concentrations of a partieular radionuelide could be ex-
pected to be found in comparable fractions. In particular,
systematically higher values could be found for all the three
radionuelides studied, ie. “*U, **Th and ®*Ra, for carbon-
ate fraction processed by protocol 5 and for Fe/Mn oxides
fraction processed by protocel B. For other frachions, the re-
sults are vanable and no such systematic trends could be
observed. The vanations could be atmbuted to different ax-

FRy Mre e pe

ar=trmes
O i
e
s o
CLEERY

Fig 8. Fegults of both ssquential
entraction proocols for sin sam-
pling sites; 5 - results for Schult

modification of Tessier saquential
38 B LB AR 18 5B B4 AR extraction protocel, B — BCR se-
- guential extraction protocel.

tractants and target frachions used by the two protocols. The
findings prove that the particular factions of each protocol
plied as alternatives in the same sudy.

Similar conchision could be drawn regarding fraction-
concenfrations obtzmed by the two protocols could be ex-
pected in the parbeular comparable extrachon frachons. The
most extreme case was ohserved for *Th in the orgamic
fraction, where the results for protocol B were 2 to 11 times
higher than for protocel 5. That was not the case for the
other two radionuclides, where activity concentrations in or-
game frachon were lower (*Ra) or equal (**U) compared
to protocol S. In the case of “*Ra it is interesting that all
the values were lower for protocol B except for the Fe/vin
omides fraction. 5o the frachonation studies wsing different
extzcton protocols are strongly element-dependant.

Compansen of the results regarding the sampling sites
showed that both protocols yeld comparable evidence (ex-
cept for ““Th m aite 1) n determining elevated total actmaty
concentrations of parficular radiomclides and in companng
the distnbufion profiles of contarmmated sites with the refer-
ence site 3. However, one should be careful in interpreting
the measwrement result: for specific fractions as thev are
maostly protocol dependent. Mevertheless, when considermg
the exchangeable, cartbonates, orgame matter and Fe/Mn
omides frachons a5 potentially mobile fracton, similar con-
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clusions about the potenfial sowce of the particular radiom-
clide could be derived by using either protocol as evidenced
by the specific case presented in thes paper.
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Radium-226 is one of the best known long-lived o-emitters abundantly present in the environment.
The determination of radium isotopes in environmental samples usually requires a demanding
chemical separation before measurement and quantification. Each step in the chemical separation
process can involve losses of the analyte, therefore it is of vital importance that the recovery of the
whole radiochemical procedure is evaluated. The emphasis of the work presented was determination of

a-particle spectrometry
y-ray spectrometry

the chemical recovery using the different yield tracers Ra-223, Ra-225 and Ba-133.

© 2009 Elsevier Ltd. All rights reserved.

There are four radium isotopes present in the natural decay
series: a-emitting Ra-226 in the uranium series, o-emitting
Ra-223 in the actinium series and B-emitting Ra-228 and
a-emitting Ra-224 in the thorium series. Radium-226 is one of
the most widespread o-emitters present in environmental
samples. The activity concentration of Ra-226 has to be
determined in order to evaluate its potential contribution to the
internal dose. Since Ra-226 is an o- and y-emitter, the most
frequently used analytical methods for its determination in water
samples are a-particle spectrometry, liquid scintillation counting
(LSC), the sorption-emanation technique and y-ray spectrometry.

Alpha-particle spectrometry in combination with radiochemi-
cal separation allows determination of very low activity concen-
tration of Ra-226. Direct measurement of isolated Ra-226
independent of any considerations of nonequilibrium due to loss
of gaseous intermediates can be performed (Lawrie et al., 2000).
Some simple and specific separation methods for radium have
been reported, but the preparation of sources of sufficient
spectrometric quality, which requires many chemical operations,
is difficult. Each step in the chemical separation process can result
in unavoidable losses of the analyte, therefore yield tracers must
be used to evaluate the chemical yield. For the preparation of the
thin sources for high resolution o-particle spectrometry electro-
deposition and/or micro-coprecipitation with rare earths are the
most often used methods.

In the case of Ra-226, several tracers such as Ba-133, Ra-225,
Ra-224 and Ra-223 were applied. Ra-224 (T,,=3.627d), which
occurs naturally as a descendant of the Th-232 decay scheme, is

* Corresponding author. Tel.: +386 15885347 fax: +38615885346.
E-mail address: ljudmila.benedik@ijs.si (L. Benedik).

0969-8043/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apradis0.2009.12.005

an g-emitter. Ra-225 (Ty,=14.8d), the first descendant of Th-229,
is a B- and y-emitter and it does not occur naturally (Crespo,
2000). Its v line at 40.09keV is rather intensive (P,=30.0%) and
allows its measurement with a low-level energy y-ray detector.
On the other hand, its immediate descendants (Ac-225, Fr-221,
At-217) are o-emitters and evaluation of the recovery is possible
via indirect measurement via At-217 at 7066.9 keV (P,=99.932%)
using ingrowth-decay équations. Ra-223 (Ty;;=11.4d) originates
from U-235, whereas Ra-226 is formed from dec,
the chemical properties of the progenitor nuclides are comparable
and the terrestrial activity ratio of U-235/U-238 is 0.047, the
conclusion would be that Ra-223 activity is very small compared
to Ra-226. The main « lines of Ra-223 lie in the range from 5433
to 5871keV with major o peak at 5716 keV, but are affected by
ingrowing Rn-222 (T,;,=3.8232d, E,=5489.48 keV, P,=99.22%).
Due to the short half-life of Rn-222 it is necessary to take the
contribution of Rn-222 to the Ra-223 o lines into account. When
using the o-emitting isotopic Ra-223 tracer, the chemical yield
can aiso be determined from Po-2i5 peak at 7386keV
(P,=99.99%), since equilibrium between Ra-223 and its descen-
dants is established immediately after separation. Po-215 does
not interfere with the peaks in the spectrum produced by
a-emitting radium radionuclides and the ingrowth of Rn-222,
Po-218 and Po-214. In addition, Ra-223 is also a y-emitter
(E,=154.7 keV, P,=5.7%) and evaluation of the recovery is possible
through its measurement by y-ray spectrometry. Ba-133 is often
used as a yield tracer for radium. In this case, the analyst should
be aware that experimental evidence has been reported that
barium does not exactly follow the chemical behaviour of radium
in all reactions. Sill (1987) demonstrated that Ra-226 and Ba-133
suffer from differences in quantitative chemistry, which could
culminate in an inaccurate calculation of the chemical yield.

The experimental design of our study was to evaluate the stages
of separation and thin source preparation by micro-coprecipitation,

S AF11.978 Cinca
y of U-238. Since




Priloga 1: Nadaljevanje

125

1z22 L Bemedik et ol | Applied Bodistion and botopes B8 (2010) 12211225

imvestigating the use of the tracers Ra-225, Ra-223 and Ba-133
for chemical yield evaluation for determination of Ra-226 by
a-paricle spectrometry. Determination of recovery was bazed on
¥ measurement of Ra-225, Ra-223 and Ba-133 at 40009, 1547 and
356.0keV, respectively. Direct measurement by a-particle spec-
trometry for Ra-2X3 and its descendant Po-215 immediately
after source preparation and indirect measurement of At-217 by
a-paricle spectrometry after approsimately three weeks can also
be applied.

2. Experimental

Water samples were collected in the vicinity of the former
uranium mine at Firovski vrh, $lovenia. Ra-226 standard solution
and tracer solutions (Ba-133, Th-224, Fa-231) used in the study
were prepared from calibmted solutions  purchased  from
Analytics, Inc. (Atlanta, GA, USA) and AEA Technology UK. Both
producers maintain traceability to the NIST.

21. Ismuments

An = spectrometer [ EGEG ORTEC ) with a passivated implanted
planar silicon (PIPS) semiconductor detector with an active area of
450mm”* and 28% efficiency for 25 mm diameter discs was used
fiar & specirometry measurements. The calibmation of the detector
was made with a standand radionuclide source, containing U-238,
U-234, Pu-239 and Am-241 (code: 67978-121), obtained from
Analytics, Inc. A low energy HF Ge detector was used for
measurement of y-emitting nuclides after microprecipitation
For evaluation of gamma spectra, the Hyperlab (3005%) program
was used.

22 Separarion techrigues

The preconcentration and sepamation method used for o
spectrometric determination of Ra-226 depends on source
prepam@tion (micm-coprecipitation ar electrodeposition), as well
as the use of an appmpriate racer. Test studies with a zingle
tracer and sounce preparation by micro-coprecipitation were done
previously

We determined the activity concentration of Ra-226 in the
selected water samples, where recoveries were evaluated using

Ba-133, Ra-225 and Ra-223 tracers. The analytical scheme was
adapted from Lozane (Lozano et al, 1997) Ba-133, Ra-22%
and Ra-223 tracers were used as a single acers or their
combination was used. The procedure is based on coprecipitation
of Ph{Ra)YBa)50. from acidified water samples. The precipitate
was dissolved, purified and finally mdium was micr-copredpi-
tated with BaS0s. The suspension was filtered through a 25 mm
0.1 pm polypropylene filter. The filter with BaS0s deposit was
mounted on a stainless steel disc and measured by «-particle
spectrometry for determination of Ra-226 and yield determina-
tion via Ra-223 and Po-215.

The yield was also evaluated using y-ray spectrometry of
Ba-133 at 3560 keV, Ra-225 at 400 keV' and Ra-223 at 1547 ke,
The filter was remeasured by =-particle spectrometry after o
weeks for determination of recovery via Ar-217.

If At-217 ( decay product of Ra-225) is used, it is important that
before adding R.a-225 tracer into the sample or during the sample
separation procedure, Th-ZX  and Ac-225 are selectively
removed. In our study we purified Ra-225% tracer before use, its
activity concentration has been determined by alpha spectro-
metry using standard radionuclide source to determine the
counting efficiency. The separation was performed using extrac-
tion { Horwitz et al, 1993 ) and cation exchange chromategraphy
(Cabell, 1959], a= described in the literature.

3 Results and discussion

Fig. 1 shows the v specorum of the isolated mdium isotopes
measured by a low-level HP germanium 7y detector when tracers
Ba-133, Ra-223 and Ra-225 in the same sample were used
Determination of recovery using Ba-133 is very simple. Ba-133
and Ra-226 have conveniently long half-lives of 1066 and
1600 yr, respectively. The y measurement of Ba-133 can be done
before or after = measurement. Furthermaore, since it is a pure
f- and y-emitter, there are no interferences in o spectrum of
radium mdionuclides. For calculation of recovery with Ra-22 3, the
¥ energy at 1547 keV was used. Ra-225 emits y rays at 40.0 ke
(P,=3000%) ‘When using s-emitting isotopic Ra-2X3 as a tracer,
the recovery can be determined from the Ra-223 peaks. Fig 2
shows = spectrum of a water sample of Ra-226 and Ra-223 and
their daughters. The measurement started immediately after
source preparation and the time of measurement was 20h. The
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Fig 1. y-ray specirum of isolabed Fa isoibpes, whene Ba-133, Th-Z3 and Ra-273 tracers were added.
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ingrowth of Rn-222 in 20h is more than 105 In the case of
recovery evaluation via At-217, the waiting time between
source  preparation and @ spectrometric  measurement  of
At-217 is approximately three weeks, at which time the At-217/
Ra-X% ratio atfains its maximum. In the calculation it is
necessary to take into account the time of preconcentration
of adium, the starting time of measurements, the duration
of measurements, as well as ingrowth of At-217 and decay of
Ra-225 during the measurement Fig. 3 shows @ spectrum of
separated radium isotopes measured three weeks after source
preparation.

The results with corresponding uncertainties for the determi-
nation of the activity concentration of Ra-228 in water samples

samples and Ba-133, Ra-223 and Ra-225 in standard sources were
used. A detailed description of the uncertainty budget calculation
for determination of Ra-22 6 activity concentration inwater, when
mecovery is determined by -y spectrometry, was given by
Spasova et al. (2007] In the case of determination of recovery
with Ra-223 and Ra-225, their decay during sample preparation
and measurement must be taken into account. When recoveries
were determined by c-particle spectrometry via Po-215 from the
well-resolved =« peak at 7386 keV, the recoveries were caloulated

SE04.00
Enesgy (kel)

Fig 3. a-paracie spectum of isolated radium isotopes wher Ra-Z25 was added.

TETEI

acconding to Eq. (1):

-1
R 7@1&?{%’[[&_& 'h'—e"“-'"‘“']} x 100 1))
where is P a net area of Po-215 in the sample; ,is a time of the
beginning of the separation where we know the activity As of
added Ra-223; myy is a mass of added Ra-223 tracer; &4, & an
efficiency of detector; A is adecay constant of Ra-223; r; and r, are
the time of beginning and end of measurement, respectively.

