Determination of Pb-210 and Po-210 in aqueous
environmental samples

Von der Naturwissenschaftlichen Fakultdt der
Gottfried Wilhelm Leibniz Universitidt Hannover
zur Erlangung des Grades
Doktor der Naturwissenschaften (Dr. rer. nat.)
genehmigte Dissertation
von

M. SC. LENA YVONNE JOHANSSON

geboren am 13. Oktober 1976 in Frandefors, Schweden

2008



Referentin: Prof. Dr. Carla Vogt
Korreferent: Prof. Dr. Rolf Michel
Tag der Promotion: 28.07.2008

II



Abstract

The naturally occurring radionuclides Pb-210 and Po-210, arising from the uranium-radium
decay series, provide a considerable contribution to the radiation exposure to humans over
mobile, aqueous systems. Since environmental compartments are generally not closed sys-
tems, the individual radionuclides of a decay series may behave differently due to dissimilar
chemical properties, which result in radiochemical disequilibria. Therefore, it is very impor-
tant to be able to determine the activities both Pb-210 and Po-210 separately.

The chemical separation of lead and polonium is performed by solid phase extraction
using the Pb Resin. In order to simultaneously retain both lead and polonium, a concentra-
tion of ¢(HCI) = 2 mol I"" is chosen for the sample load; Po-210 is selectively stripped from
the cartridge with diluted nitric acid (¢ =1 mol I and ¢ = 0.1 mol 1", respectively). More-
over, Po-210 and Pb-210 are quantitatively separated from each other; Pb-210 is completely
stripped from the cartridge with distilled water.

The activity measurement of Pb-210 in water samples is generally difficult, due to its
weak gamma radiation (E, = 46.5 keV with P, = 4.05 %) and its low energetic beta radiation
(Epmax = 63 keV). The determination of Pb-210 via LSC is usually performed subsequent to
chemical separation by measuring the beta activity of the daughter Bi-210, after about 30
days of ingrowth. The Pb-210 yield is determined by ICP-MS measurement of the added
stable lead carrier and yields > 90 % are reached. Po-210 is a pure alpha emitter and is meas-
ured via alpha spectrometry. The polonium fraction can directly be utilized for the making of
alpha sources by spontaneous deposition. The overall chemical yield for Po-210 is deter-
mined over Po-208 tracer and reaches 75 per cent.

The detection limit for Po-210 is as low as 0.2 mBq kg™, which is more than adequate for
the determination of environmental water samples as well as ground- and drinking water.
For Pb-210, decision thresholds and detection limits of 10 mBq kg™ and 20 mBq kg™, respec-
tively, are reached for sample volumes of 1 | and a measurement time of 24 h.

The newly developed method can be applied for the analyses of all kinds of environ-
mental water samples containing Pb-210 and Po-210; unpolluted natural waters, as well as
waters polluted by mining activities, such as the coal mining affected area near Rheinberg
(NRW) and uranium mining affected region of Mailuu Suu, Kyrgyzstan. Furthermore, the
obtained measurement results lead to a better understanding of the studied disequilibria as
well as mobilisation processes and it enable a realistic radiological dose assessment.
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Kurzzusammenfassung

Beim Transport iiber wéssrige Systeme liefern die natiirlich vorkommenden Radionuklide
Pb-210 und Po-210 aus der Uran-Radium-Zerfallsreihe einen erheblichen Beitrag zur Strah-
lenexposition des Menschen. Da es sich in der Umwelt oft um nicht abgeschlossene Systeme
handelt, konnen sich die einzelnen Radionuklide einer Zerfallskette wegen ihrer unterschied-
lichen chemischen Eigenschaften deutlich uneinheitlich verhalten, wodurch radioaktive Un-
gleichgewichte entstehen. Daher miissen die Pb-210- und Po-210-Aktivititen separat gemes-
sen werden.

Die chemische Trennung von Blei und Polonium wird mittels Festphasenextraktion
unter Verwendung vom Pb-Resin durchgefiihrt. Die Probenaufgabe erfolgt in salzsaurer Lo-
sung (c=2moll"), um Blei und Polonium simultan zu extrahieren. Polonium ldsst sich
selektiv mit Salpetersdure (c=1moll" bzw. ¢=0,1 moll") eluieren. Polonium und Blei
werden quantitativ voneinander getrennt; das Blei wird mit wenig Wasser von der Saule aus-
gewaschen.

Die Bestimmung von Pb-210 in Umweltproben ist wegen der schwachen Gamma-
Strahlung (E, = 46,5keV mit P,=4,0%) und der niedrigen Energie der Betastrahlung
(Epmax = 63 ke V) schwierig. Die Bestimmung von Pb-210 per LSC erfolgt iiblicherweise nach
chemischer Trennung iiber die Messung der Beta-Aktivitdt des Tochternuklids Bi-210 nach
etwa 30 Tagen Einwachszeit. Die chemische Ausbeute von Pb-210 ldsst sich mittels ICP-MS
anhand der Ausbeute des stabilen Bleis bestimmen und liegt bei > 90 %. Po-210 ist ein reiner
Alphastrahler und wird per Alphaspektrometrie gemessen. Die Polonium-Fraktion kann zur
Herstellung von Messpraparaten mittels Autodeposition direkt eingesetzt werden. Die ge-
samte Ausbeute von Po-210 wird {iber einen Po-208-Tracer bestimmt und liegt bei 75 %.

Die Nachweisgrenze von Po-210 betrédgt 0,2 mBq kg™', niedrig genug fiir die Bestimmung
von sowohl wissrigen Umweltproben, als auch Grund- und Trinkwasserproben. Fiir Pb-210
liegen die Erkennungsgrenze und die Nachweisgrenze bei 10 bzw. 20 mBq kg™, bei einem
Probenvolumen von 1 Liter und einer Messzeit von 24 h.

Die neu entwickelte Methode kann im Bereich der Radiodkologie bei allen Arten von
wassrigen Umweltproben zur Anwendung kommen; auf nicht belastete, natiirliche Gewisser,
sowie bergbaulich belastete Wasserproben, wie z.B. aus der durch Kohlebergbau beeinflusste
Region in Rheinberg (NRW) oder der durch Uranbergbau belasteten Gebiet in Mailuu-Suu,
Kirgisistan. Die dabei gewonnenen Messergebnisse sollen zu einem besseren Verstindnis der
betrachteten Ungleichgewichte und Transportvorgiange beitragen und eine Festlegung von
realistischen radiodkologischen Modellparametern ermdglichen.

Schlagworte

Pb-210, Po-210, Ungleichgewichte



VI



Contents

1.1

2.1
2.1.1
2.1.2
2.1.3
2.1.3.1
2.1.3.2
2.14
2.1.5

2.2
2.2.1
2.2.2

2.3

2.3.1
2.3.2
2.3.3
234

24

3.1

3.2

3.2.1
3.2.2
3.2.3
3.2.4
3.2.5
3.2.6

INTRODUCTION AND SCIENTIFIC AIM .....coocvviiniirniinennecninecneesnennees 1
AN OF STUAY ...ttt sttt bbbttt 3
RADIOACTIVITY IN THE ENVIRONMENT .......cooceviniininiininnncneeicneenne 5
Natural radioactivity in the environment.............ccccooeceuvnieinncnincnncrccreceeenene 5
RAdIation EXPOSUIE..........coeieerieieieeei ettt ettt sttt ettt ettt asasseaes 6
NAtUral dEPOSILS ......oeiuimiiiieieiri et ettt ettt 6
Uranium-radium decay chain...........cococoeiuiiininniiinnncceeseecceeeeeses e 7

LA ... 9

POLONIUIN ...ttt ettt 11
Carrier-free radionuclides...........c.cooceuvivcninicininicnccceec e 13
Age determination from radioactive decay ..........ccccoccvuvecirnccrnncnnecinccreeeeeeene 14
Radioactive equilibria and disequilibria.........c.ccccceerrinninineinccee e 17
Radioactive disequilibria in waters...............ccccooevciniiiiniininiiicce 19
Disequilibria of Pb-210 and Po-210 in water and sediments..............c.cccccceuvcuruiunee. 20
Technically enhanced natural radioactivity .........ccccevvveveccernnncrcceerrrecccenens 21
Mining and processing of ores, minerals, and coal...........c.ccccccvcuvnvcnncnnccncnnnn. 21
Energy production by combustion ..........c.c.ccevcrciniccnncnnccrcceccreeeeeeene 25
Other energy production.............cc.occeviceinicininiciniceceee et 26
Phosphate processing and fertilizers .............cooveveerninnnniceennnccceeeseneeceeenes 26
Other anthropogenic SOUICES...............coouccuiiiiiiiniciniiciiccc e 27
AQUATIC RADIOCHEMISTRY .....coviiiiiiiiiiiininienineeneenseseesssssessssssesnas 29
Mobility of radionUCHIAEs .........c.cccevriiueiniciriccicec e 29
Radionuclide reactions in natural Waters ...........c.ccoceceuveveeirecrrinccenneennecereeseeeeeeene 30
General aspects of aquatic radiochemistry ..., 30
Redox potential and PH.........ccooiririnniieiniccccertrereeeeie ettt senees 31
INOTGANic SALS ......c.cueuiiiicceerr e 34
Organic COMPOUNAS ........ccoeeeuererririririceieieterereeeeie ettt se s sebesessasesensaesesesens 36
RAIOCOIONAS ...ttt 37
Precipitation and cO-Precipitation ............ccoovceceeeieirininininineeeieeseseeceie et eeaeaes 38

