
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  

 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 

   

 

Downloaded from orbit.dtu.dk on: Dec 17, 2017

Speciation analysis of radionuclides in the environment
NKS-B speciation project report 2007

Hou, Xiaolin; Aldahan, Ala; Possnert, Göran; Lujaniene, Galina; Lehto, Juka; Salbu, Brit

Publication date:
2008

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Hou, X., Aldahan, A., Possnert, G., Lujaniene, G., Lehto, J., & Salbu, B. (2008). Speciation analysis of
radionuclides in the environment: NKS-B speciation project report 2007. Nordic Nuclear Safety Research.
(NKS-176).

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Online Research Database In Technology

https://core.ac.uk/display/13709462?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://orbit.dtu.dk/en/publications/speciation-analysis-of-radionuclides-in-the-environment(f6174269-4e16-417d-9b8d-9a4e5bb7528d).html


 
 
 
 
 
 
 
 

 

Nordisk kernesikkerhedsforskning
Norrænar kjarnöryggisrannsóknir

Pohjoismainen ydinturvallisuustutkimus
Nordisk kjernesikkerhetsforskning

Nordisk kärnsäkerhetsforskning
Nordic nuclear safety research

 
 
 
 
 
 
 
 
 
 
 
 

NKS-176 
ISBN 978-87-7893-242-6 

 
 

Speciation Analysis of 
Radionuclides in the Environment. 

NKS-B Speciation project report 2007
 
 

Xiaolin Hou (1), Ala Aldahan (2), Göran Possnert (3), 
Galina Lujaniene (4), Juka Lehto (5) and Brit Salbu (6) 

 
 

(1) Risø National Laboratory for Sustainable Energy, DTU, Denmark 
(2+3) Uppsala University, Sweden 

(4) Institute of Physics, Lithuania 
(5) University of Helsinki, Finland 

(6) Norwegian University of Life Sciences (UMB), Norway 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

July 2008



 

 
Abstract 
 
This report describes the work carried out under the NUK-B project SPECIATION 
2007. In 2007, the project partners had two meeting in April and November, or-
ganized a NUK seminar on speciation and hot particles. SPECIATION 2007 t 
mainly focused on two issues on speciation (1) further development of speciation 
methods for radionuclides, and (2) investigation of speciation of radionuclides in 
environment. The report summarized the work done in partners labs, which in-
cludes: (1) Further development on the speciation of 129I and 127I in water sam-
ples; (2) Speciation method for 129I and 127I in air; (3) Dynamic system for frac-
tionation of Pu and Am in soil and sediment; (4) Investigation on Re-absorption of 
Pu during the fractionation of Pu in soil and sediment; (5) Speciation of 129I in 
North Sea surface water; (6) Partition of 137Cs and 129I in the Nordic lake sedi-
ment, pore-water and lake water; (7) Sequential extraction of Pu in soil, sediment 
and concrete samples, (8) Pu sorption to Mn and Fe oxides in the geological ma-
terials, (10) Investigation of the adsorbed species of lanthanides and actinides on 
clays surfaces. In addition, two review articles on the speciation of plutonium and 
iodine in environmental have been planed to be submitted to an international 
journal for publication. 
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Abstract  
 
This report describes the work carried out under the NUK-B project SPECIATION 2007. In 2007, 

the project partners had two meeting in April and November, organized a NUK seminar on speci-

ation and hot particles. SPECIATION 2007 t mainly focused on two issues on speciation (1) further 

development of speciation methods for radionuclides, and (2) investigation of speciation of ra-

dionuclides in environment. The report summarized the work done in partners labs, which includes: 

(1) Further development on the speciation of 129I and 127I in water samples; (2) Speciation method 

for 129I and 127I in air; (3) Dynamic system for fractionation of Pu and Am in soil and sediment; (4) 

Investigation on Re-absorption of Pu during the fractionation of Pu in soil and sediment; (5) Speci-

ation of 129I in North Sea surface water; (6) Partition of 137Cs and 129I in the Nordic lake sediment, 

pore-water and lake water; (7) Sequential extraction of Pu in soil, sediment and concrete samples, 

(8) Pu sorption to Mn and Fe oxides in the geological materials, (10) Investigation of  the adsorbed 

species of lanthanides and actinides on clays surfaces. In addition, two review articles on the speci-

ation of plutonium and iodine in environmental have been planed to be submitted to an international 

journal for publication.  
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1. Background and Introduction 
In order to assess short- and long term consequences of radioactive contamination in the en-

vironment, information on the source term including the distribution of physico-chemical forms 