When recoveries were determined by z-particle spectrometrny
via Ar-217 from the well-resalved peak at TO56.9 keV the recovery
was calculated according to Eq. (2):

obtained using various tracers are presented in Tables 1-3. When R Pld;—45)

recoveries were determined by y-ray spectrometry. relative - .

measurements based on the comparizon of the measured peak g% it 1 -

areas of the Ba-133, Ra-223 and Ra-225 tracers in the water x«{z[e““'“"""—e"‘-'“""']—E[é"‘-"‘"“"'—é"{"‘"“"]} = 100

@

where is P a net area of At-217 in the sample; 1z is a time of the
beginning of the separation where we know the activity As of
added Ra-225; m,y is a mass of added Ra-225 tracer; g4, is an
efficiency of detector; 4; is a decay constant of Ra-225; iy is a
decay constant of Ac-225; 1 and £y are the time of beginning and
end of measurement, respectively.
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Table 1
Comparison of the results for Ra-226 obtained using Ba-133, Ra-223 and Ra-225 tracers, in the same water samples in mBq/L.*
Sample Ba-133 Ra-223 Ra-225
Recovery (%) Ra-226 (mBgq/L) Recovery (%) Ra-226 (mBq/L) Recovery (%) Ra-226 (mBq/L)
1 702+28 1887 +193 776+29 1707 +157 73.5+32 1802 + 143
2 712+3.0 1019 + 146 79.4+4.1 914+ 134 769+2.9 943 +130
3 833132 318+44 87.6+3.5 302 +40 87.1+3.6 304 + 41
4 68.8+3.0 242 +35 80.1+3.4 208 +29 751439 222 +31
5 328+23 203+19 36.7+2.0 180+£17 326+28 204 +25

2 Uncertainty values reported as combined uncertainty expanded by a coverage factor k=2.

Table 2
Comparison of the results for Ra-226 obtained using Ba-133, and Ra-223 tracers in
the same water samples in mBq/L.*

Sample Ba-133 Po-215

Recovery (%) Ra-226 (mBq/L) Recovery (%) Ra-226 (mBgq/L)

6 60.2 +3.6 245+23 744435 199 +18
7 75.0 +6.0 439 +50 93.0+7.0 375 +41
8 57.0+35 883 +130 64.4+4.2 7814111
9 90.0+7.0 1555 + 60 100.0 +3.0 1404 + 40
10 74.0+4.0 3080 + 120 94.0+8.0 2462 +120

2 Uncertainty values reported as combined uncertainty expanded by a
coverage factor k=2.

Table 3
Comparison of the results for Ra-226 obtained using Ba-133, and Ra-225 tracers in
the same water samples in mBq/L.*

Sample  Ba-133 At-217

Recovery (%) Ra-226 (mBq/L) Recovery (%) Ra-226 (mBg/L)

11 779+3.8 220 +21 87.5+4.0 196+ 18
12 64.7+3.2 225423 89.0+7.9 185+21
13 39.4+39 315+32 489+53 254426
14 75.0+3.2 387435 87.5+3.8 332429
15 81.1+3.2 674 +57 86.9+8.4 629 + 60
16 91.7 +3.1 764 + 64 996 +10.3 703 + 68
17 572429 817 +111 643 +3.6 726 + 100

2 Uncertainty values reported as combined uncertainty expanded by a
coverage factor k=2.

The main causes of uncertainties in determination of recovery
by o-particle spectroscopic measurements via Po-215 and At-217
are peak areas of Po-215 and At-217, efficiency of the detector,
activity and mass of added tracers.

In Table 1 results are presented, when Ba-133, Ra-225 and
Ra-223 were added to the same sample. The source was
measured by y-ray spectrometry for evaluation of recovery by
measurement of Ba-133, Ra-225 and Ra-223 and o-particle
spectrometry for determination of Ra-226. From the results it is
evident that slightly lower recoveries are always obtained with
Ba-133 tracer than those evaluated with Ra-225 and Ra-223.
The results for Ra-226 are higher when recovery was calculated
from Ba-133. The recoveries obtained were more than 10%
higher than when calculation via Po-215 was made. Also in the
case when the tracers Ba-133 and Ra-223 were added to the
same sample (Table 2), the obtained results show similar
pattern. Table 3 shows the results obtained when the recovery
was evaluated with Ba-133 and indirect measurement of At-217.
For this study we purified the Ra-225 tracer, since Th-229 and
Ac-225 cannot be selectively removed during the sample
separation procedure.

4. Conclusion

Recoveries obtained when the tracers Ba-133, Ra-225 and
Ra-223 were measured by y spectrometry are comparable. The
differences in the recovery when Ba-133 or radium tracers
(Ra-225 and Ra-223) are used were less than 10%. But all the
measurements showed that the recovery is lower when Ba-133
was used for its evaluation, as also reported Lozano et al. (1997).
Reported yield ratio Yga.226/Ypa-133 = 1.04 with a typical uncer-
tainty of 8% is comparable with our values for yield ratios of
YRa-223/Ypa-133 (1.03 + 11.7%) and Yra-225/Ypa-133 (1.02 +11.7%).

Evaluation of the o spectra and the results of yield determina-
tions from the well-resolved Po-215 peak at 7386 keV showed
deviation between the Ra-223 and Po-215 peak areas. Due to
ingrowth of Rn-222 during the time-consuming measurement it
is only possible to use the Po-215 peak for calculation of recovery.
Yield ratio Yra.223/Ypa-133 obtained shows the value (1.17 + 8.5%).

On the other hand, it is necessary to note that Po-215 is the

progenitor of Rn-219 and it is possible that Rn-219 emanation
from the source occurs. The same range of difference was found
in the case of determination of recovery via At-217. Yield ratio
YRa-225/Yga-133 Obtained shows the value (1.17 +11.4%). It is
important to point out that Ra-225 does not exist in the natural
environment and that its decay does not produce radon.

The main purpose of our study was to compare the results of
activity concentration of Ra-226 in water where Ba-133, Ra-225
and Ra-223 tracers would be used for evaluation of the overall
recovery. The results obtained showed that the activity concen-
trations of Ra-226 are within measurement uncertainties for all
tracers used. A lower recovery was always found when Ba-133
was used. The use of Ra-223 and Ra-225 is also possible, but due
to their short half-lives, their decays should be taken into account,
as well as the ingrowth of their decay products.
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Discussion:

Q(Christian Hurtgen): What did you take for the time of
measurements?

A(Ljudmila Benedik): In some cases we measured more than
20h; we measured up to 100 h.

Q(Pierino De Felice): On the basis of your experience in this
work, can you comment on the use of a stable barium as a carrier
for radium?

A(Ljudmila Benedik): We checked the amount of stable barium
in the samples. We added as a carrier barium, but barium is also
present in all our samples because as | said we collected this
water in the surroundings of a former uranium mine and in some
cases it was also the wastewater so this water also contained
barium.

Q(Dirk Arnold): I would like to come again to the point of
barium 133 as a tracer. You mentioned the differences. And now
again to your conclusions or recommendations: Would you say
that it is an appropriate method to use barium 133 as a tracer or
with respect to your result would you more recommend the use of
radium 225 or 223 as a tracer?

A(Ljudmila Benedik): So if you ask for my personal opinion, the
best way is barium. I prefer barium 133. But on the other hand 1
think that radium 225 is also an appropriate tracer because it is
not complicated; just add thorium 229. But the problem occurs if
you want to measure with y-ray spectrometry. Then the activity
must be higher and then in the case of a-particle spectrometry,
the in-growth of actinium from radium 225 could be the problem.
The tailing of actinium could overlap the radium 226.
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Natural radionuclides in milk from farms in the vicinity of a former uranium mine Zirovski vrh in Slove-
nia, from a farm on the reference location, in powdered milk purchased from Ljubljana shops and in milk
intended for infant food, were determined. In the milk samples, 238U, 24U, ??°Ra, 2'°Pb and ?'°Po were
determined. After sample preparation, radiochemical separation and preparation of counting sources,
238J, 2341, 226Ra and 2'°Po were measured by alpha spectrometric system equipped with passivated

implanted planar silicon detectors (PIPS) and 2'°Pb by a gas-flow proportional counter. Activity concen-
trations varied from 0.009 to 0.354 Bq/kg dry weight for 238U, 0.019-0.177 Bq/kg dry weight for 234U,
0.041-0.110 Bq/kg dry weight for 226Ra, 0.290-0.652 Bq/kg dry weight for 2'°Pb and 0.055-0.611Bq/kg
dry weight for 219Po. Assessed combined annual effective doses per unit of intake were from 8.7 to
13.0 uSv/year for adults and from 195 to 648 uSv/year for infants.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Milk is one of the basic foodstuffs for many people, especially
for infants. Radionuclides come into cows and consequently in milk
through cow’s food. In the areas with higher natural radioactivity
levels, like in the area of the former uranium mine Zirovski vrh
in Slovenia, one could reasonably expect higher activity concentra-
tions of natural radionuclides in milk than in other areas. Man made
radionuclides such as %°Srand '3'[, which can be released due to dif-
ferent human activities can also come into milk and consequently
increase the radiation dose for humans.

Natural radionuclides of concern in the area of uranium mine
are long-lived radionuclides 238U, 234U, 230Th, 226Ra, 21°Pb and
210pg, With except of 21°Po and 234U all of these radionuclides can
be determined by gamma spectrometry although determinations
are sometimes difficult because of low emission probability (2*3U.
230Th), low gamma ray energy (2!°Pb) and problems with the deter-
mination via decay products or via peak subtraction (*2°Ra). With
except of 219Pb, which is beta emitter, all others radionuclides are
alpha emitters and can be determined by alpha spectrometry which
requires previous radiochemical separation. In addition, 210pp can
be determined by low background proportional counter, which also
requires previous radiochemical separation.

In the past, natural radionuclides in milk from the vicinity of
the former uranium mine Zirovski vrh were determined by gamma
spectrometry and values found were below the detection limit
(Omahen et al., 2006). Measurements included 22°Ra and 2'°Pb and

* Corresponding author.
E-mail addresses; Marko.Strok@ijs.si (M. Strok), Borut.Smodis@ijs.si (B. Smodi3).

0029-5493/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.nucengdes.2010.03.035

results were <0.03 Bq/kg fresh weight for 226Ra and <0.2 Bq/kg fresh
weight for 219Pb (Omahen et al., 2006). As consequence, effective
ingestion doses could not be assessed properly as the detection
limits, which were higher than the actual activity concentrations,
are used for dose calculations in annual monitoring reports for the
mine.Inaddition 2!°Po, although having one of the highest commit-
ted effective dose per unit of intake by ingestion and consequently
contributing substantially to the effective dose due to milk con-
sumption, has not been measured in the past. 210pg js a pure alpha
emitter and therefore it can be determined only by measurement
of alpha particles. Radiotoxicity of 219Pg is connected with the fact
that it emits alpha particles with relatively high energy of about
5.3MeV and that it is concentrated in the soft tissues, such as mus-
cles, livers and others. Radiotoxicity of other natural radionuclides
are also connected with the fact that they are alpha (238U, 234U,
226Ra) or beta (21°Pb) emitters and that they can be also concen-
trated in the different parts of the human body.

In our study 238U, 234U, 226Ra, 219Po and 2'°Pb were determined
in milk samples with the help of the radiochemical separation fol-
lowed by the measurements with alpha spectrometry or a gas-flow
proportional counter. These methods have about 10 times lower
detection limit as gamma spectrometry and allows more accu-
rate determination of radionuclides of interest. Consequently, this
allows for more proper assessment of ingestion doses due to milk
consumption.

The aim of the study was to compare selected radionuclide
activity concentrations in milk samples from the farms near to the
former uranium mine Zirovski vrh with a sample from the reference
location. In addition, these activity concentrations were also com-
pared to the powdered milk samples which are used for infant diets
and were bought in Ljubljana shops. Afterwards, combined annual

(2010), doi:10.1016/j.nucengdes.2010.03.035
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Nomenclature
a activity concentration (Bq/kg dry weight)
Eing annual effective ingestion dose due to particular

radionuclide in Sv/year

h(g)ing committed effective dose per unitof intake by inges-
tion (Sv/Bq)
m annual intake of milk for certain group of individuals

(kg/year)

effective ingestion doses were calculated for adults and infants and
radionuciides, which contribute the major part to the dose, were
identified.

2. Experiment
2.1. Sampling and sample preparation

Four milk samples from the farms near to the former uranium
mine Zirovski vrh and one milk sample from the reference loca-
tion was collected by the company Rudnik Zirovski vrh, which is
responsible for the closure of the uranium mine. The volume of
each collected milk sample was about 5L. In addition, four pow-
dered milk samples, which are used for infant diets were purchased
inashop in Ljubljana. One of the purchased powdered milk samples
was from Slovenian Dairy Pomurske mlekarne with no additives.
The other three powdered milk samples were intended for infant
food and were produced by the Hipp company from Gmunden in
Austria. These products were from organic production and differed
in their composition according to the infant age. The Hipp PRE is
intended for food for newborns from first day up to 6 months, the
Hipp 2 for infants from 6 to 10 months and the Hipp 3 for infants
after 10 months of age. Ingredients of the Hipp infant diet are
skimmed milk, vegetable oils, lactose, starch, sweet whey powder
partially demineralised (all from organic production) and calcium
chloride, vitamin C, calcium hydroxide, iron lactate, zinc sulphate,
niacin, vitamin E, pantothemic acid, copper suiphate, folic acid,
vitamin K, vitamin A, potassium iodate, vitamin Bg, vitamin By,
manganese sulphate, sodium selenite, biotin and vitamin D.

Milk samples were weighed and then evaporated at 60 C
until dryness and again weighed in order to determine the wet
weight/dry weight ratio. Evaporation of milk samples was per-
formed at the Department for low and intermediate energy physics,
JoZef Stefan Institute. Samples were sealed in plastic bags and
stored into the refrigerator until analysis.

For the determination of 238U, 234U and 225Ra, samples were
ashed at 650 “C for 4 h in order to eliminate organic matter and to
reduce the sample size. This was not the case for the determination
of 21%Po and 2'°Pb due to their potential volatilization at higher
temperatures.

2.2. Radiochemical separation of 38U, 234U and 226Ra

All samples were analysed in duplicates. To the 3 g of ashed
milk sample, known activities of 232U and '*3Ba were added in
order to trace chemical recovery of the radiochemical separation.
Activity concentrations of both tracers were traceable to SI units.
After that, sample was digested with 4mL HNO3 and 4 mL HCl and
then evaporated until incipient dryness at 200°C. Then 2mL of
H,0, was added and sample again evaporated until incipient dry-
ness. After that, the sample was dissolved in 2mL HNO3 and 10 mL
of deionised water and filtered through black ribbon filter paper.
Radium and barium were precipitated with addition of 2 mL H2504
and 1 ml Pb carrier (50 mg/mL Pb2*). After 30 min, sample was cen-

trifuged and supernatant with uranium was decanted and stored
for uranium separation. Precipitate with radium and barium was
further washed with deionised water and centrifuged until neu-
tral pH was achieved. Then the precipitate was dissolved and Ra
was microprecipitated using principles described in Lozano et al.
(1997). To the precipitate, 4mL of 0.1 M EDTA/0.5M NaOH were
added and precipitate was shaken until complete dissolution. After
that, 0.3 mL 0.3 mg/mL Ba2* carrier, 1 drop of pH indicator, 2 mL of
1:1 acetic acid, 4mL of saturated solution of Na;SO4 and 0.3 mL
of 0.125 mg/mL BaSO4 were added in order to microprecipitate
radium as Ba(Ra)SO4. After 30 min, sample was filtered through
a 0.1 wm filter, which was then glued onto an Al disc in order to
prepare counting source for alpha spectrometric measurement.