VII



3.3

3.3.1
3.3.2
3.3.3

4.1
4.1.1
4.1.2
4.1.2.1
4.1.2.2
4.1.3
4.1.3.1
4.1.3.2

4.2
4.2.1
4.2.2
4.2.2.1
4.2.2.2
4.2.2.3
4.2.2.4
4.2.2.5
4.2.3
42.4
4.2.5
4.2.6
4.2.7

5.1

5.1.1
5.1.2
5.1.3
5.14

5.2

5.3
5.3.1
5.3.1.1

VIII

Biological availability.........ccccceueirirnnciceicccerr s 39

Radionuclide uptake By Plants........c.ccccccceeurrinenerceieininnneceeereneneeeeeneesesesesesesesenens 40
Radionuclide uptake by fresh water fish...........ccccoovevciniinncnnncnccrccecne 41
Radionuclide uptake by humans.........c.ccccooovvciiiiiiniiinicccccccceenne 42
MEASUREMENT INSTRUMENTATION.......cccccevvuiririnnienenieeneeneenneens 47
AlPha SPECLIOMELIY.....c.cueiiiriieciciieieiet ettt ettt sttt ettt 47
AIPRA ECAY ...ttt 47
AlPha SPECLIOMELET ........c.cecvveiiiieeeicieieertrereeeeie ettt et sasesene 48

Background radiation ............ccocerceeinicininccinice et 52

Prevention of contamination .............ccocccuviieiniieinicininicinccceeeee e 53
CalIDIations ........ccviiiiiiicc et 56

Energy calibration ... 56

Efficiency caliDIation ........c.cocccuveuciniciriniciniccnceects et 57
Beta SpectrOmetry ...t 59
Beta deCaY ..o 59
Liquid Scintillation COUNEING ...........cccvuieiririiriniciniicirceeeeeieeeeeeesseesesesesenne 60

Comparison of beta spectrometry methods ..........ccccevvnnneeennnncnccceenenen, 60

LSC counting vials ........c.ccvvinereieuiieirinirinieceieiesesececicteiee sttt seene 61

Scintillation SOIUHIONS ..........coeveiieieiririrrcccce e 62

SUITACLANTS ...ttt 65

Principle of liquid scintillation counting.............ccoeceveecernecinncerencrnnecneneennenes 65
Background radiation............c.cocccuiieiniieiniciniiccce e 67
QUENCH EfFECES.......ceeevevieeeeerecteereeceeree ettt vt et er et s e ebe s ess b ene s ereneneene 69
QUENCH COTTECHIONS ........ocveveeeetereeectecreecteeteeee ettt er et et es e eseeseseseesessesessensesenensens 70
Pulse Shape ANalYSis.........ccoeeeueiriririnniiceeinieeeesren sttt senens 72
The Liquid Scintillation COUNLET...........ccceururirieirieieeeie ettt eees 74
METHOD DEVELOPMENT ......ccoviniiiniininiinniniintcncneenstseessesssesnesseens 77
OVEIVIEW ...t 77
Direct counting by gamma spectrometry..........cccceovuvrnenceeennincncncceeeesenereeenenes 77
Beta spectrometry measurements .............cccoeveirinreiniineininneninnineinnneeseeesseseeseseneens 78
Indirect measurement of Po-210 by alpha spectrometry ..........c.ccccoccuvevecerenieeenecnnnn. 79
Mass SPECITOMELTY .......coviiiiiiiiiiiicc s 80
Sampling procedure and sample preparation...........c.ccecevevceeunecurenecrneneernenceeesecnenn. 80
Chemical SEPATAtIiON .........cccceuiueiiiriririiceiee ettt ettt 82
Resin distribution coefficients for lead and polonium ...........c.ccoeeveveeennnnncnccnnne. 84

Experimental performance ...........coocevecurneeunicieinicininccisieenecie e 85



5.3.1.2
5.3.2

5.3.2.1
5.3.2.2

54
5.4.1
54.1.1
5.4.2

5.5

5.5.1
5.5.2
5.5.3
5.5.4
5.5.5
5.5.6

5.6
5.6.1
5.6.2

5.7
5.7.1
5.7.2

6.1
6.1.1
6.1.2

6.2
6.2.1
6.2.2

7.1
7.1.1

7.2
7.2.1

RESULLS ...ttt bbbt 87
Chemical separation using the Pb ResSifi ..........ccccceuvurrrnineccrernineneeecieieseseneseesesenens 90

Reuse of eXtraction COIUMNS ..........c.occcuiiuiirinceeinicieiniceic ettt eeeseneacs 94

Effect of high ion concentrations .............ccccceveeeinicininicinnccniceceeeeeeenenes 94
Measurement of Po-210 via alpha spectrometry.............ccccoeeoeuvieuvnicrnnecnencrennecnnn. 96
Source preparation for the alpha spectrometry............cocoveeeennnncnccennnnncceenen 96

Summary of SOUrce PrepParation .............cccovccrereeereneueineceeeneeerseeeesseeseesesessesesessenes 102
Evaluation of the alpha spectra.........c.ccocceviiiniciincnccerc e 102
Measurement of Pb-210 via Liquid Scintillation Counting...........c.ccecccvuveeurencucunnnce 107
INGrowth Of Bi-210.......coccciiiiiiiciiiciiiciriccceeeet et 108
Pulse shape SEtting..........cccocveeueiriririniniieeierr ettt ettt sees 109
Quench CaliDration .............c.ooviieuieieieireeeeeeeceeeecre et e e e r e e seneene 110
Efficiency caliDIation ..........cccvcueiicininiciniciciricecisecetsecse et 110
Determination of the chemical yield ..........ccccoooeeinicinncincincccccce e 110
Evaluation of the LSC SPeCtra.........cooiiueuriririceieeieee et aeees 111
Determination of Pb-210 by measuring Po-210 after ingrowth ............c..cccccc.... 114
INGrOWth Of PO-210......c.coiiiiiiiirieceeer ettt ses 115
Determination of the Pb-210 activity..........cccooeoeuerirnnnneeeenrncccceeesereecieienes 116
ValIAQTIOMN ...ceeeiiiiccicte ettt bbbt 116
TAEA ProfiCIENCY teSt.......c.oviuiicieiiecieicictricicieiceeteaetseeietsese e ssesese s seene 116
CEA Proficiency test il Water ............c.coceureceeureceeineernineeetneesesseeesesseseseesesessesesesseacseene 118
METHOD APPLICATION ....coivviiniiriiiinniiiiniinenienntciennessesnesseessessessees 121
Coal mining at Rheinberg (Nordrhein-Westfalen)..........ccccccevvncvccennnnncnccnnne. 121
Measurement results and diScussion ... 123
SUMMATY <.ttt et ettt 126
Uranium mining in Mailuu Suu, Kyrgyzstan............c.ccocccvvcenvcenecnnccnenceenecnnnn. 127
Measurement results and diSCUSSION .........c.cocecuevricirinicininicininceceece e 131
SUIMMATY ..ottt 137
DOSE ASSESSMENT ...ttt ssesssesseesessnes 139
Coal mining area of Rheinberg (NRW) ........cccocciiiimnnnniienrccceeeseneceeenes 141
CONCIUSIONS.....coeeeeeiteiricceetetr ettt ettt nens 143
Uranium mining district of Mailuu Suu, Kyrgyzstan ...........ccccccoevevcuvnccnncerncncnnnn. 143
CONCIUSIONS......coeiieiiictecie ittt bbbttt 146

IX



8.1

8.2

8.3

10

10.1

10.2

10.3

10.4

10.5
10.5.1
10.5.2

10.6
10.6.1
10.6.2

11

SUMMARY AND OUTLOOK........ooeiiiiiiiiriiiniiniiniinsinsenensessesseeseeseeseens 149