(speciation), transformation processes occurring after release and deposition as well as the kinetics 

involved is needed. Such information can be obtained by means of radionuclide speciation analysis, 

which is defined as the application of analytical techniques to identify and quantify radionuclide 

species in a sample. Generally it can be stated that the speciation of an element has a direct influ-

ence on the toxicity, mobility, bioavailability, bioactivity, transport, uptake etc. Thus, elemental 

speciation is a multidisciplinary research field important to environmental sciences as well as geol-

ogy and bioinorganic chemistry, clinical and medical chemistry and more. Determination of the to-

tal concentration of the element alone is not sufficient and may lead to erroneous conclusions. 

Speciation analysis is necessary for the evaluation of the risks of pollutants in the environment, the 

bioavailability of elements in soils or plants and the transport mechanisms of metals to the human 

body.  

In general, the risk perspective has driven the major part of research conducted on the be-

haviour of natural radioisotopes as well as anthropogenic radioisotopes in the environment. This has 

been a natural consequence of the nuclear weapons programme and the development of nuclear 

power for civil use. It should however be kept in mind that for decades radioisotopes have been 

used for environmental tracer purposes. Radioisotopes have been used in large-scale systems such 

as determination of gas-exchange rates between the atmosphere and the oceans or quantification of 

world ocean circulation but also in microscopic events such as colloid aggregation and exchange 

interaction between molecules. Regardless of purpose, knowledge on the behaviour of the different 

radioisotopes is a key issue whether it serves to determine the possible pathways to human exposure 

or if it serves as a potential tracer for some process. If and when the released or in-situ generated 

radioisotopes will take part in the global cycles of matter, depends to a large degree on the exchange 

with the environment and thus its speciation. This speciation may very well be site-specific in the 

sense that the chemical species of 129I (or 131I) released from a reprocessing plant (nuclear power 

plant) may be very different from those of naturally occurring iodine due to the specific chemicals 

used for processing or due to radiolysis (caused by the high activity concentrations). It may thus not 

necessarily be possible to use the knowledge of stable iodine as a proxy for radioactive iodine 

(Wershofen & Aumann, 1989; Noguchi & Murata, 1988). A similar situation goes for cobalt where 

the radioactive Co(III) species may be expected to be more frequent (Cooper & Mchugh, 1983). 

Without knowledge on the speciation of the radioisotopes there will be increased uncertainties as to 

what risk they pose and their use as tracers will be less clear. 
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Refractory radionuclides from nuclear weapons testing and reactor accidents are mostly pre-

sent as radioactive particles, whereas the volatile radionuclides released, such as 131I, 129I, 3H, and 
14C may exist as gaseous compounds as well as associated with aerosols (Von Gunten & Benes, 

1994). The radionuclides in effluents from nuclear installations and contamination from nuclear re-

positories are present as colloids and low molecular mass species such as ions, molecules, com-

plexes (Salbu et al. 2004). Low molecular mass species are more mobile and can have a high 

bioavailability where as particles and colloids are biologically inert although they can be retained 

through filtering (e.g. in the lungs or by filtering organisms). All the radioactive species exist in a 

dynamic interaction where ions and molecules can grow through hydrolysis, complexation and ag-

gregation and low molecular species may be released from particles through desorption mecha-

nisms, dissolution etc. In general the water phase is a major mode through which radionuclide spe-

cies undergo chemical reactions and transport, and are made available to biota for uptake. Soils and 

sediments, the second and longer term sink for radionuclides, are dynamic systems where the long-

term phase partitioning of the radionuclides is affected by processes such as burial, diagenesis, per-

colation, biological activity, adsorption/absorption and desorption, mineralogical transformations, 

and changes of pH (acidity/alkalinity) and Eh (reduction/oxidation potential). 

Risk assessment has to be carried out before setting up repositories for radioactive waste 

from nuclear facilities. Increasingly sophisticated risk assessment models can be improved by in-

cluding information on the radionuclide speciation in soils, sediments, water, plants and animals. 