To the supernatant, which was decanted for uranium separa-
tion, ammonia was added until alkaline pH was achieved. Then five
drops of 5 mg/mL Fe?* was added in order to coprecipitate uranium
with iron hydroxides. After 30 min, sample was centrifuged, super-
natant was discarded, precipitate washed with deionised water
and again centrifuged until neutral pH was achieved. Then the pre-
cipitate was dissolved with 3M HNO3/1 M AI(NO3)3 and solution
poured through the UTEVA separation column. which was previ-
ously washed with 5mL of 3M HNOs. After pouring the sample,
centrifuge tube was washed twice with 2mL 3M HNOs3 and the
washing was transferred onto the separation column. This process
was followed by another 6 mLof 3 M HNO3 was transferred onto the
column. After that, the column was washed with consecutive addi-
tion of 2mL 9M HCl and 20 mL 5M HCl/0.05 M oxalic acid. Eluates
from all prior steps were discarded and uranium eluted with 15 mL
1M HCi. Uranium was microprecipitated with addition of 0.1 mi
0.5mg/mL Nd3*, 1 mL of 15% TiCl3 and 1 mL HF. Then the sample
was placed for 30 min on ice bath and after that filtered through a
0.1 wm filter, which was prior to filtration conditioned with 10 mL
of 5 wg/mL NdF3 substrate solution. After filtration, counting source
for alpha spectrometry was prepared with mounting the filter onto
an Al disc.

2.3. Radiochemical separation of 2°Po

Ali sampies were anaiysed in dupiicates. To the i5g of pow-
dered or dried milk sample, known activity of the Po-209 tracer was
added in order to determine chemical recovery of the radiochemical
separation. Activity concentration of Po-209 tracer was traceable
to SI units. Sample was transferred into the Erlenmeyer flask and
digested with 30 mLHNO3 and 5 mLHClat 200 - Cfor 1 h. During the
digestion period, the flask was covered with a watch glass. After the
digestion, the solution was cooled down, watch glass was removed
and the solution evaporated to dryness at 100 *C. Then 10 mL H,0,
and 1 mL HCl was added to the dried residue and again evaporated
until dryness at 100 C. After that 10 mL HCi was added and evapo-
rated until dryness at 100 C. Then 5 mL H,0, was added and again
evaporated to dryness. This was followed with addition of 1 mL
HCl, 15 mL of deionised water and 1 g NH,OHHCI. Finally the sam-
ple was cooled down, filtered through the black ribbon filter paper
and diluted to 100 mL with deionised water. After that the count-
ing source was prepared with spontaneous deposition of Po onto a
copper disc for 4 h at 80 °C. At the end of the Po spontaneous depo-
sition, the copper disc was washed with deionised water and dried
on the air.

2.4. Radiochemical separation of 2'°Pb

All samples were analysed in duplicates. To the 100g of pow-
dered or dried milk sample 25mg Pb?* was added in order to
trace chemical recovery of the radiochemical separation. Mass of
the added Pb%* was traceable to SI units. Then 200 mL HNO3 and
40 mL HCl were added and sample was heated up to 200 -C for 1h

(2010), doi:10.1016/j.nucengdes.2010.03.035
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Fig. 1. Activity concentrations of the analysed radionuclides in milk samples (Pom. mlek. is the abbreviation for Pomurske mlekarne).

in order to digest the sample. After cooling to the 100°C, 20 mL
H,0, was added and further digested for 1 h at the same tempera-
ture. Then the sample was cooled down and filtered through the
black ribbon filter paper. After that, the filtrate was evaporated
until incipient dryness at 100 *C. The dried residue was dissolved in
100 mL 2 M HCI and filtered through the black ribbon filter paper.
210ph was separated from other radionuclides according to Tav€ar
and Benedik (2002). Filtrate was introduced onto the Eichrom Sr
resin separation column, which was previously rinsed with 100 mL
2 M HCI. After pouring the sample, column was washed with 90 mL
2M HCl and consecutive addition of 60 mL 6 M HNOs. All eluates
until now were discarded. Pb was stripped from the column with
addition of 90mL 6 M HCI. The eluate was collected in a beaker
and the solution was evaporated until incipient dryness. The sam-
ple was then dissolved with 40 mL of deionised water and 3 mL
of H,S04 was added in order to precipitate lead as PbSO4. After
1 h sample was centrifuged, supernatant discarded and precipitate
washed with deionised water until neutrai pH was achieved. After
that, precipitate was transferred onto a counting planchet and dried
under the heating lamp. Radiochemical recovery was determined
by weighing the precipitate.

2.5. Measurements

Uranium isotopes and 2'°Po were measured by an alpha spec-
trometry system equipped with PIPS detectors. Results were
corrected for chemical recovery, which was determined with help
of the added 232U tracer for uranium isotopes and 2°Po tracer
for 219Po. Chemical recovery for 226Ra was determined via gamma
spectrometric measurement of '33Ba and 2?°Ra was measured by
the same alpha spectrometry system as in case of uranium and
polonium. 219Pb was measured onto a low background gas-flow
proportional counter previously calibrated as described in Strok et
al. (2008). Chemical recovery for 2'°Pb was determined via weigh-
ing the PbSO, precipitate. All results were corrected for blanks.
Blanks were prepared following the same radiochemical separation
procedure as for samples.

3. Results and discussion

3.1. Activity concentrations of analysed radionuclides in milk
samples

Results for the analysed radionuclides are presented in Fig. 1 and
Table 1 with combined standard uncertainties with coverage factor

k=1.Fig. 1 shows activity concentration of particular radionuclide
for particular sample. Radiochemical recoveries were in the range
47-86% for uranium isotopes, 36-81% for 226Ra, 21-43% for 21°Pb
and 47-85% for 219Po. Milk samples 1-4 are from the farms near to
the former uranium mine Zirovski vrh and milk sample 5 from the
reference location. The highest activity concentrations (a) of 238U
and 234U were found in powdered milk sample from the Pomurske
miekarne Cldlly and iowest in the K )dlllpl: 5 from the
ence location. Activity concentration of 226Ra was in the range from
0.041Ba/kg dry weight for the powdered milk sample from the
Pomurske mlekarne dairy up to 0.110Bq/kg dry weight for milk
sample 2. The lowest activity concentration of 2'°Pb was found in
Hipp 3 infant diet (0.290 Bq/kg dry weight) and the highest in Hipp
PRE infant diet (0.652 Bq/kg dry weight). 2'°Po activity concentra-
tions were in the range from 0.055Bq/kg dry weight for Hipp PRE
up to 0.611 Bq/kg dry weight for the milk sample 2.

The average 234U/2*8U ratio for milk samples 1-4 and pow-
dered miik from Pomurske miekarne is about 0.56, which is not
the case for the Hipp samples, where it is about 1.25. 234U is a
decay product from the 238U decay chain and usually it is supposed
that under undisturbed and steady conditions, they are in a sec-
ular radioactive equilibrium. However, the so-called recoil effect
can cause disruption of equilibrium in soil and water (Bourdon et
al., 2003; Adloff and Rossler, 1991; Suksi et al., 2006). This effect is
evidenced by reduced 234U/238U ratio within the observed particle
and increased ratio in its environment. This would mean that if this
effect is present, ratios higher than 1 can be expected in water and
the ratio of about 1 if this is not the case. Consequently, plants that
take up such water could have ratios which are higher or equal to
1 and similar could hold for cow's milk. However, it is not possible
to attribute ratios that are substantially lower than 1 to this effect.
Consequently recoil effect cannot explain *4U/2*8U ratio for milk
samples 1-4 and powdered milk from Pomurske mlekarne. There-
fore, further research is needed in order to identify reason for low
2341238 ratios observed in some milk samples.

Interestingly, 2'°Po activity concentrations for all Hipp infant
diet samples are substantially lower than 2!°Pb activity concen-
trations, which is not the case for other samples where, taking
into account uncertainties, activity concentrations of these two
radionuclides are similar. The reason for that difference is not evi-
dent. Namely, 21°Pb decays into2'°Bi and then into 2!°Po. Relatively
short half lives of 219Bi and 2'°Po (5 and 138 days, respectively)
would mean that if there would be difference in uptake of >'°Pb
and 219Po, this should be evident from the results from milk sam-
ples 1-5, which were collected directly from farmers and therefore,

(2010), doi:10.1016/j.nucengdes.2010.03.035
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Table 1

Results of analysed radionuclides in milk, powdered milk and infant diet samples with combined standard uncertainties (k=1).

Sample Fresh weight/dry weight a(Bq/kg dry weight)
7y 7y MRa 210pp 20pg
1 86 0.139 + 0.009 0,075 + 0.006 0.094 + 0.008 0.492 + 0.118 0.347 = 0.021
2 94 0.195 + 0.012 0.115 + 0.009 0.110 + 0.008 0.522 + 0.075 0.611 = 0.039
3 75 0.107 + 0.008 0.067 + 0.006 0,085 + 0.006 0454 +0.117 0.490 + 0.030
4 73 0.116  0.007 0.064 + 0.005 0.091 + 0.007 0.388 + 0.122 0.285 + 0.014
5 78 0.009 + 0.002 0.019 + 0.003 0.094 + 0.007 0345 £0.113 0.239 + 0.021
Pomurske mlekarne - 0.354 + 0.023 0.177 £ 0,015 0.041 + 0.004 0.605 + 0.148 0.467 + 0.057
Hipp PRE - 0,071 =+ 0.008 0.087 + 0.009 0.063 + 0.010 0.652 % 0.111 0.055 + 0.006
Hipp 2 - 0.066 + 0.008 0,091 + 0.010 0,062 + 0.008 0312+ 0.162 0.070 = 0.010
Hipp 3 - 0.065 + 0.007 0.074 + 0.008 0,057 + 0.008 0.290 + 0.165 0.082 = 0.011
time to establish secular radioactive equilibrium was too short. Table 3

More likely, the reason for this discrepancy could be that 21°Pb is
present in some of the additives, which are not old enough that sec-
ular radioactive equilibrium could be achieved or that milk drying
and reprocessing removes polonium from the powdered milk.

22 Asspssmont
3.2. Assessment

radionuclides in milk

For calculation of the annual effective ingestion dose due to
radionuclides in milk, Eq. (1) was used.

Eing = h(g)ingam (1)

...... e Ei is the annual effective ingestion dose due to particu-
lar radionuclide in Sv/year, h(g)ing is committed effective dose per
unit of intake by ingestion in Sv/Bg, a is activity concentration of a
particular radionuclide in the sampie in Bqjkg dry weight and m is
the annual intake of milk for certain group of individuals in kg/year.
For the calculation, data from Tables 1 and 2 were used. Committed
effective dose per unit of intake by ingestion were from the Offi-
cial Gazzete of the Republic of Slovenia (2004) and are consistent
with the IAEA International Basic Safety Standards (IAEA, 2003).
Annual effective ingestion doses were calculated for adults (average
of the samples 1-4 and sample 5) and infants (average of the sam-
ples 1-4, sample 5, powdered milk from Pomurske mlekarne and
Hipp infant diet). Annual effective ingestion dose due to milk con-
sumption strongly depends on the milk consumption. In our study
mass of the milk consumed by the adults was 122 kg fresh weight
(Omahen et al., 2006). Mass of the milk consumed by the infant for
Hipp infant diet was calculated according to the instructions on the
products and it was 22.4 kg dry weight for Hipp PRE (from birth to
the 6 months), 10.8 kg dry weight for Hipp 2 (from 6 to 10 months)
ry weight for Hipp 3 (from 10 to 12 months). Effec-
n doses of the three products were summed in order
to obtain annual effective ingestion dose. In order to obtain compa-
rable results, mass of the powdered milk from Pomurske mlekarne
diary was calculated as sum of all Hipp products and was 36.8 kg
dry weight. This mass correspond to the 294.5 kg of fresh milk sam-
ples 1-4 and milk sample 5, which was used for the calculation of
the annual ingestion dose for the infants for that samples.

Table 2
Committed effective dose per unit of intake by ingestion for adults and infants
(Official Gazette of the Republic of Slovenia, 2004).

Radionuclide h(g)ing (SV/Bq)
Adults Infants (<1 year)
78y 45x10 % 3.4x10 7
2y 49x10 * 37x10 7/
2°Ra 28x10 7 47x10"
210pp 69x10 7 84x10°
210po 12x10° 26x10°

Combined annual effective ingestion dose per unit of intake for all radionuclides for
adults and infants.

Einy, (pSv/year)

Adults; 1-4 13.0+ 1.7
Adults; 5 87+ 16
Infants; 1-4 562 + 74
Infants; 5 363 + 66
Infants; Pomurske mlekarne 648 + 98
Infants: Hipp 195 + 40
14
12
10
I
-8 PP, {mu22 |
= |
73 |mRa-226|
= loPb-210}
e {@Po210]
4
2
0

Aduts 14

Fig. 2. Effective annual ingestion doses for particular radionuclides for adults.

Results of the dose calculations are presented in Table 3 and
Figs. 2-4.Fig. 2 shows effective annual ingestion doses for particular
radionuclides for adults and Fig. 3 effective annual ingestion doses
for particular radionuclides for infants. Fig. 4 shows contribution

650
&0
500
450 ’
a0 U233
i
- ‘P:-zw
20 jorb
oPo-210
0 210]
150
100
50
0
Infants 14 Infarts 5 Infants Pomurske  Infants Hipp
miekame

Fig. 3. Effective annual ingestion doses for particular radionuclides for infants.
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Fig. 4. Contributions of particular radionuclides to the combined effective annual
ingestion dose.

of particular radionuclide to the combined effective annual inges-
tion dose for different analysed samples. Combined annual effective
ingestion dose for adults consuming milk from the vicinity of the
former uranium mine Zirovski vrh (samples 1-4) is 4.3 pSv/year
higher than for adults consuming milk from the reference site (sam-
ple 5). This is due to higher 21°Pb and 2°Po activity concentrations
in samples 1-4. However, for infants, the highest combined annual
effective ingestion dose was calculated for powdered milk sample
from the Pomurske mlekarne diary (648 p.Sv/year). The lowest dose
was calculated for the Hipp diet (195 pSv/year). Reason for that is
y concentration found in the latter samples.