SUMMATY ...ttt ettt et 149
CONCIUSION ...ttt ettt et 151
OULLOOK ..ottt bbbttt 152
ACKNOWLEDGEMENTS ....ccoiiiiiiiinnintnnicntseeseessteseessseesssesseens 153
APPENDICES .....otiiiiiiiiiittritenieennteseesssessssesssssesssesssssesssssessssssses 155
ADDIEVIALION ...ttt ettt bbb 156
LiSt Of TADIES ..ottt sttt 158
LISt Of FAGUIES ...ttt 161
Method: SteP-DY-SteP ......ccceuiiiiiiiiiicirtcrceee ettt sesnaes 164
Measurement evaluations..............cccuvieuiiieiniininiciiceceeee i 167

Evaluation of the Po-210 alpha measurements ............ccoceeeveeueuerennencncceerenennenn. 167

Evaluation of the Pb-210 LSC measurements..............cococeereereeeeerrirereresnsesenenen. 175
Changeable Parameters .............cocccveueirecirineeininceneeeeeteeeeesseese e sseseseene 180

RRBEINDEIG ...ttt sene 180

MaATIUU STU ...ttt sttt 181
BIBLIOGRAPHY ....uoiiiiiiiiiiiiiiitiicnitntcncnntcnecnsccssecsscssecsacssseeseesnne 183



1 Introduction and Scientific Aim

Lead-210 and polonium-210 are naturally occurring, relatively long-lived radionuclides of the
U-238 decay series, with half-lives of 22.3 y and 138.4 d, respectively. They are released into
air by the emanation of radon-222 from soil surfaces. Rn-222 is a noble gas and may diffuse
through fissures into aquifer layers, where its long-lived decay products (Pb-210 and Po-210)
can dissolve. However, both Pb-210 and Po-210 are particle reactive and are rapidly removed
from the water column by adsorption onto sinking particulates or they may be co-
precipitated with ferric hydroxides and manganese oxides. Due to different chemical proper-
ties of Pb-210 and Po-210, the extent of the removal varies independently of each other with
the water properties and results in radiochemical disequilibria. If both radionuclides are in
equilibrium, it is only necessary to measure either the mother or the daughter, depending on
which is easier to determine. However, in environmental water samples, Pb-210 and Po-210
cannot be assumed to be in radioactive equilibrium with each other and therefore it is highly
important to be able to determine both separately.

The major sources of technically enhanced natural radioactivity are mining activities
(uranium, coal, and mineral sands), combustion of coal and fossil fuels and other energy
production such as geothermal energy, and the use of phosphate rock. In industrial processes
associated with the extraction and processing of minerals, the hazard arising from radiation is
generally small compared to that from other chemical substances. Hitherto very little account
has been taken to this technically enhanced natural radiation and the doses which arise
thereof. In regions of excessive mining, the contaminations are caused by dissolved radionu-
clides from the U-238 and Th-232 decay chains which are brought to the surface by the mine
water drainage and discharged into the nearby water systems, or the mine wastes are depos-
ited in the close proximity of the mines, which are then exposed to weathering and leaching
of radionuclides with water. This technically enhanced natural radioactivity also includes
Pb-210 and Po-210, which may lead to elevated radiation exposure to people living in these
areas and who may use contaminated water for drinking purposes. Furthermore, the dose
coefficients for ingestion of Pb-210 and Po-210 [1] are relatively high. Pb-210 clearly plays an
important role in human radiation exposure, since it possesses long residence times in the
skeleton and thus highly contributes to the skeletal dose [2]. According to the UNSCEAR
Report from 1988 [3], both Pb-210 and Po-210 significantly contribute to the radiation dose
of the population, with 8 % of the natural internal radiation dose to man. This stresses the
importance of the simultaneous determination of Pb-210 and Po-210 in aqueous samples, as
well as measurement techniques with low detection limits, which in turn enables a realistic
dose assessment.

In order to achieve low detection limits, a chemical separation is required. Solid phase
extraction has found increasing use for the purification of both Pb-210 and Po-210, in par-
ticular the strontium extractant based on crown ethers. Horwitz et al. [4] have developed an
extraction chromatographic resin for the separation of strontium (Sr Resin), based on a crown
ether (4,4°(5°)-bis-(¢-butyl-cyclohexano)-18-crown-6).



This crown ether also shows a very high selectivity for lead with a maximum distribution
coefficient of 10°. The maximum distribution coefficient for polonium on Sr Resin is about 10?
in nitric acid (¢ = 0.5-1.0 mol 1"); at higher concentrations it decreases abruptly [4]. The
Sr Resin was later modified to even better fit the extraction of lead. This new resin was de-
noted Pb Resin and contains the same crown ether, only in a lower concentration and a differ-
ent solvent [5]. Distribution coefficients for polonium on the Pb Resin have not been deter-
mined.

Vajda et al. [6] found that even under maximum polonium retention in nitric acid solu-
tion, lead and polonium could not be efficiently separated by the Sr Resin, since polonium
was released from the column before bismuth had been eluted. However, a simultaneous
separation of lead and polonium was achieved from a hydrochloric acid solution. Lead is
retained by the Sr Resin to a lesser extent in hydrochloric acid than in nitric acid at the same
concentrations, but polonium has a higher distribution coefficient in hydrochloric acid and
can be retained, although with recoveries of only 70 %. In the method developed by Vajda
et al., the sample load is performed in hydrochloric acid (¢ = 2 mol ™), polonium is eluted
with nitric acid (¢ = 6 mol 1) and lead is subsequently eluted with HCI (¢ = 6 mol I""). The
lead fraction was evaporated, the chemical yield was determined gravimetrically and finally
the Pb-210 activity was determined via liquid scintillation counting (LSC). The high acid
concentrations used in this method complicate a direct measurement via LSC, since most
scintillation cocktails are sensitive to acid quench: a direct mixing of a larger fraction of the
sample with the cocktail is therefore not possible.

Eichrom Technologies has developed a selective method for the determination of Pb-210
in water using the Pb Resin [7], based on the 18-crown-6-ether mentioned above. The sample
load is performed in diluted nitric acid (c = 1 mol I'!); polonium is eluted with nitric acid
(c=0.1 mol I'") and lead with 20 ml of distilled water. Bismuth is not retained by the resin at
all. By using this method similar problems occurred by the separation of polonium as Vajda
et al. found for the Sr Resin: no separate polonium fraction was obtained.

The activity measurement of Pb-210 in environmental water samples is, however, gener-
ally difficult, due to its weak gamma radiation (E, = 46.5 keV with P, = 4.05 %), its low ener-
getic beta radiation (Epm.x = 63 keV), and the weak internal conversion electrons (8, 30 and
43 keV). For this reason, the determination of Pb-210 is generally performed after chemical
separation by measuring the beta activity of the daughter nuclide Bi-210 (Egmsx = 1.2 MeV) by
LSC. Polonium-210, on the other hand, is a pure alpha emitter and for this reason the deter-
mination of Po-210 can only be carried out by alpha spectrometry, most commonly using
passivated implanted planar silicon (PIPS) detectors, after proper alpha source preparation,
usually taking advantage of the fact that polonium ions in solution spontaneously deposit
onto less noble metal surfaces, such as nickel or silver. A yield tracer (usually Po-208) of
known activity is added as internal standard. Chemical pre-concentration is not always per-
formed and leaving it out may save time [8], but the presence of interfering ions makes the
procedure undependable both by reducing the deposition yield of polonium as well as in-
creasing the thickness of the deposited layer, which in turn will negatively affect the alpha



spectrometric determination. Therefore, a chemical separation of polonium from interfering
radionuclides and matrix elements prior to the spontaneous deposition is preferred.

1.1  Aim of study

The purpose of this work is the development of a method for the simultaneous determination
of Pb-210 and Po-210 from the same aqueous sample using solid phase extraction. Further-
more, the measurement techniques and sample source preparation shall be optimized, in
order to achieve the lowest possible detection limits. The optimization of the measurement
techniques generally includes the minimization of the background count rates as well as the
determination of the most favourable measurement parameters, for liquid scintillation count-
ing as well as for alpha spectrometry. The sample source preparation for the alpha spectro-
metric determination of polonium will be optimized, in order to achieve highly reproducible
alpha sources with high resolution.