Furthermore, selection of site-specific remediation strategies can be more cost effective by incorpo-

rating decisions on critical processes based on reliable radionuclide speciation information. In the 

Nordic countries, more nuclear reactors are being decommissioned and radioactive waste will be 

generated in that process. To evaluate the short- and long-term environmental impact of reposito-

ries, speciation data of the relevant radionuclides must be acquired. Many radionuclides are of im-

portance to the risk assessment in connection to repositories i.e. 14C, 36Cl, 99Tc, 129I, and the acti-

nides. However, site-specific conditions and chemical compounds used in the repositories, or in the 

power plants, may severely alter the speciation of some elements, which therefore may necessitate 

development of local knowledge. The isotopes of U have been studied in quite some detail previ-

ously with risk assessment in mind whereas the knowledge of the speciation of 99Tc, 237Np and the 

isotopes of Pu is far from complete (Moulin and Moulin 2001). Therefore, our primary aim is to 

study the speciation of the radioactive isotopes of I, Pu, Tc and Np and provide data on key proc-

esses that control the mobility and transport/transfer of these radionuclides in the environment. 

Extensive experience with sequential extraction, co-precipitation, solvent extraction, ion ex-

change, extraction chromatography, size exclusion chromatography, high performance liquid chro-

matography and synchrotron radiation based x-ray techniques for the speciation of radionuclides in 
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environmental samples have been accumulated in the Nordic countries. For the analysis of radionu-

clides various radiometric techniques, such as gamma, beta and alpha spectrometry have been very 

well used in all Nordic radiochemical laboratories. ICP-MS and AMS have developed to a state of 

the art technique for the detection of long-lived radionuclides with detection limits better than con-

ventional radioactivity detectors. In order to obtain information on the source(s) of the released ra-

dionuclides, speciation analysis may be combined with advanced techniques such as Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS) and Accelerator Mass Spectrometry (AMS) for the 

determination of isotope ratios and activity concentrations of long-lived radionuclides (e.g. acti-

nides) at ultra low level in obtained fractions (Lind et al in press). ICP-MS offers simultaneous de-

termination of many elements with high sensitivity and very low detection limits (sub-ppt for most 

elements), easy access to isotopic information of the elements and most importantly very versatile 

coupling to many chromatographic techniques such as high performance liquid chromatography, 

capillary electrophoresis, size exclusion chromatography, ion chromatography, gel electrophoresis 

and gas chromatography (Cornelius et al. 2003). The coupling of ICP-MS to a chromatographic 

technique is what is needed to do elemental speciation analysis. Based on the retention times on the 

chromatographic column the molecules can be identified and the ICP-MS analyser is used for the 

identification of the elemental content as well as for accurate and ultra-sensitive analysis. 

Although much work has been carried out, the knowledge on the speciation of several ra-

dionuclides is still limited (Skipperud et al. 2000b; Ochs et al. 2003; Salbu et al. 2004, Moulin and 

Moulin 2001). This situation results from the difficulties in the identification and assessment of 

various species of radionuclides in the environment and their low environmental concentrations 

(Von Gunten and Benes 1994) thus requiring state-of-the-art analytical instrumentation coupled to 

high performance separation techniques. Fortunately the recent instrumental development has made 

possible speciation studies of trace elements at environmental levels. This is mainly due to im-

provements connected to synchrotron radiation based x-ray techniques and the inductively-coupled 

mass spectrometry (ICP-MS) technique, but also due to improvement in the speciation tools such as 

capillary electrophoresis with volume handling suitable for direct ICP-MS injection.  

Some Nordic laboratories have worked on radionuclide speciation for many years and 

gained considerable experience and knowledge (Salbu, 2000, 2004; Hou, 2001; 2003; Keith-Roach 

et al, 2003; 2004; Puhakainen, et al. 2001; Skipperud, et al. 2006; Outola et al. 2003; Vaaramaa et 

al. 2003). But no close collaboration among these Nordic laboratories was carried out in the field 

before this project, although two workshops on the radionuclide speciation have been organized by 

a Nordic laboratory (Norwegian University of Life Science, Workshop, 2002, 2005). This project 

(NKS – SPECIATION) was launched in 2007, through this project a close collaboration among 

Nordic laboratories on speciation of radionuclides has been established, and the experiences on the 
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speciation analysis of radionuclides obtained in the individual laboratory were exchanged and 

shared. 