Fig. 4 shows contribution of particular radionuclide to the com-
bined annual effective dose, expressed in percent. It is evident that
210pg annual effective dose represents from 50 up to 70% of the
combined dose for all samples except for Hipp diet. This is clear
evidence of importance of the 21%Po determination for any dose
assessment involving natural radionuclides. From Fig. 3 it is also
evident that only two radionuclides (21°Pb and 2'9Po) are respon-
sible for more than 90% of the combined annual ingestion dose due
to milk consumption.

4. Conclusions

Results of our study showed that levels of measured radionu-
clides in milk from the area of former uranium mine Zirovski

vrh are comparable to the reference location, with excep-
tion of uranium; activity concentration of uranium was lower
at the reference location. Combined annual effective ingestion
dose for adults was higher in milk from the area of former
uranium mine Zirovski vrh (13.0+ 1.7 uSv/year) than in milk
from the reference location (8.7 +1.6uSv/year). On the other
hand, the highest combined annual effective ingestion dose
for infants was found for the powdered milk sample from
Pomurske mlekarne diary (648 +98 uSv/year). Main contribu-
tors to the combined annual effective ingestion dose are 2!°Po
and 219Pb, which are responsible for more than 90% of the
dose.
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Abstract The impact of a U-mill tailing on radionuclide
accumulation by plants was assayed. In particular, a pre-
liminary screening of *2°Ra, **U and 2Th in Marsh
marigold (Caltha palustris L.), soft rush (Juncus effusus L.)
and Tall Moor grass (Molinia arundinacea (L.) Moench)
grown in a marsh habitat is presented. Activity concen-
trations for the studied radionuclides and their transfer
factors for the particuiar piants are shown and discussed.

Keywords U - 226Ra - 2**Th - Uranium mine - Plants -
Accumulation

Introduction

Uranium mines tailings are one of the important sources of
natural radionuclides from U-decay chain in the environ-
ment. The uranium mine at Zirovski vrh in Slovenia has
two tailings sites with U-mill tailings deposited on the
Borst and red mud on the Jazbec site. Tailings from the
Borst site contain 995 + 80 Bq kg ™' d.w. of U, 8630 +
340 Bq kg~' of *2°Ra and 3930 + 580 Bq kg™' d.w. of
230 [1]. Transfer of the three radionuclides from that site
to the surrounding environment is probable due to flow of
seepage waters from the tailings pile. Radionuclides are
first bound by the soil particles and subsequently taken up
by organisms [2]. Several studies confirmed accumulation
of U (3, 4] and Ra [5-7] in plants, while accumulation of
Th is known to be less effective [8]. U is most often
accumulated in roots and less in shoots [9]. The uptake of
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tiand piants

Ra is supposed to be similar to the uptake of Ca due to their
similar chemical activity [10, 11]. The accumulation of
radionuclides in plants may pose risk to humans and her-
bivore animals due to ingestion. Evaluation of radionuclide
transfer through a soil-plant system is therefore important
for better radiological risk assessment.

The aim of thi dy was preliminary screening of 8y,
220Ra and **Th accumulation by Tall Moor grass (Molinia
arundinacea (L.) Moench), Marsh marigold (Caltha
palustris L.) and soft rush (Juncus effusus L.), grown on a
small marsh area continuously flooded by tailings seepage
waters.

Materials and methods
Study location

The uranium mine at Zirovski vrh operated from 1985 to
1990 and about 600,000 tons of U-ore were processed
during that period. The U-mill tailings with high activity
concentrations of >**U, >**Th and ?*°Ra were disposed at
the Borst site. The sampled plants (J. effusus, C. palustris
and M. arundinacea) were grown on a small marsh (mark 2
on Figs. 1, 2) which was created downwards the disposal
site (mark 1 on Fig. 1). The marsh lies outside of the
controlled area and is constantly flooded by tailings seep-
age waters.

Sampling and sample preparation
The plants (J. effusus, C. palustris and M. arundinacea)
grown on contaminated marsh (Fig. 2) were taken in July

2009 from the whole marsh area at places with sufficient
vegetation cover. The contaminated marsh was located
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Fig. 1 Air picure of Bordt wilings pik and contaminaed marsh
{latimde = 45050740, alimde = 14°10°52.15")

% =

Fig. 2 Contaminated marsh

some tens of metres distant from a talings pile. Grasses, soft
mush and marsh marigolds were taken as composite samples
(composed of about 200 plants) from one location. The
grasses were in the vegetative stage, while some plants of
soft rush and mursh marigolds were already in the flow ening
stage. The control plants, which also represented a com-
posite sample (about 200 plants of each plam species) were
taken from the marsh in the vicinity of Ljubljana, the capital
of Slovenia, About 50 individual plants for each plant
species were used for alpha spectrometnc measurements,
Soil samples wemne taken from two places of the rooting
ane (A cm). The two sumples taken wene appmximately
5 meters apant from each other. One sample of seepage
tailings water (20 L) was tuken at the same site.

The plants of marsh marigold were separated on stems
and leaves. In case of grasses and soft rush the whole
aboveground parts were taken. The roots were not analysed
due to low amount of samples. The plant samples were first
air dried and than for two days in an oven doed at 80 °C.
The dried samples wen milled with a rotor speed mill and
than ashed at 650 °C. Soil samples were dred at 60 °C,
sieved through 2 mm sieve and than ashed at 650 °C.

ﬁ_._ Springer

Determination of radionuchdes by alpha spectrometnic
LS Urements

Plant and soil samples

Determination of Z“Ra, **U and *Th mdionuclides in
plants and  soils  comprised radiochemical  separation
followed by alpha spectrometric measurement. About 0.5 g
of ashed samples, together with 2 g of NayO; and 2 g of
May 005, were melted at 900 °C to get the alkaline melt.
The radiotracers "“Ba for “*Ra, Z7U for Z*U and *®Th
for “Th were added after melting for recovery determi-
nation. Then, the dedicated procedures for U, Th and
Ra determination were followed, as described by Stk
et al. [12].

Water samples

Prcedures for *Ra, U and “*Th determination in
seepage twilings waters were adopted from the literatume
[13, 14] and modified by Strok et al. [12].

Measurement of activity concentrations

The activity concentrations of Z*U, **Ra and **Th were
measured by an alpha spectrometer (Alpha-Analyst, Can-
berra) equipped with PIPS semiconductor detectors having
efficiency of 28%. The calibmtion was done with electro-
plated certified standard sources containing = Pu, =1,
U and *'Am. The measurements were validated by
participation in intedaboratory  comparisons and  profi-
clency tests orgamised by the International Atomic Energy
Agency, Austria, the Institute for Reference Materials and
Measurements, Belgium, and the Mational Physical Labo-
ratory, UK. The msults were in all cases satisfactory. The
alpha spectrometric results were also crosschecked with
gumma spectrometric measurements wherever possible.
Detection hrmits for plants depended on the sample quantity
and were in the mnge from 0.01 to 0,40 Bg kg™ d.w. for
2¥Ra, from 0.01 10 0.17 Bq kg"] d.w. for P50 and from
0.01 w0 0.12 Bg kg"l d:w. for Z°Th.

Complementary determinations

Organic matter content, clay content, pH value, exchange-
able cations, available phosphorus and potassium, and CEC
of soils were assaved in the Centre for Pedology of the
Agronomy Department, Biotechnical faculty, University of
Ljubljana. For these determimations, the standand 150
recommended procedures were applied.

The macro elements K, Ca and Mg in plants were
determined by neutron activation anal ysis [15].
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Transfer factors

Transfer factor or transfer coefficient is the ratio between
activity concentration in a plant (Bq kg~' d.w. of a plant)
and aciivity conceniration in soil (Bq kg~' d.w. of
and is used as a parameter for describing accumulation of
radionuclides [ 10]. Transfer factors were calculated as ratio
of activity concentration in pooled plant samples (about 50
plants) and average activity concentration in soil.

IETIN
Oil)

Results and discussion
Radionuclides in the contaminated marsh soil

Relatively higher activity concentrations in the contami-
nated marsh soil are attributed to permanent flooding of
marsh by contaminated seepage tailings waters from the
tailings pile. This hypothesis can reasonably be confirmed
by relatively high activity concentrations, in particular 28y
and 2*°Ra, as shown in Table 1. Activity concentrations of
23y, 2%°Th and ***Ra in the marsh soil taken at the two
microlocations are quite different and were 320 £ 60 and
450 + 90 Bq kg ' d.w., respectively for 2**U, 160 £ 30
and 1650 + 350 Bq kg~ d.w., respectively for 22°Ra, and
120 + 20 and 600 =+ 120 Bq kg~ ' d.w, respeciively for
230Th (Table 2). Soil characteristics were also different,
especially pH value (4.2 and 6.5, respectively), organic
matter content (24.1 and 8.0%, respectively), clay content
(25.2 and 12.0%, respectively), CEC (45.2 and 26.9 mmol
C+/100 g, respectively), available phosphorus (9.4 and
2.1 mg/100 g, respectively), available potassium (17.3 and
10.3 mg/100 g, respectively) and exchangeable calcium
(8.2 and 19.0 mmol C+/100 g, respectively).

Table 1 Activity concentrations in the tailings seepage water
(expanded uncertainties, k = 2)

Radionuclides in the plants

Activity concentrations of 238y, 230Th and 2*°Ra in plants
from the contaminated marsh were evidently higher com-

1 slante (Tabla 2)
i piants (1aoie ).

22°Ra in plants

The highest activity concentration of 226Ra (35 times higher
compared to the control site) was found in J. effusus
(Table 3) which resulted in the highest transfer factor cal-
culated for this plant (Table 4). It should be mentioned,
however, that the metal accumulation capacity for J. effusus
was proved in several studies [ 16-18]. Itis interesting that in
C. palustris the 2*°Ra activity concentration was almost
three times higher in stems than in leaves (Fig. 3). This fact
could be attributed to higher content of Ca in leaves and
lower content of Ca in stems of the same plant (Fig. 4), as
reported in several studies [11, 19, 20]. 226Ra activity
concentration in M. arundinacea was 40 times higher
compared to the control site (Table 3) and could be affected
by Ca content in shoots [10]. Transfer factor for this grass
species (Table 4) is comparable to the literature data for
grasses {21]. Soii-to-plani transfer factors ir
following order: C. palustris < M. arundinacea < J. effusus

SRR
{Table 4).

FRIN
in ine

28U in plants
p

Relatively low content of U in soil resulted in low activity
concentrations of 2**U in all three plant species. Transfer
factor was the highest for J. effusus which could be
explained by its ability to accumulate toxic metals. Soil-to-
plant transfer factors increase in the following order:
M. arundinacea = C. palustris < J. effusus (Table 4).

2Th in plants

The lowest activity concentration of 20Th was found in

Radionuclide a(Bgm )

-~y M. arundii

U 8200 £ 758

230 o

N LE£02 known for several gra:
**Ra 193 £ 14

Table 2 Activity concentrations (average and range) in two con-
taminated marsh soil samples

Radionuclide Average a Range

(Bq kg Ydw.) (Bq kg ' dw.)
2y 385 320-450
2Ra 900 160-1650
20Th 360 120-600

-ea which is probably related to low thorium
mobility in soil [8] and metal-excluding mechanism as
pecies growing on metalliferous or
metal-contaminated soil [22, 23]. Transfer factor for
M. arundinacea is in the same range as found in the literature
for grasses [21]. Soil-to-plant transfer factors increase in the
following order: M. arundinacea < J. effusus < C. palustris
(Table 4).

One should also consider probability for the contami-
nation of plants due to soil resuspension as result of wind
blowing. However, in. our specific case this was less
probable due to the coverage of the tailings pile with a
thick layer of non-contaminated soil and dense vegetation
of trees around the marsh. So the root uptake of >**U, ***Th
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Table 3 Activity concentrations in plants (pooled samples, about 50 planis) from the contaminated and control sies {expanded uncenainties,

=12

Bg k™" dow. Carlrher palisiriv-leaves it pabesinis-aie ms Juneus effuwsms Melinia anmdineea
Contaminated site
=y 19+ 03 319+ 08 T8+ 086 29+ 04
“FRa 124 + 1.1 M+3 MW+ 7 A0+ 3
“Th 66 £ 07 19+ 09 3B+ 04 L1002
Contral sie
==y 06+ 02 04+ 10+ 02 010 + 0
“Ra 20+ 03 14+ 06 20+ 02 10+ 01
“Th 22 & 02 LS+ 03 10+ 01 040 £ 0,04
Table 4 Transfer factors of plants {pooled samples, ahout 50 plans) W comtamimut el site
from e contaminated sile (Activity concentration in C. palesiris, Lhe8es B coniral site
wad for TF caleulaton is an average of activily concentration in
sems and leaves) 10000
TF (ke kg™ £
- e 10D
Carlgher Juncus Melinia
palusiris effias arundinacea
s 1w 4
Contmminated site ¥
= (08 0020 0008 ]
by 0026 0078 0.004
“Th 20 01 0.003 1
Ol begves [ T =T
Fig. 4 Cakium content {mg kg™" d.w.)in leaves and siems of Calha
palusiris from contaminated and control sites
10N -
B contmminated site Conclusions
.rnlﬂlws

leg a|Bgkgdw.]
=

Ra-236in leaves

Ra 23 siem

Fig. 3 *®Ra activity concentrations {Bq kg™" dw.) in leaves and
Aems of Calthe paluari from contaminated and conwol sdes

and **Ra remains the only reliable explanation for the
elevated activity concentrations observed in the studied

There is a need for further studies on transfer factors for
the three mdionuclides in the studied plants, as there is a
general lack of melevant data, This is particularly needed
for **Ra and ®*Uin C palustris, and BT in all studied
plants.