Until now the detection limits reached by the gamma spectrometric determination of
Pb-210 in aqueous samples of 0.5 litres were in the order of 100 mBq per litre, which is evi-
dently too high for natural environmental water samples. Low detection limits are important
for a realistic dose assessment, especially in regions of technically enhanced natural radiation.
If no actual activity concentration can be determined, the detection limits have to be used in
the dose assessment instead, which clearly will lead to an overestimation of the radiation
dose. Since Po-210 solely emits alpha radiation it cannot be determined via gamma spec-
trometry. For that reason, Po-210 is usually assumed to be in radioactive equilibrium with
Pb-210, which once again undoubtedly leads to an overestimation of the dose.

The newly developed method will be applied on unpolluted, natural waters, as well as
waters polluted by mining activities, such as coal mining, but also uranium mining. Addi-
tionally, the gained measurement results should lead to a better understanding of the studied
disequilibria as well as mobilisation processes and furthermore enable a realistic radiological
dose assessment.






2 Radioactivity in the Environment

Radioactivity was discovered by Henri Becquerel in 1896, who investigated the radiation
emitted by uranium minerals [9]. Two years later similar properties were discovered for tho-
rium by Marie Curie [10] and by G. C. Schmidt [11]. Marie Curie found differences in the
radioactivity of uranium and uranium minerals and concluded that the minerals must con-
tain still other radioactive elements. Together with her husband, Pierre Curie, she discovered
polonium and radium in 1898 [12].

Radioactive substances are depending on their origin divided up into two groups; natural
and anthropogenic. In nuclear power stations artificial radionuclides, mainly fission products
and transuranium elements, are produced. The application of nuclear weapons, by nuclear
weapon tests and nuclear accidents, considerable amounts of fission products have been set
free and distributed via the atmosphere as radioactive fall-out over large areas, in particular
in the north hemisphere.

2.1 Natural radioactivity in the environment

There are about 80 natural radionuclides existing in measurable amounts in the environment
[13]. They are, depending on origin, divided up into four groups:

- Primordial radionuclides
Primordial radionuclides, such as K-40, Th-232, U-235, and U-238, have been pro-
duced in the course of nucleogenesis and have been present on earth since the be-
ginning and are not being reproduced, but due to their long half-lives they are not
yet completely decayed.

- Radionuclides of the natural decay chains
There are four natural decay chains, originating from the four primordial radionu-
clides U-238, U-235, Np-237, and Th-232, which contain 45 of the natural ra-
dionuclides. A decay chain consists of a definite sequence of alpha and beta decays.
The neptunium chain ends with the stable Bi-209, the other three ends with stable
lead isotopes. However, the radionuclides of the natural neptunium decay chain
have already decayed, since the half-life of the longest lived radionuclide Np-237 is
2.1 x 10° years, which is short compared to the age of the solar system (4.5 x 10° y).

- Cosmogenic radionuclides
Cosmogenic radionuclides are produced by nuclear reactions in the atmosphere by
the cosmic radiation and at the surface of the lithosphere. They can reach the lower
air layers by sedimentation, where they can merge in to the biosphere (for example
tritium, Be-7, Be-10, and C-14).



- Nucleogenic radionuclides
In places, where a neutron flux is present, nuclear reactions can occur to produce
radionuclides. For example, Np-237 is reproduced in uranium deposits in small
amounts by the reaction:

28U(n, 2n)*" U—5%"Np (2.1)

2.1.1 Radiation exposure

The largest contribution to the every day radiation dose of the population comes from the
concentration of Rn and its daughters in air, as can be seen from Tab. 1 below, where the av-
erage equivalent dose rate received from natural radiation sources are listed [14].

The concentration of Rn-222 is relatively high in regions of high uranium concentration
in the ground and in poorly ventilated housing built of materials containing small amounts of
uranium, radium or thorium. Accordingly, the dose rates vary considerably.

In comparison to natural radiation sources, the radiation exposure originating from arti-
ficial sources is in many cases much higher. These doses originate from the application of
X-rays and radionuclides for diagnostic and therapeutic purposes, from various radiation
sources applied in daily life and from radioactive fall-out. By severe nuclear installation acci-
dents, such as the Chernobyl accident, doses up to several Sv have been transmitted.

2.1.2 Natural deposits

Radioactive substances are found in the atmosphere, but most of them are present in the
lithosphere. Most important are the ores of uranium and thorium, but also potassium salts
contribute to the natural radioactivity. Uranium and thorium are common elements in na-
ture. High concentrations of uranium are found in granite in Saxony, Germany, which con-
tain up to 20 ppm [15]. Some minerals containing U and Th and their major deposits are
listed in Tab. 2. The most important uranium mineral is pitchblende (U;Os).

The naturally occurring isotopes of uranium are U-238 (99.27 %), U-235 (0.72 %) and
U-234 (0.006 %) [16]. The isotope ratio of U-238 to U-235 in the Earth’s crust is constant at
137.5 £ 0.5 [17]. So far the only known exception is found in Gabon in West Africa (Oklo).
About 10° years ago the U-235 content was in the order of 3 % of the U-238 content. This
enrichment was enough to start a chain reaction, which led to a burn-up of U-235, which in
turn led to a considerably lower U-235 content today than what is normally found around the
world [13].



Tab. 1: Average radiation exposure by natural radiation sources [14]

Kind of exposure Equivalent dose (mSvy™)

Whole body Bone Lung
and gonads

External radiation sources

Cosmic radiation® 0.35 0.35 0.35
(sea level, 50° north)
Terrestrial radiation® 0.49 0.49 0.49

(K; U, Th and decay products)
Internal radiation sources

Uptake by ingestion
Tritium < 0.00002 - -
C-14 0.016 0.016 0.016
K-40 0.19 0.11 0.15
Rb-87 0.003 - -
Po-210 - 0.14 -
Rn-220 + Rn-222 0.02 0.02 0.02
Ra-226 + Ra-228 0.03 0.72 0.05
U-238 0.0008 - -
Uptake by inhalation
Rn-220 - - 1.75%
Rn-222 - - 1.30
Sum = 1.10 =~ 1.85 = 4.10

@ On the ground, locally up to = 2 mSv y.. Intensity of cosmic radiation increases by a factor of = 1.6
per 1000 m above sea level.

® Locally up to =~ 4.3 mSv y™'. On average, in the open air = 25 % less than in buildings. Minimum
values x 1/10, maximum values x 10 of the values listed.

© Values for brick buildings and 3.5-fold exchange of air per hour. In concrete buildings without ex-
change of air the values are higher by a factor of 4-7.

2.1.3 Uranium-radium decay chain

The uranium-radium decay chain starts with U-238, in the course of which Ra-226, Rn-222,
Pb-210, and Po-210 are produced. In Fig. 1 this decay chain is depicted. From the mother
nuclide of all the members of the uranium family, U-238 (4.468 x 10° years), two short lived
isotopes of thorium and protactinium are formed by one alpha and one beta decay. Another
uranium isotope, U-234 with a half-life of 2.455 x 10° years, is formed by beta decay from



protactinium. Further alpha decays subsequently produce Th-230 (7.54 x 10* years), Ra-226
(1600 years), and the noble gas Rn-222 (3.825 days). Its decay products include polonium,
bismuth and lead isotopes up until Po-214, all short-lived (less than 30 min). The next iso-
tope Pb-210 has a half-life of 22.3 years. By beta decay Bi-210 (5.013 days) is formed, by an-
other beta decay the alpha emitter Po-210 (138.38 days) is formed, until the stable Pb-206 is

reached.

Tab. 2: Naturally occurring uranium and thorium minerals [14]

Mineral Composition Conc.of U  Conc.of Th  Deposits
(%) (%)
Pitchblende  U;Os 60-90 Bohemia, Congo, Colo-
rado (USA)
Becquerelite 2 UOs-3H,O 74 Bavaria, Congo
Uraninite 65-75 0.5-10 Japan, USA, Canada
Broeggerite ~ UO,-UO; 48-75 6-12 Norway
Cleveite 48-66 3.5-4.5 Norway, Japan, Texas
Carnotite K(UO,)(VOy)-nH,O 45 USA, Congo, Russia,
Australia
Casolite PbO-UO;-5i0,-H,O 40 Congo
Liebigite Carbonates of U 30 Austria, Russia
and Ca
Thorianite (Th, U)O, 4-28 60-90 Ceylon, Madagascar
Thorite ThSiO,-H,O 1-19 40-70 Norway, USA
Monazite Phosphates of Th 0.1-15 Brazil, India, Russia,
and Rare Earths Norway, Madagascar
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Fig. 1: The U-238 decay chain [16]

2.1.3.1 Lead

Lead (Lat. Plumbum, Pb) occurs in nature, but it is rare: only 1.6 x 107 % is found in the
earth crust [18]. Lead is obtained chiefly from galena (PbS) by a roasting process. Anglesite
(PbSO,), cerussite (PbCO3), and minim (Pb;0,) are other common lead minerals [25].