@ Springer

Seepage tailings waters contribute to increased activity
concentrmtions of wranium, radium and thodum in plants
(J. effusuz, C. palustriz, M. arndinacea) from contami-
nated marsh at the studied area, but this does not pose nsk
to the environment as the comtent of radionuclides in the
tested plants is nevertheless mlatively low. The obtwined
results show the highest “Ra and the lowest **Th activity
concentrutions in all three plunt species, This is comparable
to the litemture data for other plants and is probably con-
sequence of higher radium mobility in the soil and low
thorium mobility due to strong binding capacity. Activity
concentrutions were different for each plant species. The
influence of calcium content on radium activity concen-
tration in plants was observed in C. palusirs, but further
investigation is mquired to appropristely evaluate this
phenomenon. Further studies should also be carried out for
J. effusus, which is alresdy known to accumulate toxic
metals, and for the less investigated M. armndinacea. It
would be interesting to include J. effusus as 1 biomonitor of
water contamination around the former umnium mine dus
to its potential accurmulation ability. As the flow of mine
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waters through the Bordt tailings site is expected to be
relatively constant also in the future, the dispersion of
uranium and its decay products within the nearby waters
could thus be bio-monitored. In the future, similar inves-
tigations shouid be focused on radium screening in oiher
plants from the area around the former uranium mine at
Zirovski vrh in Slovenia.
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From uranium mining areas, in particular, the radionuclides are usually discharged to the environment
during the mining and milling process. At the former uranium mine Zirovski vrh, Slovenia, mine waste
and mill tailings were deposited at the Jazbec site and the Bor3t site, respectively. Plants grown in soils
contaminated with the seepage waters from tailings may represent radiological concern if radionuclides
from the uranium decay chain are transferred into the food chain. Uranium is usually accumulated in the
roots and translocated to the shoots in limited amounts. Uranium plant accumulators are usually plants
from Brassicaceae and Poaceae families. A common reed (Phragmites australis (Cav.) Trin. ex Steud.), a
tali perennial grass, growing in a wetiand habitats, accumulates metais in the above-g y
be used for phytoremediation of uranium-contaminated soils, because of high biomass production and
high metal-accumulation potential. Preliminary results of radionuclide contents measured in such plants,
growing on the deposit tailings are presented. A common reed, that was grown on the Bors3t tailings pile
accumulated 8.6 + 8 mBq/g dry weight (d.w.) and 2.4+ 2 mBg/g dry weight (d.w.) of 2381 in leaves and
stems, respectively. In the paper, activity concentrations of other nuclides, i.e. ?*°Ra, 210pp and “°K are
also shown and discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction Shahan

2005).

deh and Hossner, 2002) or microorganisms (Tabak et al..

Radioactive contamination of the environment is a global con-
cern. The mining and the milling processes of raw material
containing uranium and thorium are one of the main causes of dis-
charging of radionuclides into the environment, mainly from the
tailings. The other processes include the coal combustion, cement
production, phosphate fertilizers production and its use in agri-
culture management and the nuclear fuel cycle operations (Pgschl
and Nollet, 2007). Discharged radionuclides in the environment
pose a threat to the humans, due to inhalation of contam-
inated aerosols, ingestion of contaminated water or food and
external irradiation (Howard et al., 1996; IAEA, 1994; Poschl and
Nollet, 2007). The migration of radionuclides in the environment
depends on many factors, such us physico-chemical, biological,
geochemical and microbial influences, soil and water properties,
air flows and specific interactions of radionuclides with vegeta-
tion or other organisms where they accumulate (P6schl and Nollet,
2007). Uranium for example, can be effectively bounded to the
clay minerals, humic substances (Vandenhove et al., 2009) or accu-
mulated by plants (Huang et al., 1998; Vera Tome et al., 2009;

* Corresponding author.
E-mail addresses: marko.cerne@ijs.si (M. Cerne), borut.smodis@ijs.si (B. Smodi3),
marko.strok@ijs.si (M. Strok).

0029-5493/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.nucengdes.2010.04.003

The uptake of radionuclides by plants is observed by some
metal-accumulating plants that grow on soils contaminated with
uranium tailings (Soudek et al., 2007a,b). These are metal-tolerant
plants, having toxic metal hyperaccumulation potential, which
could be beneficial in phytoremediation for cleanup of soil and
water (Prasad and De Oliveira Freitas, 2003). Metal hyperaccumu-
lation is defined as uptake of metals in the aboveground tissues
of a plant under field conditions (Pollard, 2000). Most plants on
metalliferous soils accumulate low concentrations of metal ions
in their upper tissues, while few species, endemic to metallifer-
ous sites may accumulate high concentrations (Baker and Brooks,
1989). Plants growing on metal-contaminated and metalliferous
soils developed three basic strategies of survival: metal exclud-
ers, metal indicators and metal accumulators (Peer et al., 2005).
Metal excluders are metal-tolerant plants, that prevent metal from
entering their aerial parts over a broad range of metal concentra-
tions in soils, but some may still contain large amounts of metals
in their roots. Metal indicators accumulate metals in their above-
ground tissues and the metal levels in the tissues of these plants
reflect metal levels in the soil. Metal accumulators or hyperaccu-
mulators concentrate metals in above-ground tissues to levels far
exceeding those present in the soil or in nonaccumulating plants
growing nearby (Baker and Walker, 1990). The accumulation of
uranium in plants is proved in several studies (Huang et al., 1998:

Please cite this article in press as: Cerne, M., et al,, Uptake of radionuclides by a common reed (Phragmites australis (Cav. ) Trin. ex Steud.) grown
in the vicinity of the former uranium mine at ilrovskl vrh. Nucl. Eng. Des. (2010), doi:10.1016/j.nucengdes.2010.04.003
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Shahandeh and Hossner, 2002; Chao et al.. 2006; Vera Tome et al.,
20009, Uranium is usually accumulated in the roots and less in the
shoots. Other nuclides from uranium decay chain, such us 2"Pb
and ***Ra can also be accumulated in the plants (Hovmand et al.,
2009; Soudek et al, 2008). The levels of 219Ph concentrations in
native and cultivated plants are very low. Bicavailability of 2'9Phb
in the soil is rather low due to the ability of solid phase of soil to
strongly adsorb lead fons (Usman, 2008; Veeresh et al, 2003; Irha
et al., 20091 Accumulation of 29Ph in the plants is investigated
in very few studies | Pietrzak-Flis and Skowrofska-Smolak, 1995;
Hovmand et al., 2009), where authors agreed that atmospheric
deposition contribute to the major part of plant contamination with
N0ph, Root uptake of 2'9Ph is proved for mushrooms, where 30% of
10ph present in the soil was available for transfer to mushrooms
(Guillén et al., 2009). Radium is known to be more mobile than lead
in soil (Simon and lbrahim, 1990). Radium is an easily dissolved salt
and could be readily absorbed by plant roots and accumulated in
the roots and shoots (Soudek et al, 2007 a,b). Radium is chemically
analogues to the essential element Ca and considered to participate
in the similar physiological processes in the plants (Gezabek et al.,
1998; Million et al., 1994). The understanding of transport of wra-
nium and its decay products through a soil- plant system is thus
important for better radiological assessment of human and envi-
ronmental exposure to radioactive elements through ingestion.

The aim of this study was to assess the uptake of 2381J, 226R,,
210ph and ¥ K by a common reed. We assume that accumulation of
radium would be the highest. The plants were grown on the deposit
tailings on the tailings pile.

2. Materials and methods
21. Fialdwork

The sampled plants (common reed ) were grown on the tailings
pile at deposited tailings which originated from the pond (site 2
of Fig. 1) where loading of U-mill tailings constantly occurred due
to flowing of seepage waters from the tailings pile to the pond.
During the pond cleaning, the loaded tailings were removed and
deposited on the tailings pile (site 1 of Fig. 1). Deposited tailings
contained higher amount of moisture, seeds and obviously enough
nutrients, because the same plants grew also in the pond on this
loaded tailings material. The plants of common reed which repre-
sent a composite sample of 200 plants were surrounded by bare
tailing material where they were taken from 3 places in the area of

Fig. 1. Air picture of the BorSt tailings pile.

100 m? of site 1 {Figure 1). Plants were in the fully grown stage and
were sampled in the late autumn 2006. The controd group of plants
were taken from the marsh in the vicinity of Ljubljana, the capital.

22, Study areg

The uranium mine at Zirowski vrh operated from 1985 to 1990
and about 500,000 tons of U-ore were processed during that period.
The U-mill tailings with high concentrations of uranium decay
praducts such as ©Th, 25Ra and *'°Pb were disposed at the Borst
site. The map of the Borst disposal site with indicated sampling
pointsis given in Fig. 1. Site | represents the location ofthe sampled
plants, site 2 represents the pond—the ongin of deposited tailings.

2.3. Sample preparation

The average of 20 plants of common reed was used for alpha
and gamma spectrometric measurement. Plants were firstly sepa-
rated on stems and leaves, to ohserve the difference in radionuclide
content in both parts. The samples were then air dried for a
longer period of time and finally for 2 days in an oven (model
ST-05—Instrumentaria, Zagreb) at 80°C. Dried samples were than
ashed in a laboratory furnace [model Bosio—Store) to 850 °C for few
days to attain the complete mineralization. The samples intended
for gamma spectrometric measurements of *°Pb and *°K were not
ashed. 5oil samples were dried on 60°C in the oven for 1 week,
sieved to pass through 1 mm sieve and packed into 150 mL plastic
cylindrical containers for at least 4 weeks to achieve radioactive
equilibrium.Determination of radionuclides in the zamples

Determination of radionuclides in the plant samples of com-
mon reed comprised radio-chemical separation and measurement
of activity concentrations using alpha-spectrometer for **Ra and
LB and gamma-spectrometer for 219Pb and 40K determination.

24.1. Redio-chemical separation

Environmental samples containing alpha emitters must
undergo specific procedures before being counted. All sample
preparations are designed to remove as many impurities from the
sample as possible and convert it inta a form suitable for chemical
separation. Chemical separation isolates specific elements in the
sample to minimize interferences among multiple alpha emitting
nuclides and concentrates/purifies the sample for the element
to be measured. The 0.5 g of ashed samples, together with 2 ¢ of
Naz(hz and 2 g of NazC0s were melted at 900+=C to get the alkaline
melt. The radiotracers "¥8a for ¥°Ra and Z2U for Z*U were
added after melting for recovery determination. The procedures
for uranium and radium determination are described below.

24.1.1. Determingtion of uranivm. The procedure was modified as
described in Strok and Smodis (2010). The alkaline melt was dis-
solved with §mL HNOs, §mL HO and 6 mL HF, After dissolution
sample was evaporated until incipient dryness, followed by the
addition of 2 mL Hz(; and the sample was again evaporated. These
steps were repeated three times to ensure the complete digestion.
The residue was dissolved with 8 mL H;50y and evaporated wntil
incipient dryness. After that, NH,OH and five drops of 5 mg/mL Fe?*
were added in order to co-precipitate uranium with Fe{OH)3. The
sample was centrifugated and supernatant was discarded. The pre-
cipitate was centrifuged until neutral pH was achieved. Then the
precipitate was dissolved with 10mL of 3M HNOz-1M AKNOz)
and loaded onto UTEVA separation column, which was previously
conditioned with 5 mL 3 M HNO;. The column was rinsed with con-
secutive addition of 5mL 3M HNOg, 5ml of 9M HCl and 20mL
of 5M HOJ/U05 M oxalic acid uranium was eluted from the col-
umn with 15mL of 1 M HCO and microprecipitated with 0.1 mL of

Plui!drlﬂslrﬂdellllm:s:fum;H_dﬂ_[whdmlqammmdmm[mlwum)m
in the virinity of the former mmzm“imnq,mmmlitlnlmﬁummphmlm
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0.5mg/mL Nd3*, 1mL of 15% TiCl3 and 1 mL HF. Prior to filtra-
tion the solution was placed for 30 min into ice bath, followed by
the filtration through 0.1 um membrane filter, which was previ-
ously rinsed twice with 5 mL of 10 pg/mL NdFs. After filtration, the
membrane filter was mounted on an aluminium disc, dried with a
heating light and measured on an alpha-spectrometer for uranium

determination.

2.4.1.2. Determination of radium. The procedure was modified as
described in Strok and Smodi$ (2010). The alkaline melt was dis-
solved with 6mL HNO3, 6 mL HCI and 6 mL HF. After dissolution
sample was evaporated until incipient dryness, followed by the
addition of 2 mL H,0; and the sample was again evaporated. These
steps were repeated three times to ensure the complete digestion.
The residue was dissolved in 2mL HNOs3 and deionized water and
filtered through black ribbon filter paper. After that, radium was
co-precipitated as Pb(Ra)SO4 from the filtered solution, with addi-
tion of 2mL HS04 and 1 mL of 50 mg/mL Pb2* carrier. The sample
was centrifuged and supernatant was discarded. The precipitate
was washed with deionized water and again centrifuged until neu-
tral pH was achieved. Then the precipitate was dissolved with
addition of 4mL 0.1 M EDTA/0.5M NaOH. After that, radium was
microprecipitated with addition of 0.3 mL Ba-carrier (0.3 mg/mL
Ba2*), one drop of liquid pH 0-5 indicator, 1mL of 1:1 acetic
acid, 4mL of saturated Na,;SO4 and 0.3 mL of 0.125 mg/mL BaSO4
substrate. After 30 min, the solution was filtered through 0.1 pm
membrane filter. After filtration, membrane filter was mounted
on an aluminium disc, dried with a heating light and measured
on a gamma-spectrometer for chemical recovery determination
through 3*Ba and later on an alpha-spectrometer for 22°Ra deter-

mination
mination.

2.4.2. Measurement of activity concentration in the samples

The activity concentrations of the 238U and 226Ra were measured
by the alpha-spectrometer equipped with PIPS semiconductor
detectors (Alpha-Analyst—Canberra) having an efficiency of 28%.
The calibration was done with electroplated certified standard
source containing 23°Pu, 238U, 234U and 24! Am.

210pp and 49K in the plant samples were determined by gamma
spectrometry using a well-type HP germanium detector. The dried
samples were transferred to a 10mL vials and hermetically sealed.

210pp was measured at 46.5keV and 40K at 1460.8 keV. The
gamma-ray spectrometry system was calibrated with KCl powder
and certified liquid solution of 21°Pb spiked on cellulose powder.
Radionuclides in the soil samples were also measured by gamma
spectrometry, after being hermetically sealed for at least 4 weeks
to achieve radioactive equilibrium.

3. Results and discussion
3.1. Radionuclides in the deposit tailings

Deposit tailings, contained very high activity concentrations of
226Ra and 219Pb and rather elevated high activity concentrations of
40K (Table 1).

The radium content is double compared to radium content
found in U-mill tailings deposited on the Bor3t tailings pile
(8.63 +0.34Bq/g d.w.)(KriZmanetal., 1995). Radium was obviously
concentrated, presumably due to constant loading of 2°Ra on fine

Table 1

Radionuclide concentrations in the deposit tailings (expanded uncertainties, k=2).
Ba/g d.w. 28y 226Ra 210}y a0
Borst site 1.38 £ 0.28 149 £20 71£46 0.78 £ 0.14
Control 0.07 £ 0.02 0.056 =+ 0.008 <0.15 0.42 + 0.08

w

Table 2
Activity concentrations in leaves and stems of plants (average of 20 plants) grown
at the study site (expanded uncertainties, k=2).

mBa/g d.w. 718y 26Ra 210ph 0K
Leaves 8.6+ 08 1200 + 100 780 + 10 133 +£05
Stems 24+02 270 + 20 190 + 10 98 £ 4

particles(Simonand Ibrahim, 1990)in the pond from contaminated
seepage water, but this process should be further investigated.
Radionuclide content in the marsh soil from the control site was
significantly lower and below the detection limit for 21°Pb.

3.2. Radionuciides in ieaves

Our results for 238U, 226Ra, 219Pb and 4°K activity concentra-
tions of common reed represent preliminary values of a composite
sample consisting of about 200 plants from one location. Obtained
values were determined separately in leaves and stems (but not
in the roots) so the classical transfer factors where the activity
concentration in plant (Bq/g d.w. of a plant) is divided with the
activity concentration in soil (Bq/g d.w. of soil) (Chen et al., 2005)
were not determined. The radionuclide concentrations were signif-
icantly different between control plants (Table 3) and plants from
the study site (Table 2). Our measurements show higher amounts
of 226Ra (by a factor 30,000 compared to the control plants) and
210pp (by a factor 78 compared to the control plants) in leaves of
plants (common reed) from study site, with activit concentrations
of 1200+ 100 and 780 + 10 mBq/g d.w., respe (Tabte 2). Sev-
eral studies confirm the accumulation of radium in plants (Chao et
al,, 2006: Soudek et al.. 2004, 2007a,b). Accumulation of 21°Pb is
less known phenomenon and should be further investigated. In the
literature it is indicated that the major pathways of lead transfer to
the plants are usually dry or wet deposition (Hovmand et al., 2009)
and rarely root uptake. Radionuclide 210pp js permanently present
in the atmosphere due to decay of radon short-lived decay products.
High activity concentrations of 219Pb in the leaves from the plants
grown on deposit tailings at the Borst site may be observed due to
severai reasons. Contamination of ieaves with U-miil tailings dur-
ing the wind blowing at the Bor3t site is probable since most of the
bare tailings were surrounded the plants, but root uptake of 226Ra
and 219pp remains more reliable option because in the case of wind
contamination the content of 238U should also be higher. Common
reed is a helophyte and has a high transpiration capacity, whichis a
possible reason for higher root uptake of radium and lead, just like
by mineral nutrients (Casadesus et al., 2001, 2008). Concentrations
of 226Ra and 21°Pb in the control plants were below the detection
limits, being 0.04 mBq/g d.w. for 226Ra and 10 mBq/g d.w. for 21°Pb.
Lower iimit of detection for 2!°Pb is, because the m
line for 219Pb has low intensity (4%) and relatively low signal-to-
noise ratio due to low gamma energy (46.5keV), higher than for
the other measured gamma emitters. The amount of 28U in the
leaves of plants from contaminated area was lower and is probably
due to lower activity concentration of uraniumin the deposited tail-
ings, where the radium and lead levels were high. The accumulation
properties of a common reed for uranium were already confirmed
by other studies (Soudek et al., 2007a,b; Gerth et al., 2005). Ura-
nium in the soil is most often bioavailable for plants in the form
of uranyl cations, uranyl-carbonate complexes, uranyl-phosphate
complexes (Vandenhove et al., 2007) and uranyl-citrate complexes
(Huang et al., 1998). Potassium activity concentrations in the leaves
of plants from contaminated area were significantly lower (by a
factor 47 compared to the control plants) compared to the control
plants, in spite of that the activity concentrations of 40K in deposit
tailings were doubled when compared to the control site. It is possi-
ble the 4°K was not bioavailable in U-mill tailings or that tailings had

Please cite this article in press as: Cerne, M., et al., Uptake of radionuclides by a common reed (Phragmites australis (Cav.) Trin, ex Steud.) grown
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Table 3

Activity concentrations in leaves and stems of contral plants {averape of 20 plants]
grown im the marsh in the wicinity of Ljubljana, the capital {expanded uncertainties,
fom 2.

mBag d.w. |y Ry nopy g
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Fig. 2. Radicnuclide content in leaves and stems of plants (comman reed) form the
study site

some negative or phytotowic effect (Bhagawati and Pankaj, 2006)
which impact the uptake of *°K. Further investigation is required
to clarify this phenomenon. 47K is a naturally abundant nuclide ina
plants and its content is specific from one plant to another (Pulhani
etal., 2005; Badran et al, 2003). Higher amounts of potassium in the
plants are normal, becawse of its essential role in almaost all physio-
logical processes needed to sustain plant growth and reproduction.
Potassium is a cation, with the highest concentration in cytoplasm
and plays a vital role in photosynthesis, translocation of sugars and
starches, protein synthesis, control of ionic balance, maintain of
turgor, reduction of water loss, activation of plant enzymes, resis-
tance do plant disease and many other processes [Lambers et al.,
2008).

1.3, Rodionuclides in stems

Activity concentrations of 25U, Z5Ra and 219Ph in the stems of
plants from study site, were lower than in the leaves, except for 47K
(Table 2). Activity concentrations of radionuclides in control plants
were lower than at the study site, except for K (Table 3). Activity
concentrations of radionuclides in samples from the study site are
graphically presented in Fig. 2.

4. Conclusions

The results indicated a possible radio-accumulating ability of a
common reed grown on a depaosit U-mill tailings. Specific physi-
ological characteristics of common reed could influence to higher
content of 210Ph in the leaves, although it is known that lead ions
hardly accumulate in the plant tissues due to strong binding capac-
ity of lead to solid phase of soil. Low content of uranium in the leaves
and stems may be connected to not bicavailable form of uranium
in the deposit tailings. Presence of small amounts of radionuclides
in the stems is logical, because of the fact that a stem has a trans-
port function and translocates nutrients to different tissues. Higher
potassium content in the deposit tailings could be related to higher
potassium content in the uranium ore and it was obviously not in
bioavailable form as potassium in the marsh soil of control site,
where one or two orders of magnitude higher activity concentra-
tions of potassium were measured in the plants.

The accumulation properties of common reed could be useful in
phytoremediation of mine waters or for bisindication of radionu-
clides in such waters. Howewver, the specific location of 226Ra and
20ph in the plant tissues of common reed should be further inves-
tigated. High activity concentrations of radionuclides in the U-mill
tailings did not negatively impact on plants growth, which means
that common reed belongs to the metal-resistant plants with a
metal-tolerance mechanism against toxic elements.
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Abstract

Calibration of recently installed proportional counter at the Hot Cells Facility of the
Jozef Stefan Institute was performed. Instrument was calibrated for determination
of total beta activity, Sr-90 and Pb-210. Detection efficiencies for K-40, Sr-90,
Y-90, Pb-210 and Bi-210 were determined, allowing for more accurate
determination of the particular nuclide as a single K-40 efficiency. In addition,
self-absorption curves for different surface densities for the nuclides mentioned
were derived. Two empirical equations for faster and more accurate determination
of Sr-90 and Pb-210 were derived. These two equations consider differences in
surface density and in-growth of Y-90 and Bi-210, respectively. The detection
ies obtained ranged from 10 to 52 %. depending on the nuclide, surface

density and chemical compositions of the salts used or precipitates obtained

| separa

I separ in the experiment. As a performance test of
derived empirical equation for the determination of detection efficiency for
Pb-210, specific activity of Pb-210 in IAEA 385 and IAEA 414 intercomparison
materials were determined. All procedures and formulae developed include
calculation of minimal detectable activities and uncertainty budgets for the

determinations concerned.

Key words: Proportional Counter, Detection Efficiency, Beta Emitters, Total Beta
Activity, Sr—90, Pb-210

1. Introduction

Accurate and fast determination of different beta emitters in various samples is very
important for monitoring of possible releases of these nuclides into the environment. Part of
this determination is also related to proper and accurate calibration of a proportional
counter, which in general includes determination of background of the proportional counter
and determination of detection efficiency.

In this work we focused on the determination of detection efficiency. The detection
efficiency for beta emitters depends on the type of the nuclide, the type of precipitate and
surface density. According to that we must prepare and measure calibration standards for
determining detection efficiency in the same manner as we prepare and measure samples.

The preparation of standards and samples is not a problem with respect to the type of
the nuclide and type of precipitate. But on the other hand it is very difficult to achieve the
same surface density for the standards and samples, because we cannot always achieve the
same chemical yield for radiochemical separation procedure. The best way to overcome this
problem is to measure detection efficiencies for different surface densities and to construct a
self-absorption curve and find an equation, which will describe dependence of the detection

“Received 30 July, 2007 (No. 07-0332) efficiency on the surface density. After that we can apply this equation to calculate detection
[DOI: 10.1299/jpes.2.573]
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efficiencies for different surface densities of the prepared samples.

Determination of Sr-90 and Pb-210, having beta emitting daughters Y-90 and Bi-210,
respectively, represents another difficulty. In this case, activity and also the detection
efficiency grows up after radiochemical separation so long as they achieve secular
radioactive equilibrium. For Y-90 this time is approximately 14 days and for Bi-210
approximately 30 days.

Usual procedures for the determination of Sr-90 involve its measurement in secular
radioactive equilibrium with Y-90 " or separation of Y-90 from Sr-90 followed by Y-90
measurement . These procedures usually neglect the effect of surface density because it is
expected that samples have the same surface densities as the standard. But in laboratory
practice it is very difficult to obtain the same surface densities for both the sample and
standard. It is also assumed that the effect of surface density, because of high-energy beta
particles from Y-90, can be neglected. Pb-210 is usually determined with a proportional
counter by measuring its daughter nuclide Bi-210 @,

In our case the detection efficiencies were determined based on empirical equation that
allows for accurate determination of Sr—90 over a whole in-growth period of Y-90 and for
different surface densities. With this improvement we can define the detection efficie
Sr-90 independently of time elapsed after the radiochemical separation of Y-90 and
independently of the surface density. Equations (1) to (4) describes the detection efficiency
where s, 9y oo is total detection efficiency, s, o is detection efficiency for Sr-90, ey g9 is
detection efficiency for Y-90, Ay g is decay constant for Y-90, 1,5 o is the time elapsed
from the separation of Sr-90, Ns..g¢-v.99 is number of counts for Sr-90 and Y-90, As..oq is the
activity of Sr-90 in the standard, , is measuring time of the standard, Ng.o is number of
counts for Sr-90 and Ny.ey is number of counts for Y-90.

Eeo0vv-90 = €500+ Eygn (] - CXP(_A —o0l2,5-90 )) Q)
& — NSr-mHV-lm 2)
Sr901Y90 — A
swmrm
N,
3 —_ Sr-90
Esron = '/;_ 3)
S!-‘J()[m
N
3 — Y-90
LY-‘H) - (4)
AS!-‘N)’“I
If we substitute eg, g5 and £y o in Eq. (1) with empirical equations for self-absorption

curves, we obtain Eq. (7), which allows for the determination of Sr-90 detection efficiency
for different surface densities and for various times elapsed from the separation. Empirical
equation for the Pb-210 detection efficiency is derived in the same manner.

Performance test of derived empirical equation for the determination of detection
efficiency for Pb-210 was also performed. Specific activities of Pb-210 in IAEA 385 and
IAEA 414 intercomparison materials were determined. IAEA 385 is Irish Sea sediment
material and IAEA 414 is mixed fish material from Irish and the North Sea. In this
determination, detection efficiencies for Pb-210 were calculated with the derived Eq. (8).
Performance test contained measurements of specific activity of Pb-210 in different times
after radiochemical separation. Measured specific activities were plotted versus time after
radiochemical separation and compared with the information value.
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2. Experimental

2.1 Proportional Counter

A Canberra Tennelec LB4100-W low background gas flow proportional counter having
eight proportional detectors in two drawers was used. As a counting gas, mixture of 90 %
argon and 10 % methane was used.

2.2 Detection Efficiency for K-40

KCI was weighted onto stainless steel planchets using an analytical balance. KCI was
dispersed onto planchets by adding small amount of acetone to achieve homogenous deposit
of KCl. When the acetone was evaporated, KCl was mounted with the glue and the
detection efficiency was measured with proportional counter. This procedure was applied
for different surface densities. Self-absorption curve was fitted to the experimental data with
program CurveExpert 1.3.