The radiochemistry of lead has a history almost as long as the history of radiochemistry
itself. In 1899, 3 years after the discovery of radioactivity by Becquerel and only a year after
the discovery of polonium and radium by the Curies, Elster and Geitel [19] reported that lead
sulphate obtained from pitchblende was very active. This was interpreted at the time as being
due to activity induced in stable lead by exposure to the radiation of radium in the ore and
was first called “radiolead”

Natural lead is a mixture of four stable isotopes [16]: Pb-204 (1.4 %), Pb-206 (24.1 %),
Pb-207 (22.1 %), and Pb-208 (52.4 %) and these isotopes are the end products of each of the
three series of naturally occurring radioactive elements: Pb-206 for the uranium series,
Pb-207 for the actinium series and Pb-208 for the thorium series. In total 27 other isotopes of
lead with mass number from 183-214 (excluding 204, 206, 207, and 208), all of which are
radioactive, are recognized [16]. In Tab. 3 the decay data for natural radioactive lead isotopes
is listed. Due to its comparatively long half-life, Pb-210 is the most abundant of the radioac-
tive lead isotopes. The existence of convenient radioactive lead isotopes in the natural series
brought their early use as tracers in natural processes [20]. Pb-210 is often applied in sedi-
mentation studies and dating of sediments [21].

Some physical properties of lead are shown in Tab. 4.



Tab. 3: Relevant decay data for naturally occurring radioactive lead isotopes [22]

Radionuclide Half-life Eg (MeV) Emission E, (keV) Emission
prob. (%) prob. (%)
Pb-210 223y 0.017 82.0 46.5 4.0
0.063 18.0
Pb-211 36.1 min 1.37 90.8 405 3.8
0.54 6.5 832 3.8
0.97 1.7 427 1.7
Pb-212 10.64 h 0.33 82.6 239 434
0.57 12.3 300 3.2
0.16 5.1
Pb-214 26.8 min 0.68 48.2 352 36.9
0.74 43.0 295 19.2
1.03 5.6 242 7.5
0.19 2.2

Tab. 4: Some physical properties of lead and polonium([23, 24, 25, 26]

Property Lead Polonium
Electron configuration 4£15d"°6s%6p* 4£"5d"%6s’6p*
Ionic radius (pm) Pb**: 133 (6) Po**: 108 (6)
Pb**: 143 (8) Po**: 122 (8)
Density (g cm™) 11.34 9.20
Melting point (°C) 327 254
Boiling point (°C) 1751 962

Due to its high density, lead is commonly used as a radiation shield around X-ray equipment
and nuclear reactors. Gamma and X-rays are efficiently attenuated by lead shields. On the
other hand, the thermal neutron cross section of natural lead is low, and that of the Pb-208 is
very low (0.0006 barns) [27].

Lead forms two series of compounds, corresponding to the oxidation states +2 and +4. In
contradiction to the other members of the group IV a in the Periodic Table, the most com-
mon oxidation state of lead in its compounds is +2. The compounds of lead(IV) are accord-
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ingly generally regarded as being covalent in nature, whereas those of lead(II) are considered
to be ionic [27].

2.1.3.2 Polonium

Polonium was discovered in 1898 by Marie Curie and her husband as the first element sepa-
rated from pitchblende, and named after her home country, Poland (Lat. Polonia) [12]. It has
25 known radioactive isotopes with mass numbers from 192 to 218, of which only the 208,
209 and 210 isotopes have half-lives longer than 1 day [16], see Tab. 5.

Tab. 5: Relevant decay data for Po-208, Po-209 and Po-210 [22]

Radionuclide Half-life Decay modes E. (MeV) Intensity (%)
Po-208 2.898y a: 99.99777 % 5.115 99.9956
4.220 2.4E-4
€:0.00223 %
Po-209 102y a: 99.52 % 4.885 20
4.883 80
4.622 0.551
4.310 1.5E-4
4.110 5.6E-4
€048 %
Po-210 138.376 d a: 100 % 5.304 100
4.517 1.22E-3

Polonium is a very rare natural element. Uranium ores contain only about 100 micrograms of
the element per 10° g [28]. It was in 1934 found that when natural bismuth (Bi-209) was
bombarded by neutrons, Bi-210, the parent of polonium, was obtained. Milligram amounts of
polonium may now be prepared this way, by using the high neutron fluxes of nuclear reac-
tors. The annual production of Po-210 worldwide is estimated to about 100 grams [29]. Iso-
topes of mass 209 and 208 can be prepared by alpha, proton, or deuteron bombardment of
lead or bismuth in a cyclotron [30].

The energy released by the decay of Po-210 is so large (140 W g™') [23] that a capsule
containing about half a gram reaches a temperature above 500 °C. A few Curies (1 Curie =
3.7 x 10" Bq) of polonium exhibit a blue glow, caused by excitation of the surrounding gas.
Because almost all alpha radiation is stopped within the solid source and its container, giving
up its energy, polonium has attracted attention for uses as a lightweight heat source for ther-
moelectric power in space satellites.

11



Polonium can be mixed or alloyed with beryllium to provide neutron sources. The neutron
source, or initiator, is one of the most important elements of a fission weapon. It has only one
purpose: to generate and release an initial burst of relatively low energy neutrons at just the
right moment to trigger and maximize fission reactions in compressed plutonium or uranium
tissile fuel. In early nuclear weapons, most initiators were fragile hemispheres (“golf balls”) of
Po-210 and Be-9. These “golf balls” were placed in the centre of the fissile core; when crushed
by implosion, the intermixing of these two elements caused the Be-9 (a, n) C-12 reaction to
occur [31].

Polonium is used in devices for eliminating static electricity in textile mills, in the paper
industry and by the manufacturing of sheet plastic. It is also used on brushes for removing
dust from photographic films and camera lenses. Static eliminators typically contain from 1-
10 GBq of Po-210. The polonium used in these eliminators is combined with silver or other
metals in a foil mounted inside a protective cage, in order to minimize hazards to the user
[29]. Any attempt to destroy or disassemble the source to extract the polonium would be
extremely difficult and would require sophisticated laboratories. Po-210 is very dangerous to
handle in even milligram or microgram amounts and special equipment and strict control is
necessary.

In Tab. 4 some physical properties of polonium are listed. Polonium is the heaviest ele-
ment in group VI a of the Periodic Table, the other members of which are sulphur, selenium
and tellurium, and it is of interest to compare polonium with these elements. The electron
configuration of Po is analogous to the configuration of Se and Te, from which stable oxida-
tion states of -2, +2, +4, and +6 would be expected [23]. The +2 state is unstable in solution
in the absence of reducing agents. It is rapidly oxidized to the +4 state under the influence of
its own alpha particles. Hence, the +4 state is the most stable state in solution. A number of
compounds of Po(IV) have been prepared. The tetrachloride is relatively volatile (boiling
point, 390 °C [28]) and, therefore, hydrochloric acid solutions of polonium must be evapo-
rated carefully to prevent loss of polonium.

In slightly acidic to neutral solutions it hydrolyses, forming PoO(OH)*, PoO(OH), and
PoO,, and in alkaline solution it forms PoOs* [30]. In hydrochloric acid solutions, polonium
is complexed, probably as PoCl¢*” or PoCL’". In nitric acid solution Po is only partially com-
plexed [28]. As a consequence thereof, storage of polonium is preferred in hydrochloric acid
solution, as the losses due to adsorption are reduced.

Elemental polonium is more metallic than tellurium and its physical properties resemble
those of thallium and bismuth rather than those of tellurium. In chemical properties, how-
ever, polonium follows that of tellurium very closely [23]. Polonium is a low-melting, fairly
volatile metal and it distils readily in vacuum. The vapour pressure between 438 and 745 °C is
represented by the equation [32]:

53778

log p +7.2345 (2.2)

where p is the pressure in mm Hg, T is the absolute temperature. From the above equation the
calculated boiling point is 962.04 °C.
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Polonium metal exposed to air oxidizes to form the dioxide, PoO,. The reaction is slow in dry
oxygen at room temperature, but is rapid at 300 °C [28]. The polonium dioxide is less volatile
than elemental polonium.

Physiological damage arises from the complete absorption of the energy of the alpha par-
ticle into tissue. With ingestion of several micrograms of Po-210, gastrointestinal symptoms
begin to appear within about a day [33]. Gastrointestinal symptoms will mimic food poison-
ing; nausea, diarrhoea, vomiting, and general tiredness. This is followed by a “latent” phase
and a further decline, including the loss of all hair and a massive depletion in white blood
cells. Bone marrow depression will occur with a 5 Gy whole-body single radiation dose. The
intestinal lining has rapidly proliferating cells which are sensitive to radiation; gastrointestinal
syndrome will occur with acute doses of 5-15 Gy, and necrosis and ulcerations will occur at
40-50 Gy. Within the lining of the gastrointestinal tract, the alpha particles will irradiate the
mucosa; this will cause sloughing of the disrupted cells and will affect the inner lining, lead-
ing to gastrointestinal bleeding.

Polonium-210 inside the body is not detectable with standard radiation instrumentation
used outside the body. Testing urine or faeces for alpha radiation would be the method of
detection. For someone to be poisoned with Po-210, a big radiation dose would be needed; a
dose not possible with naturally occurring Po-210, only with man-made Po-210. A median
survival time of 20 days has been associated with a median dose of about 1.6 MBq (0.0096 pug)
per kilogram of Po-210. For a 70-kilogram person, this would only be about 111 MBq (about
0.7 pg Po-210) [33]. Weight for weight Po-210 is about 2.5 x 10" times more toxic than hy-
drocyanic acid [34].

2.1.4 Carrier-free radionuclides

Nuclides of instable elements, with no existing inactive isotopes, are so called carrier-free
radionuclides. Carriers are elements with identical or very similar chemical properties to the
radionuclide, and are added to ensure normal chemical behaviour of radionuclides.

Handling of micro-amounts requires special precautions, because in absence of measur-
able amounts of carriers the radionuclides are micro-components and their chemical behav-
iour may be quite different from that observed for macro-components. The percentage of
radionuclides sorbed on the walls of a container depends on the chemical form of the nuclide,
its concentration and specific activity (activity per mass of element, in Bq g™'), and on the
properties of the container material. At high specific activity of a radionuclide in solution, the
surface of a glass beaker generally offers an excess of surface sorption sites. Glass surfaces
possess an ion exchange capacity of the order of 10" mol cm™, which corresponds to about
10* ions per cm™ of a glass beaker and similar number of sorption sites is available for chemi-
sorption [14]. By comparison with Tab. 6, it becomes clear that in the absence of carriers,
radionuclides in low activity concentrations may easily be sorbed on glass walls by ion ex-
change. However, the ion exchange and hydrolysis of the container surface is suppressed in
acidic solutions (pH < 2), due to the excess of H" ions which saturates the glass surface and

13



creates a repelling positive charge. The surfaces of plastic materials, such as polyethylene, do
not exhibit ion exchange, but adsorption may be pronounced, in particular adsorption of
organic compounds including organic complexes of radionuclides, which might often be the
case for polonium and radon.

With respect to the suitability of the carrier for a carrier-free radionuclide, the chemical
state is decisive. For that purpose, they must be in the same chemical state as the radionuclide
considered. In the case of radioisotopes of stable elements, such as Co-60 and Na-24, small
amounts (traces) of these metals are always present. In the case of isotopes of radioelements,
such as Ra-226, Ac-227 or Po-210, however, stable nuclides do not exist. For such radionu-
clides a non-isotopic carrier can be utilized. The non-isotopic carrier can be an element with
similar properties as the considered radionuclide, for example barium is usually used as a
carrier for radium, or tellurium or bismuth for polonium.

Tab. 6: Number of atoms and mass of various radionuclides corresponding to 10 Bq

Radionuclide Half-life Number of Mass (g)
atoms

Ra-226 1600 y 7.3 x 10" 2.7 x 10710

Ac-227 21.77y 9.9 x 10° 3.7 x 10712

Co-60 5272y 2.4 % 10° 2.4 %107

Po-210 138.38d 1.7 x 108 6.0 x 107

Na-24 14.96 h 7.7 x 10° 3.1x107Y

2.1.5 Age determination from radioactive decay

The basis of age determination by nuclear methods is the laws of radioactive decay. From the
variation of the number of atoms with time due to radioactive decay, time differences can be
calculated rather exactly. Dating by nuclear methods is applied in many fields of science, but
mainly in archaeology, geology and mineralogy. Two kinds of dating by nuclear methods can
be distinguished [14]:

- dating by measuring the radioactive decay of cosmogenic radionuclides, such as
tritium or C-14;

- dating by measuring the daughter nuclides formed by decay of primordial mother
nuclides (various methods, e.g. K/Ar, Rb/Sr, U/Pb, Th/Pb, Pb/Pb).
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There are basically three generations of method development in age determination by radio-
active decay. Dating methods using K-Ar, Rb-Sr, lead isotopes and cosmogenic C-14 reached
importance in the 1960s and early 1970s. A second group of methods reached importance in
the late 1970s and early 1980s. Examples are the Sm—-Nd method, Rare Gas geochemistry and
uranium-series nuclides. These techniques offered new and powerful isotopic tracers for ana-
lysing geochemical systems in the mantle and crust. The third group of dating methods, the
Re-Os method, became important in the 1990s [35].

All naturally occurring radionuclides can be used for dating. The time scale of applicabil-
ity depends on the half-life. With respect to the accuracy of the results, it is most favourable if
the age to be determined and the half-life of the radionuclide are of the same order. Therefore
the long-lived mother nuclides of uranium, thorium and actinium decay series and other
long-lived naturally occurring radionuclides such as K-40 and Rb-87 are most important for
application in geology and mineralogy. In Tab. 7 some principal radiometric dating methods
are listed.

Tab. 7: Principal radiometric dating methods used in geochronology and archaeology [36]

Method Description iz (y) Effective dating Datable materials
range
U/Pb U-238/Pb-206 4.5x10° From 10’y to the  Zircon, pitchblende, mona-
U-235/Pb-207 0.71 x 10° age of the earth zite, some whole rock, lava
Th/Pb Th-232/Pb-208 13.5 x 10° flows, igneous rocks

Pb-207/Pb-206

K/Ar (1) total degassing 1.31 x 10° From 10°y to the  Any K-bearing mineral or
(2) K-40/Ar-39 age- age of the earth rock, primarily applicable
spectra analysis volcanic rocks

Rb/Sr Rb-87/Sr-87 47.0 x 10° From 10y to the  Rb-containing minerals or

age of the earth  rocks, such as muscovite,
granite, gneiss

I/Xe I-129 decay to Xe-129  16.4 x 10° Upto 10’y Meteorites, lunar material

Re/Os Re-187 decays to 43 x 10° Upto 10%y Metal sulphides and rare
Os-187 earth minerals, meteorites

C-14 C-14 beta decayand 5730 Upto4x10*y Wood, charcoal, peat, tissue,
AMS bone, cloth

U-series ~ Th-230/U-234 7.5 % 10* 3.5%10° y Corals, speleothem, bones,

disequi-  Pa-231/U-235 3.4 x 10 2x10°y teeth, deep-sea cores, shells,

libria etc. etc.
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Dating by means of Pb-210 is of special interest with respect to ages in the range between
about 20 and 150 years, in particular for dating of glacier and polar ice, sedimentation rates in
lakes, estuaries, and coastal marine sediments. The isolation of Pb-210 is ascribed to its pre-
cursor, Rn-222, which escapes from the earth’s surface into the atmosphere. Most Rn-222
remains in the troposphere where it decays to Pb-210. The Pb-210 residence time in the tro-
posphere is estimated to range from days to a month before it is removed by precipitation and
dry fallout. The atmospheric flux of unsupported Pb-210 is presumed to have remained con-
stant at a given locality, and so Goldberg [37] first proposed dating permanent snow fields by
the measured Pb-210 activity.

The age of different horizons in a sediment core can be calculated using eqn. (2.3) from
the unsupported Pb-210 activity (Pb-210-excess = Pb-210 — Ra-226) assuming that Pb-210
and Ra-226 are immobile in the core [35]. Two different age calculations can be carried out
depending on the choice of two assumptions: constant initial concentration; or constant rate
of supply [36]:

The first method assumes that the Pb-210-excess remains constant with time at a particu-
lar location. Then, the difference in age between the surface sediment and sediment at
depth n is given by

t, = In((Pb-210-excess), /(Pb-210-excess), ) Apy 110 (2.3)

where (Pb-210-excess), and (Pb-210-excess), are excess activities of Pb-210 at the two posi-
tions in the core in units of decompositions per minute per gram of dry matter, and is the
Pb-210 decay constant. When the accumulation rate is constant the following relation can be
applied:

In(Pb-210), =In(Pb-210), — (%)M (2.4)

where M is the mass depth in grams of dry matter per square centimetre, and R is the accu-
mulation rate of sediment in grams of dry matter per square centimetre per year.