2.3 Detection Efficiency for Sr-90 and Y-90

Detection efficiency for Sr-90 and Y-90 was determined by two methods, differing in
the way of separation of Sr-90 from Y-90. The first procedure involved extraction process
and the second procedure precipitation. These two procedures were applied to ensure that
separation process of Sr-90 from Y-90 was really selective.

The extraction procedure involved addition of different amounts of 20 mg/mL Sr carrier
to the standard Sr-90/Y-90 solution in order to achieve different surface densities of SrCO;.
To ihese soluiions 15 mL of §.15 mol/L HNO; were added and then Y-90 extracted with 15
mL of 0.2 mol/L dibutylphosphate in chlorophorm. The time of this extraction was the
separation time of Sr-90 from Y-90. The waier pndsc was stored. The organic phase was
washed three more times by adding 10 mL of 0.15 mol/L HNO; and the organic phase
discarded. The water phases were filtered through filter paper and then 0.2 g (NH,),CO; and
NH,OH were added to make the solution alkaline. This solution was heated on a hot plate to
accomplish precipitation of SrCO;.

This precipitate was then transferred to a plastic centrifuge beaker and centrifuged.
Supernatant was discarded. The precipitate was washed with deionized water and again
centrifuged. Supernatant was discarded and the precipitate quantitatively transferred to a
plastic tube with aluminium planchet on the bottom. 2 mL of ethanol was added to the tube
and then centrifuged. Supernatant was discarded, the precipitate deposited on planchet and
dried up under a heating lamp. So prepared precipitates were weighted on an analytical
balance to determine chemical yield of the procedure and then measured in the proportional
counter over a whole in-growth period of Y-90.

The precipitation procedure involved the same quantities of Sr carrier and standard
Sr-90/Y-90 solution as for the extraction method. 10 mL of deionized water was added to
the standards and heated on a hot plate. Then 1 mL of 10 mg/mL Ba carrier and 1 ml of 5
mg/mL Fe carrier were added. After Fe(OH); coagulated, solution was filtered through a
filter paper. Precipitate was discarded and time of filtration was registered as a separation
time of Sr-90 from Y-90. 1 mL of concentrated CH;COOH, 2 mL 25% NH; acetate and 1
mL of saturated (NH,),CrO, solution were added to the filtrate. Then the solution was
heated for 10 min on a hot plate and filtered through a filter paper. The BaCrO, precipitate
was discarded. To the filtrate 0.2 g of (NH,4),CO; and NH,OH were added to achieve
alkalinity. This solution was heated on a hot plate to accomplish precipitation of SrCOs.

The precipitate was centrifuged, washed, dried up, weighted and measured in the
proportional counter in the same way as in the extraction procedure.

The experimental data obtained from extraction and precipitation procedures were
plotted versus time after separation and fitted with the CurveExpert 1.3 program to the Eq.
(1) in order to determine detection efficiencies for Sr-90 at the time of separation and for
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Y-90 at the time when Y-90 was in secular equilibrium with Sr-90. These detection
efficiencies were plotted to the different surface densities obtained and fitted with the
CurveExpert 1.3 to obtain the self-absorption equations for Sr-90 and Y-90. These
self-absorption equations were inserted into Eq. (1), replacing the detection efficiencies for
Sr-90 and Y-90. As result the empirical equation describing the detection efficiency for
Sr-90 was obtained, which is function of the SrCO; surface density and the time elapsed
after the Y-90 separation.

2.4 Detection Efficiency for Pb-210 and Bi-210

Different amounts of PbCl, were added to the standard solution of Pb-210/Bi-210 to
achieve different surface densities of PbSO,. Then HNO: and H,0, were added and
evaporated. Sample was dissolved in HCI. Pb was separated on a Sr Resin column and
again evaporated and dissolved in H,0. Then the sample was precipitated with sulfuric acid
to form PbSO,. This precipitate was quantitatively transferred into a plastic tube having an
aluminium planchet on the bottom; 2 mL of ethanol was added and then centrifuged.
Supernatant was discarded. The precipitate, deposited on the planchet, was dried up under a

lamp. So p tes were weighted on an analytical balance to determine
chemical yield of the separation and then measured in the proportional counter over a whole
in-growth period of Bi-210.

Experimental data was processed in the same way as for Sr-90, yielding the empirical
equation for the detection efficiency for Pb-210 as function of the PbSO, surface density

and the time elapsed after the separation from Bi-210.

2.5 Determination of Pb-210 Specific Activity

PbCl, carrier was added to the sample and sample was digested in HNO; and H,0,. After
digestion, HNO; and H,0, were evaporated and the sample was dissolved in HCI. Pb was
separated on the Sr Resin column and again evaporated and dissolved in H,O. Then this
sample was precipitated with sulfuric acid to form PbSOs. This precipitate was
quantitatively transferred into a plastic tube having an aluminium planchet on the bottom; 2
mL of ethanol was added and then centrifuged. Supernatant was discarded. The precipitate,
deposited on the planchet, was dried up under a heating lamp. So prepared precipitate was
weighted on an analytical balance to determine chemical yield of the separation and then
measured in the proportional counter over a whole in-growth period of Bi~210.

Specific activity was calculated with the help of Eq. (5). In this equation as is specific
activity of the sample, Rs is count rate the sample, Ry is background count rate, ms is mass
of the sample, &pp 210-8i 210 18 from Eq. (8) calculated total detection efficiency and zs is
chemical recovery of the sample.

Ry —R,
ag —— 8 5)
Mg&pp101mi21070s

3 Results and Discussion

3.1 Detection Efficiency for K-40

Detection efficiency and self-absorption curve derived from experimental data for K-40
is shown in Fig. 1. Surface densities from 10 mg/cm® to 235 mg/cm’ were considered.
Detection efficiency ranged from 47 % for the lowest surface density to 18 % for the
greatest surface density. Equation (6) shows plotted self-absorption curve that was
calculated by the CurveExpert 1.3. In this equation &k 4 is detection efficiency of K-40 and

576
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paxa is surface density of the KCI. Good agreement between the experimental results and
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L i 1 : § the derived self-absorption curve can be observed.
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Fig. 1 Detection efficiency for K-40 in KCI and self-absorption curve

3.2 Detection Efficiency for Sr—90 and Y-90

Detection efficiencies for Sr-90 and Y-90 and self-absorption curves obtained by the
CurveExpert 1.3 program are presented in Fig. 2. Surface densities ranged from 10 mg/cm’
to 72 mg/cm’. Detection efficiency for Sr-90 ranged from 32 % for the smallest surface
density to 17 % for the greatest one. The detection efficiency for Y-90 ranged from 52 % to
44 %. Equation (7) represents the empirical equation for the determination of total detection
efficiency as function of the SrCOj surface density and the time elapsed afier the separation
from Y-90.

Eqr vy w0 = 0.3449(0.0854 +cxp(=0.0159p,, ¢c0n )

+0.1881(1.8751+¢xp(=0.0130p, 5,01 )) (7

»(l —exp (—/lv sol2.5r 90 ))

—
*

W Y-90 preciptation + Sr-90 extraction |
!
|

| Iy ——&q. S1-80 eg. Y-90
" Am =
A A

detection efficiency

0 20 40 60 80
surface density SrCO3 (mg/cm?)

Fig.2 Detection efficiencies for Sr-90 and Y-90 versus surface density of SrCO;
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Figures 3 and 4 present in-growth of Y=90 from Sr-90 indicated as increase in the total
detection efficiency. The curves in the figures are derived from Eq. (7) and show good
agreement with the experimental data. By comparing detection efficiencies for Sr-90 and
Y-90 for the precipitation and extraction procedures, it is evident that the detection
efficiencies for the precipitation procedure are slightly higher than for the extraction one, as
evident from Fig. 2. Accordingly, the curves derived from Eq. (7) in Fig. 3 are below the
experimental data and in Fig. 4 above the experimental data.

m 11,7 mglcm2 X 27,6 mg/cm2 - 36,8 mg/cm2
& 42,4 mglcm2 eq. 11,7 mg/cm2 eq. 27,6 mg/cm2 ]
eq. 36,8 mg/cm2 eq. 42,4 mg/cm2
09 1 [ " .
L]
0.8 4 am L
307
c
© 06
£
5 0.5
S o4
S04 \w
- o
302
0.1
0 T
0 100 200 300 400
time (h)

Fig.3 In-growth of total detection efficiency for different surface densities of SrCOs;
precipitation

m 17,3 mg/em2 X 33,5 mglcm2 A 517mglem2 |
& 63,1 mg/cm2 ——eq. 17,3 mg/cm2 eq. 33,5 mg/cm2
eq. 51,7 mg/lcm2 ——eq. 63,1 mg/cm2
0.8
>
% 0.7 . &
S 064
£ 05
§ o
g 0.3
3 02
0.1
0 ' ' i ' |
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time (h)

Fig. 4 In-growth of total detection efficiency for different surface densities of SrCO;;
extraction

3.3 Detection efficiency for Pb-210 and Bi-210

Detection efficiencies for Pb-210 and Bi-210 versus surface density are presented in
Fig. 5. Self-absorption curves, obtained by the program CurveExpert 1.3, are also shown in
the figure. Surface densities ranged from 2.7 mg/em’® to 21 mg/cm’. The detection
efficiency for Pb-210 ranged from 13 % for the lowest surface density to 11 % for the
greatest. The detection efficiency for Bi-210 ranged from 36 % to 20 %. Equation (8)
shows the empirical equation for the total detection efficiency (epy 2108i 210) as function of
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the surface density (p4pbsos) and the time elapsed after separation from Bi-210 (f2pp 210)-
This equation was also obtained by the program CurveExpert 1.3.

Enatorsan = 0.0492(1 8007+ exp(~0.0373, o ))
+0.2648(0.7469 + exp(=0.18119, 50 )) ®)
'(1_cxp(_lm»:m’:.vnleu))
04 o Po-210 m B210 |
L] ——eq. Pb-210 eq. BR-210 |
oy
g 03
)
S L]
5 .
[}
® 02 n
S
3 M
@ 041
©
0
0 5 10 15 20 25

surface density PbSO, (mg/cm?)

Fig. 5 Detection efficiencies for Pb-210 and Bi-210 versus surface density of PbSO4
Figure 6 shows in-growth of Bi-210 from the Pb-210 indicated as the in-growth of the

total detection efficiency. Curves in this figure are derived from Eq. (8) and are in good
agreement with the experimental data shown as points.

[e 2,7 malcm2 m 81 mglcm2 A 149mglem2 |
X 21,0 mg/cm2 eq. 2,7 mg/cm2 eq. 8,1 mg/cm2
eq. 14,9 mg/cm2 eq. 21,0 mg/cm2
0.5 l‘

detection efficiency
o
w

|
0 200 400 600 800
time (h)

Fig. 6 In-growth of total detection efficiency for different surface densities of PbSO,4

3.4 Comparison of detection efficiencies

The results obtained show that beta detection efficiency varies with the surface density
and with the type of the precipitate as revealed in Fig. 7. The detection efficiency for
Bi-210 in PbSOy is lower than the one for Sr—90 in SrCOs, although Sr-90 has lower
maximum beta energy than Bi-210. This is due to greater molecular mass of the PbSO,.
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From Fig. 7 it can be seen that the detection efficiency for Pb-210 is almost independent of

the surface density but that is due to the low energy of the beta particles emitted by Pb-210,
which are almost completely absorbed in PbSO, precipitate. Due to that, a detector can
detect only the beta particles emitted by Pb-210, which are on the surface of the sample.

& K40 in KCI m Sr-90 in SrCO3 A Y-90 in SrCO3
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Fig. 7 Detection efficiencies versus surface density

3.5 Determination of Pb-210 Specific Activity

Figures 8 and 9 present performance test results involving the derived empirical
equation for determination of detection efficiency for Pb-210. These two figures show
Pb-210 specific activities obtained for the two IAEA intercomparison materials versus time
after radiochemical separation. It is noticeable that in both cases uncertainties decrease with
time after radiochemical separation due to in-growth of Bi-210 from Pb-210; the increase
in count rate causes reduction of uncertainty. All results except the first ones are in good
agreement with the information values. Greater deviation from the information values in the
first and second measurement after radiochemical separation is due to the relatively low
count rate at the beginning of in-growth of Bi-210.
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Fig. 8 Pb-210 specific activity of IAEA 385
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Priloga 1: Nadaljevanje
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Fig.9 Pb-210 specific activity of IAEA 414

4. Conclusion

All the obtained self-absorption curves and empirical equations follow well
experimental results. The derived empirical equations offer possibility for accurate and
faster determination of beta emitters, having bela-emitlin;> daughters that come into secular
radioactive equilibrium with their parents. The main advantage of using these empirical
equations are the facts that one does not need to wait for achieving secular radioactive
equilibrium (approximately 14 days for S-$0 and approximately 3¢ days for Pb-210) and
worry if the surface density of the sample is the same as the one for the standard. The
performance test showed that calculation of detection efficiencies with help of the derived
empirical equation is a suitable and very helpful method, which improves accuracy and

flexibility in the determination of Pb-210 or Sr-90 using a proportional counter.
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Priloga 2: Rezultati sekven¢nega ekstrakcijskega postopka S za 28y, 2°Th in *°Ra