The second method assumes that the flux of Pb-210-excess supply to the sediment is
constant with time at a particular location. Thus, the age (¢) for a horizon at depth # is calcu-
lated from:

Z(Pb -210 - excess), =n, (1—6_1”"210‘) (2.5)
where Z (Pb-210-excess), is the total excess Pb-210 activity per cm™, from surface to

depth n, and #; is the total Pb-210-excess in the core down to a deposition horizon much
older than 100 years.
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2.2 Radioactive equilibria and disequilibria

Radioactive decay follows the laws of statistics. If a sufficiently large number of radioactive
nuclei N are observed for a sufficiently long time, the law of radioactive decay is found to be

_AN N (2.6)
dt

where —dN/dt is the disintegration rate, and A is the decay constant (dimension s™) [14]. It is

a measure of the probability of radioactive decay. The integration of eqn. (2.6) gives

N=Nge™ (2.7)

where Nj is the number of radioactive nuclei at the time ¢ = 0. Instead of the decay constant A,
the half-life t,,, is frequently used. This is the time after which half the radioactive nuclei have
decayed: N = Ny/2. Introducing the half-life t,,, in eqn. (2.7) it follows that

In2
t ) =nT (2.8)

The activity A of a radionuclide is given by its disintegration rate:

A=—"" CAN=24N (2.9)

The dimension is s™', and the unit is Becquerel (Bq). An older unit is the curie (Ci). The curie
is defined as the amount of radioactivity which has the same disintegration rate as 1 g of
Ra-226, and is defined as 1 Ci = 3.7x 10" s™' = 37 GBq.

Genetic relations between radionuclides, as in the decay series, can be written in the form

nuclide 1—— nuclide 2—2*—snuclide 3 (2.10)

where nuclide 1 is transformed by radioactive decay into nuclide 2 with the decay constant A,,
and nuclide 2 into nuclide 3 with the decay constant A,. At any instant, the net production
rate of nuclide 2 is given by the decay rate of nuclide 1 diminished by the decay rate of nu-
clide 2:

dN dN
dt2 == dtl_AzszllNl_AzNz (2.11)

17



With the decay rate of nuclide 1 it follows:

%MZNZ ~ANYe ™M =0 (2.12)

where N is the number of atoms of nuclide 1 at time 0. The solution of the first-order differ-
ential equation (2.12) is
A

N = NOe™ —e™ )+ Noe (2.13)
27 /M

where N is the number of atoms of nuclide 2 present at time 0. If nuclide 1 and 2 are sepa-
rated quantitatively at t = 0, the situation becomes simpler and two fractions are obtained. In
the fraction containing nuclide 2, this nuclide is not produced any more by decay of nu-

clide 1, and for the fraction containing nuclide 1 it follows with NJ =0

N (e —e )= )Lf_lal N fi-e ) (2.14)

Above the radioactive equilibrium between a mother nuclide and a daughter nuclide accord-
ing to eqn. (2.10) has been considered. For the next successive daughter (nuclide 3), the fol-
lowing equation is obtained:

At —At —At

(S € €

(/\2 _)Ll)(AS _/\1)+ (Al _/\z)()% _Az)-’- (/12 _A3)(/\1 _/13)

N, =L A,N; (2.15)

The time necessary to attain radioactive equilibrium depends on the half-life of the daughter
nuclide. In the radioactive equilibrium, the ratio N,/Nj, the ratio of the activities is constant.
It should be mentioned that this is not an equilibrium in the sense used in thermodynamics
and chemical kinetics, because it is not reversible, and it generally does not represent a sta-
tionary state. Three cases can be distinguished:

- Secular radioactive equilibrium (t,,(1) >> £©12(2))
In secular radioactive equilibrium, eqn. (2.14) reduces to

N, :%Nl(l—ew) (2.16)
2

After t >> t15(2) (in practice, after about 10 half-lives of the nuclide 2), radioactive
equilibrium is established and the activities of the mother nuclide and of all the nu-
clides emerging from it are the same: A, = A,. Secular radioactive equilibrium can
be used for the determination of a long-lived mother nuclide, if the daughter activ-

18



ity is easier to measure. Examples are the determinations of Pb-210 via the daugh-
ter Bi-210 and Ra-226 via Rn-222 respectively, both using liquid scintillation
counting.

- Transient radioactive equilibrium

After attainment of radioactive equilibrium (#,2(1) > t12(2)), the daughter activity is
always higher than the mother activity:

—== (2.17)

- Half-life of mother nuclide shorter than half-life of daughter nuclide
In this case the mother nuclide decays faster than the daughter nuclide, and the ra-
tio between the two changes continuously, until the mother nuclide has disap-
peared. No radioactive equilibrium is attained.

2.2.1 Radioactive disequilibria in waters

The decay products of uranium pass over 10 elements, all with very different chemical prop-
erties. These elements are transported by groundwater (migrate), the solute composition of
which varies with the surrounding rock/soil minerals. The different elements migrate at dif-
ferent rates due to their different chemical properties; dissolving in some areas and precipitat-
ing in others.

Radioactive disequilibrium can be a result of geochemical sorting or differentiation proc-
esses, whereby one decay series daughter is more mobile than another. These differentiation
processes may be physical as well as chemical, and isotopic as well as elemental. When one
daughter in a radioactive chain is selectively mobilised from aquifer rock surfaces, disequilib-
rium is produced in both the solid and the aqueous phases. Precipitation from solution is also
elementally selective. In the case of radon, enhanced diffusion is another cause of fractiona-
tion and disequilibrium. These processes all depend on elemental geochemistry. The alpha
recoil fractionation mechanism, on the other hand, is not element specific. Each daughter in
the decay chain is more prone to have been displaced than its immediate parent. In some
cases the displacement is across phase boundaries, and disequilibrium is the direct result. In
other cases the displacement leads to unstable lattice sites where enhanced vulnerability to
leaching, which in time results in disequilibrium [38].

An important determinant of the abundance level of a given radionuclide in solution is
its half-life. In the case of unsupported species, shorter-lived radionuclides will decay away
while longer-lived sisters will persist. Even though two radionuclides have similar chemical
properties, the shorter-lived species, or isotope, will be scarce unless there is a continuing
supply contributed by the aquifer rock. Uranium, radium, and radon frequently occur in
natural waters at the 10-100 mBq 1" level, and are thought of as geochemically soluble. Tho-
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rium and protactinium are seldom detected in solution, and are essentially insoluble in natu-
ral waters. Lead, polonium, bismuth, and actinium may be found under certain conditions in
solution in natural waters. For those radionuclides which are readily soluble, the factor which
limits their occurrence may be their average lifetimes. Radioactive disequilibrium is induced
between the nuclides above and below radon in the decay series. Similarly, loss of an inter-
mediate nuclide due to solubility in water (for example radium) may also be a cause of dis-
equilibrium. Many daughters of thorium and uranium, however, are too short-lived to be-
come appreciably fractionated from their immediate parents [38].

2.2.2 Disequilibria of Pb-210 and Po-210 in water and sediments

Disequilibrium between Pb-210 and its parent isotope Ra-226 arises through diffusion of the
intermediate gaseous isotope Rn-222. A fraction of the Rn-222 atoms formed by Ra-226 de-
cay in soil escapes into gaps and diffuse through the soil into the atmosphere, where they
decay to Pb-210. Lead-210 atoms become readily attached to airborne particulate material
and are removed from the atmosphere by precipitation or dry deposition. A part of this natu-
ral radioactive fallout is adsorbed onto sedimentary particles in lake waters and seas, depos-
ited on the lake or sea bed, and buried by subsequent accumulations. If diffusion of Rn-222 is
negligible, Pb-210 is likely to be in equilibrium with its progenitor Ra-226 because the other
four intermediates all have half-lives of only seconds or minutes, see 2.1.3.

The atmospheric flux of Pb-210 (from the decay of Rn-222) has been estimated at
15 atoms min™' cm™ [39]. In oceans and near-shore environments, decay of Ra-226 in solu-
tion provides another source of Pb-210. Except for surface ocean waters, dissolved Pb-210 is
found to be deficient in the entire water column [40]. Its activity ranges from 15-80 per cent
of Ra-226 activity and generally decreases with depth. This indicates that Pb-210 is rapidly
removed by adsorption on to sinking particulates and may be co-precipitated with ferric hy-
droxide and manganese oxides or form insoluble lead sulphides in anoxic waters [41]. As a
result, estimates of residence time of Pb-210 in ocean water vary widely, depending on loca-
tion: less than one month near land, to over 50 years in the deep ocean.