Frakcija Lokacija  ays3s (Bg/kg) ath-230 (Bg/kg) ara-226 (Bg/kg)
Izmenljiva 1 0,44 + 0,09 6,36 + 0,48 4,03 +0,26
2 0,91 +0,21 4,96 +0,70 3,19 +£0,18
3 0,92 +0,22 5,98 +1,01 3,59 +£0,25
4 5,74 + 0,60 7,85 +0,92 255+14
5 0,44 +0,17 3,46 £ 0,39 4,16 +0,24
6 1,13+0,11 14,5 +0,8 12,1 £0,6
Organska snov 1 120+ 6 8,28 +1,04 10,5 +0,7
2 2,31 +0,18 3,95 +0,38 10,1 +0,6
3 2,39 +0,15 3,83 +0,32 6,85+ 0,45
4 376 + 54 8,08 +0,74 165 +9
5 6,64 + 0,50 8,55 +0,70 253+14
6 225+ 14 9,43 + 0,92 31,9+1,3
Karbnonati 1 104 + 11 65,9 +42 11,1 £0,8
2 3,56 +0,35 7,07 £0,40 10,8 +0,7
3 4,66 + 0,58 17,0 +4,5 10,9 + 0,7
4 86,3 +£5,6 549+29 213 +11
5 13,7+1,2 21,5+1,5 47,8 +24
6 60,0 +5,6 62,1 £33 73,1 +4,7
Fe/Mn oksidi 1 129+1,1 5,98 +0,63 1,20 +0,10
2 0,49 + 0,19 2,22 +0,18 2,10 +0,16
3 0,60 + 0,24 2,01 £0,22 1,59 +0,12
4 10,2 +0,9 4,13 +0,51 52,7+2,0
5 3,04 £ 0,23 4,44 + 0,35 8,03 £0,52
6 21,1 +19 5,12 +0,61 29,0+ 14
Preostanek 1 77,6 +4,6 90,3 +4,6 82,2+3,5
2 62,5+44 109 =8 89,9 +5,4
3 50,2 + 3,8 80,6 +4,4 80,0 +3,4
4 111 +8 465 + 31 402 + 24
5 52,0+ 3,5 128 +9 140 =7
6 66,6 +4.4 150 =7 206 + 11
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Priloga 3: Rezultati sekvencnega ekstrakcijskega postopka S za 210py, jn 2%

Frakcija Lokacija Aapp-210 (Bq/kg) Aapo-210 (Bq/ kg)
Izmenljiva 1 5,40 £ 2,08 0,128 £ 0,023
2 1,39 +1,03 0,040 + 0,020
3 5,43 +£2723 0,252 + 0,043
4 5,87 £2,69 0,173 £ 0,021
5 0,71 £0,51 0,0018 + 0,0005
6 4,86 + 2,38 0,011 + 0,004
Organska snov 1 2,70 £ 2,07 0,060 + 0,045
2 0,83 +0,51 0,040 + 0,030
3 0,21 +0,18 0,011 + 0,009
4 1,29 +1,03 0,018 +0,010
5 0,18 +0,16 0,008 + 0,002
6 7,57 +2,48 0,723 + 0,151
Karbnonati 1 48,7 +£3,0 14,6 £0,9
2 10,4 +2,4 1,15+0,11
3 14,5+2,4 3,41 £0,22
4 150 +5 26,2 +0,9
5 35,0+2,8 5,87 = 0,30
6 442 +29 6,01 +£0,33
Fe/Mn oksidi 1 4,23 +228 1,29 +0,11
2 4,83 +2,51 0,09 + 0,04
3 5,41 +2724 0,08 = 0,06
4 46,6 = 3,0 5,57 +0,31
5 7,26 +2.42 0,43 +0,08
6 24,1 +28 0,31 +0,08
Preostanek 1 73,6 £3,7 92,8 +49
2 30,6 2,9 45,8 +2.,6
3 35,3+27 52,9+29
4 254 + 8 301 £25
5 83,4 +3,7 125+9
6 168 + 6 161 +£9

Priloge
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Priloga 4: Rezultati sekven¢nega ekstrakcijskega postopka B za 28U, 2'Th in *°Ra

Frakcija Lokacija ay-238 (Bq/kg) ATh-230 (Bq/kg) ARa-226 (Bq/kg)
Karbnonati 1 27,8 +1,2 5,46 + 0,40 9,26 + 0,66
2 0,85 +0,12 4,84 + 0,34 5,90 + 0,38
3 0,40 + 0,10 4,54 + 0,53 4,53 +0,33
4 72,0+3,9 4,45 + 0,46 59,6 + 3,0
5 0,63+0,18 4,93 +0,52 8,70 £ 0,62
6 259+1,7 7,25 +0,78 26,2+ 1,6
Fe/Mn oksidi 1 66,3 +3,3 13,8 +1,3 255+1,3
2 2,28 +0,25 3,63 +£0,31 16,5+0,8
3 1,26 + 0,19 2,28 £0,28 14,2 £0,8
4 160 + 8 7,14 + 0,63 501 £22
5 2,95 +0,25 3,26 +0,33 112 +6
6 152 +8 4,20 £ 0,44 181 £7
Organska snov 1 81,4 +4,3 10,0 £ 0,7 3,59 +0,30
2 4,39 +£ 0,34 8,99 + 1,06 5,85 +0,45
3 6,17 +0,43 14,1 +1,2 7,29 £0,57
4 358 =20 77,6 £53 95,0+3,9
5 10,4 £0,7 224 +£20 220+1,3
6 142 £ 11 31,5+2,8 26,0+1,5
Preostanek 1 79,0 £4,5 85,8 +6,0 63,4 +3,5
2 70,3 +4,0 74,1 £5,8 60,4 + 3,7
3 69,4 +44 87,6 £3,6 65,5+29
4 122 +6 371 £ 30 241 £ 11
5 66,7 +4,1 159 +£8 107 +7
6 944 +4.4 191 £8 994 +53
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Priloge

Priloga 5: Rezultati sekven¢nega ekstrakcijskega postopka B za 210pp in *°Po

Frakcija Lokacija Aapp-210 (Bq/kg) Aapo-210 (Bq/ kg)
Karbnonati 1 5,20 + 3,38 0,33 +0,08
2 0,27 0,15 0,030 £ 0,016
3 0,78 £0,52 0,018 £ 0,008
4 16,5+3,4 0,20 + 0,08
5 4,70 +3,34 0,004 + 0,002
6 4,15 + 3,35 0,08 +0,05
Fe/Mn oksidi 1 83,4+5,0 6,64 +0,41
2 19,1 +3,8 4,36 + 0,34
3 32,2+4,0 3,55 +0,38
4 261 +9 6,58 £ 0,50
5 93,6 49 3,58 £0,30
6 147 +9 66,3 +22
Organska snov 1 28,5+3,2 3,00 £ 0,35
2 19,1 £3,6 0,55 +0,12
3 19,9 +33 0,48 +0,26
4 82,2 +4,2 3,54 +0,70
5 24,5 +3,0 1,13 +£0,26
6 412+32 1,03 +£0,13
Preostanek 1 19,8 +3,4 90,5+4,4
2 12,1 £3,2 451+27
3 22,7 +3.5 54,3 +3,3
4 138 +9 384 +35
5 40,1 +4,0 133 +7
6 66,1 +3,9 134 £ 8

Priloga 6: Vsebnosti 2**U, 2'Th, ?**Ra in ?'’Pb v vzorcih trav

o 4u-238 aTh-230 ARa-226 “p-210
e (B(in/kei es)u ke (Bg/kg suhe mase) (Bg/kg suhe mase) (B(in/kei es)u he
1 4,65 £ 0,31 1,50 £ 0,08 8,10 £ 0,68 43,3+ 1,5
2 0,979 £ 0,076 1,22 £ 0,11 4,02 £0,21 72,922
3 0,142 £ 0,029 1,36 £ 0,15 3,88 £0,22 425+1,5
4 1,03 +£0,16 2,10 £ 0,22 170 £ 8 45,0+ 1,6
5 0,213 £0,041 0,93 £ 0,08 105 £5 94,7 +2,5
6 0,523 £ 0,081 1,04 £ 0,10 1126 779+22
Priloga 7: Vsebnosti 238U, 23’0Th, 226Ra in °Pb v vzorcih tal
.. au-238 aTh-230 aRa-226 apb-210
bokaclia  (Bgikg) (Bq/kg) (Bq/kg) (Bq/kg)
1 315 +31 177 £ 15 109 +7 1357
2 69,8 + 12,1 127 £ 12 116 £7 48,1 +4,5
3 58,7+ 10,6 109 £ 15 103 +7 60,7 +4,7
4 589 £ 54 540 £ 49 858 +£43 457 £ 14
5 75,8 +10,3 165 £ 14 226 + 13 126 £ 6
6 373 £ 31 241 + 18 352+ 18 249 +9
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Priloga 8: Faktorji prenosa med tlemi in travo za 28y, 2OTh, *Ra in 2'°Pb

TFpb-210
. TFy3s TFrh230 TFRra226

et (kg/kg suhe mase)  (kg/kg suhe mase) (kg/kg suhe mase) (kgl/nki :;l il
1 0,015 £ 0,002 0,0085 + 0,0008 0,074 £ 0,008 0,32+ 0,02
2 0,014 £ 0,003 0,0096 + 0,0012 0,035 £ 0,003 1,52+ 0,15
3 0,0024 + 0,0007 0,012 £ 0,002 0,038 £ 0,003 0,70 £ 0,06
4 0,0018 £ 0,0003 0,0039 + 0,0005 0,198 £ 0,014 0,098 + 0,005
5 0,0028 + 0,0007 0,0056 £ 0,0007 0,465 + 0,033 0,74 £ 0,04
6 0,0014 + 0,0003 0,0043 £ 0,0005 0,319 + 0,022 0,31 £0,01
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Priloga 9: Vsebnosti 23y, 'Th in *Ra v drevesih

a (Bg/kg suhe mase)
Vrsta Drevo Les Poganjki enoletne iglice ali listi
3
Pinus sylvestris 1 0,023 + 0,003 0,09 + 0,02 1,51 +0,11
2 0,048 + 0,005 0,13 £0,02 4,12 £0,26
3 0,042 + 0,005 0,15+0,03 5,36 £0,35
4 0,018 + 0,003 0,11 £0,03 1,80 £ 0,09
5 0,020 + 0,003 0,09 £ 0,03 1,12+£0,12
6 0,014 + 0,003 0,10 £ 0,03 2,20 £0,16
Picea abies 1 0,018 + 0,003 0,13 £0,03 1,36 £ 0,11
2 0,020 £ 0,003 0,16 £ 0,03 0,98 + 0,10
3 0,010 £ 0,003 0,14 £ 0,03 1,10 £ 0,11
4 0,012 £ 0,002 0,12+ 0,03 2,06 + 0,15
5 0,021 £ 0,003 0,16 £ 0,02 1,14 £ 0,08
6 0,019 £ 0,002 0,29 + 0,04 1,16 £0,13
Acer 1 0,027 £ 0,004 0,37 £ 0,06 2,99 + 0,28
Ll
Pinus sylvestris 1 0,041 £ 0,005 0,64 = 0,07 0,98 +0,10
2 0,039 £ 0,004 0,50 £ 0,05 1,37 £ 0,11
3 0,046 = 0,007 0,59 + 0,06 1,79 £ 0,14
4 0,035 £ 0,004 0,34 £ 0,03 0,40 + 0,04
5 0,030 £ 0,004 0,56 + 0,04 0,60 + 0,06
6 0,053 + 0,005 1,36 £ 0,11 2,59 £0,15
Picea abies 1 0,20 £ 0,01 1,53 +£0,16 11,3+£0,8
2 0,17 £0,01 0,32 £ 0,04 0,61 £0,07
3 0,18 £0,01 1,52 £0,15 1,54 £0,15
4 0,078 + 0,005 1,29 £0,11 0,56 £ 0,06
5 0,045 + 0,006 0,56 £ 0,04 1,24 £0,12
6 0,26 £ 0,015 0,90 £ 0,09 2,37+0,18
Acer 1 0,077 + 0,007 1,85+0,19 7,03 £ 0,62
226Ra
Pinus sylvestris 1 5,62 +£0,27 9,86 + 054 20,0+ 1,9
2 2,68 £0,14 7,71 £0,43 20,5+£1,0
3 5,20 £ 0,29 9,26 £ 0,48 64,9 £4.4
4 4,22 +0,23 4,65+ 0,27 253+£1,1
5 5,00 £ 0,25 12,2 +£0,7 452 +2,1
6 2,96 £ 0,16 6,41 + 0,42 21,0+£1,0
Picea abies 1 124+ 6 127 +7 704 + 31
2 69,9 + 3,1 163 £8 392 +45
3 91,3+4,0 228 £ 11 809 + 34
4 82,0+3,6 290 £ 12 535+£23
5 347 £ 15 1239 + 81 2728 + 113
6 73,4 +£32 140+ 6 320+ 14
Acer 1 273+1,5 137 +7 809 + 39
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a (Bg/kg suhe mase)

Vrsta Drevo les poganjki enoletne iglice ali listi

by,

Pinus sylvestris 1 30,6 £1,5 5,4+0,3 46 £ 2
2 13,5+0,8 8,0+0,5 41 +£2
3 36,1 £ 1,8 6,1 +04 311
4 11,6 £0,7 6,6 +0,4 39+1
5 348 +£2.2 7,4 +£0,5 48 £2
6 19,1 £1,1 5,104 49 +£2

Picea abies 1 20,2 +1,1 6,7+0,3 76 +4
2 16,8 £0,9 8,7+0,5 9 +4
3 10,8 £0,5 10,6 £0,7 116 £5
4 274 +£1,5 12,6 £0,8 130 +5
5 23,8 £0,8 73,6 £3,1 321 £15
6 9,0+0,5 7,4 +£0,5 108 £5

Acer 1 21,5+ 1,1 21,8 +0,6 177+9

Priloga 11: Efektivne letne ingestijske doze za 28y, 34U, 25Ra, 2'°Pb in *'°Po za
odrasle in dojencke (P. m. = Pomurske mlekarne)

Populacija PELT] PELTS Bing (pSﬁ/ﬁ/}l{e ;O) AT 205

Odrasli; 1 — 4 0,092 £0,015 0,058 +0,011 0,30 £0,07 48+238 7,7+1,3
Odrasli; 5 0,006 £0,003 0,015+0,005 0,41 +£0,06 37£25 4,5+0,8
Dojencki; 1 —4 1,68 £ 0,28 1,06 £ 0,16 16,1 £2.8 140 £ 83 402 £ 69
Dojencki; 5 0,111 £0,052 0,269 + 0,087 16,8 £2,6 110+ 73 236 £43
Dojencki; P. m. 4,44 + 0,62 2,41 +£041 7,08 £ 1,39 187 £92 447 £ 112
Dojencki; Hipp 0,865 £ 0,060 1,18 £ 0,21 10,7 £ 2,1 123 £43 59,5+6,8
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