In lake waters, Pb-210 has a relatively short residence time. Residence times depend to a
large extent on water depth, but estimates are typically in the order of months [42]. For lakes
with relatively short water residence times, of the same order as the Pb-210 residence time,
significant losses of Pb-210 from the lake may occur through outflow from the lake.

In the hydrological cycle Po-210 generally follows its precursor Pb-210, but it is often
found out of radioactive equilibrium with Pb-210 in the marine environment. Polonium-210
is more readily adsorbed than Pb-210 on to particulate matter and microorganisms in surface
layer of the oceans (see Chapter 3). The Po-210 excess in the plankton can account for at least
70 per cent of the surface water deficit, part of which may be removed by sinking particles.
However, because of differing chemical properties at greater depths, polonium is easily recy-
cled, whereas lead tends to remain with the sinking particulates [43]. It is also likely that po-
lonium is adsorbed onto colloidal mineral particles (silica, aluminosilicates, iron oxides) as
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well as fulvic and humic acids, to a higher extent than lead. It was found that in Finnish
groundwater both Pb-210 and Po-210 mainly exist as particles, rather than in ionic forms
[44]. Furthermore, disequilibrium between Pb-210 and Po-210 has been observed in Finnish
drinking water; the mean activity concentrations of Pb-210 and Po-210 in dug wells were
13 and 7 mBq I}, respectively [45]. Po-210 is often depleted to a higher extent than Pb-210,
except for one example in west Florida, USA. In shallow well waters, near an area of phos-
phate mineralization, unsupported Po-210 activities of over 1000 min™' 1" were observed in
fairly acidic, S*-bearing waters. Microbial activity was thought to be the cause of this en-
richment [46]. In sediments and soils, however, Pb-210 and Po-210 are commonly found in
radiochemical equilibrium with one another or close to it [47, 48].

2.3 Technically enhanced natural radioactivity

By mining of natural ores and minerals, considerable amounts of natural radionuclides, in
particular members of the thorium, uranium and actinium decay series, are brought up to the
surface of the earth and in this way they contribute to the radioactivity in the environment.
Also combustion of fossil fuels and the use of phosphate rock make a contribution to the ra-
dioactivity, as so called technically enhanced natural radioactivity. In Tab. 8, the releases of
some radionuclides from mineral processing installation to air and water, respectively, are
listed. The radionuclides released to the atmosphere by large thermal processes, such as those
used by the elementary phosphorus production, iron and steel production and the cement
industry, are dispersed over great distances. For other mineral processing industries, dusty
conditions during handling and shipment of ores are the main reason for the releases of ra-
dionuclides to air. The largest releases of radionuclides to water are from the phosphate proc-
essing, followed by oil and gas extraction and primary iron and steel production.

2.3.1 Mining and processing of ores, minerals, and coal

The historical development of uranium mining starts with the commercial use of uranium for
glass and porcelain colouring during the nineteenth century [49, 50]. Total production for
this period is estimated to 300 Mg of uranium. With the discovery of radioactivity and ra-
dium (1896 and 1898) uranium became a strategic mineral of global interest. Uranium min-
ing during the colour and radium period was restricted to only a few districts and deposits
(e.g. Bohemia, Saxony, Cornwall, Portugal, Colorado Plateau, Great Bear Lake, Canada and
Shinkolobwe, Belgian Congo) with limited environmental impact. However, the negative
effects on human health of uranium mining and handling soon became obvious. After World
War II uranium mining increase rapidly and played an essential role in the nuclear race
amongst the superpowers. In 1959 world uranium production peaked at about 48,000 Mg of
uranium, which was almost totally assigned to the nuclear weapons programmes.
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Tab. 8: Release of radionuclides from typical installation of mineral processing industries [61]

Industry Ore through-put  Releases to air (GBqa™) Releases to water (GBqa™)

(kta™) Ra-226 Rn-222 Pb-210 Po-210 Ra-226 Rn-222 Pb-210 Po-210
Elementary phosphorus 570 - 563 66 490 - - 24 166
Phosphoric acid 700 0.09 820 - - 737 - 654 997
Fertilizer plant 375 - 221 - - - - 0.054 0.057
Iron and steel production 7500 - 180 55 920 - - 0.51 8
Coal-fired power plants 1350 0.11 34 0.4 0.8 - - - -
(600 MW.)
Cement industry 2000 0.2 157 0.2 78 - - - -
Mineral sands handling 183* 0.73 0.73 0.73 0.73 0.066 0.066 0.066 0.066
Titanium-pigment 50 0.001 6.2 0.001 0.001 0.002 0.002 0.003 0.002
Gas-fired power plant 600° - 230 - - - - - -
(400 MW,)
Oil extraction 3500 - 540 - - 174 174 174 174
Gas extraction 72000 - 500 - - 32 32 32 32

@ Zirconium
b106 m3 a—l
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At that time the main uranium producing countries were the United States, Eastern Germany,
Canada and South Africa.

Total world uranium production until 1994 was about 1.9 million Mg; total reserves of
known and at low cost (130 US $ per kg uranium) recoverable resources of uranium are esti-
mated at about 4.7 million Mg in 2005 [51]. The world production in 1994 was 32,000 Mg of
uranium, only about half of the present demand which is exclusively for nuclear power gen-
eration in worldwide more than 400 reactors [52]. The shortfall in production was covered by
inventories and diluted weapon grade uranium available for commercial use. In 2004, the
uranium production totalled 40,263 Mg, an increase of almost 12 % over production in 2002
[53]. Australia and Kazakhstan are at the moment the largest producers of uranium in the
world, with a market share of 24 and 17 %, respectively, see Tab. 9.

Tab. 9: Uranium production in 2005 by country [51]

Country Uranium quantity (Mg) Market share (%)
Australia 1,143,000 24
Kazakhstan 816,000 17
Canada 444,000 9
USA 342,000 7
South Africa 341,000 7
Namibia 282,000 6
Brazil 279,000 6
Niger 225,000 5
Russian Federation 172,000 4
Uzbekistan 116,000 2
Ukraine 90,000 2
Jordan 79,000 2
India 67,000 1
China 60,000 1
Others 287,000 6
World total 4,743,000

The mining and processing of uranium ores and of other ores, coal, and minerals brings up
large amounts of uranium, thorium and members of their decay series to the surface of the
earth and initiates mobilisation of radionuclides. Large amounts of radon are released into
the air. The residues are stockpiled and slag heaps, as well as waste waters, contain significant
amounts of radionuclides and the isotopes of radium continue to emit radon. Although of
importance with respect to radiation exposure, natural radioactivity enhanced by mining and
milling has only lately found appropriate regard in radiation protection. Through the mining
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and processing of uranium ore, the natural environment is extensively altered. As a result,
radioactive and toxic substances are released to the atmosphere, to soil, and to surface and
groundwaters, see Fig. 2.

Process Waste product ~ Waste deposit Secondary Secondary Receptor
processes emission

Shaft water l p Waste water
drain
Mining Foul air

| Overburden |'>| Slag heaps

Ground level
| Exhalation |'> | Radon |_>
atmosphere

| Erosion |'> | Dust

Transport
Storage

Soil /
| Elution |'> | Seepage Groundwater

Fig. 2: Schematic diagram of the environmental pollution caused by uranium mining [54]

Waste water from dewatering of mining shafts and open cast mining is contaminated with
uranium and other radionuclides, as well as toxic substances, heavy metals and salts (sul-
phate, chloride, and nitrate). These waste waters are, after purification, released into sur-
rounding water systems (rivers, lakes, etc.). By the ventilation of the shafts, foul air contami-
nated with radon and radioactive dust is released into the atmosphere. Contaminations,
caused by erosion and dust drift from open cast mines and slag heaps, are in dry climate
zones of special significance. The open cast uranium mining requires the removal and stock
piling of large amounts of rock. The ratio of ore to waste rock usually varies between 1:3 and
1:20, resulting in great amounts of overburden.

Prior to extraction, the ore is milled, in order to uncover the minerals contained in the
ore. The subsequent extraction is performed by leaching, either in alkaline or acidic solu-
tions. The purification of the groundwater is unproblematic after alkaline leaching [55]. As
for leaching with sulphuric acid, as is and was done in the Czech Republic, Bulgaria, Kazakh-
stan and Uzbekistan, the groundwater purification proved to be more difficult and could so
far in none of the cases successfully be demonstrated [56].

The highest danger potential arising from uranium mining and processing is found in the
residues from the uranium processing, the so called tailings. These contain, apart from the
used leaching chemicals (sulphuric acid, NaOH, ammonia etc.), the most part of the in the
ore existing radium and consequently the ent