            The aims of this project in 2007 are: (1) Overview of the research activity on speciation of 

radionuclides in Nordic countries, and establish a close collaboration among Nordic laboratories for 

speciation of radionuclides; (2) Organization of a NSK seminar on speciation of radionuclides; (3) 

Further development and improvement of analytical methods for speciation of some important ra-

dionuclides in the environment, such as Pu, Am, Np, and 129I, (4) Investigation of speciation of the 

some radionuclides in specific Nordic environments, such as the plutonium contamination in Thule, 

Greenland, issues related to Nordic repositories for nuclear waste and the behaviour in Nordic wa-

ters of radionuclides from European reprocessing facilities.  

References:  
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Workshop, 2002, Advanced techniques and radionuclide speciation within radioecology, August 30-31, 

2002, Monaco 

Workshop, 2005, Advanced techniques and radionuclide speciation within radioecology, Sept. 30-Oct. 1st, 

2005, Monaco.

2. Overview of the activity on speciation of radionuclides in Nordic laboratories 

Many laboratories in the Nordic countries have being carried out the speciation of radionuclides in 

for many years. A summary of the activity in the participants’ laboratories in this project is listed 

below. 

2.1 Risø, Denmark 

•  Liquid samples (< 0.45 water, 129I (oxidation), Pu, Am, Tc, Cs, Sr, etc.) 

•  Solid sample (soil, sediment), sequential extraction of 129I, Pu, Am, Cs, Sr 

•  Plant (seaweed),129I, 99Tc, English Channel, North Sea 

•  Air sample (129I speciation, particles, inorganic and organic gaseous iodine), Source? 

2.2 Uppsala university, Sweden 

• Radionuclides measurement by AMS:(129I, 10Be, 14C, other) 

• Baltic Sea samples (129I, water, sediment), 0.3-1.0 liter water. speciation and fractionation. 

•  Lake sediment (total, depth profile, fractionation), 137Cs, 14C, 210Pb 

•  Tree ring, tracks, 129I, 14C 

• Precipitation (rain, snow), 127I, 129I (total, speciation), transport of 129I from reprocessing 

plant.  

•  7,10Be airsoles, climate, environment, (speciation), 129I ice cores from Greenland, sediment, 
137Cs mark of 1986 Chernobyl , in different minerals. 

•  14C. tracer, dynamic studies 

2.3 Insitute of Physcs, Lithuania 

•  Be, 137Cs in air, solubility, fractionation. 

• Pu, airsole, fractionation, Isotopic ratio, transfer,  

• Pu, redox states, lab exp. extraction, MS method,  

• merinals, Pu, oxidation, surface chem. minerals, fractionation,  

• Soil, sediment, fractionation, Pu, Am, Cs, Sr, Re-adsorption, one-year exp.  
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• Hot particles, fractionation. 

2.4 University of Helsinki, Finland 

• Seq. extraction of soil and sediment for Am, Cs, Pu, 

• Pu oxidation in lake water (co-precipitation), LnF3 method 

•  U oxidation in ground water. 

•  Distribution of  Po, U, Pb Ra, in  ground water, by filtration,  

•  Particle charterization of uranium and transuranics 

•  Actinides, surface of Al , Si (LIFS), solution and solid phases, therotical and experimental 

ways. (Kaolinite, Gibbsite) Model exp. 

2.5 Norwegian University of Life Sciences (UMB), Norway 

• Water fractionation for radionuclides (0.45mm, HF, chromatography. 1-10-100 kda, +, -, 

neut., Sellefield, L hague, Cherno. Kara, Mayak, U mining, ETNORM,) Rorholt lake (an-

oxic/oxic), etc. 

• Water (ground, lake, river) in Mayak, (particle(fallout), colliod and LMM(weapons) 

• Soil, sediment (hot pat.) sequential extr., (procedure), incub (NH4Ac), 0.1 HCl extraction, 

SEM/XRMA, XANEF, XRD, XRF (3-dimention), ICP-MS (ratios) 

•  Sub.Nano Part. (EELS, Fe3+/Fe2+) (Fe, Al, Mn, TOC), Iso ratio of stable Fe in river 

•  TENORM (U, Th and their decay seires),Specitation or fractionation in water, fish  

2.6 Common work of speciation in Nordic Labs 

• Size fractionation, sequential Fractionation, oxidiation states 

• Radionuclid: 239, 240Pu, 129I, 238U, 232Th, 137Cs, (241Am) 

•  Sample: Sediment and soil  for Pu, I, U, Th,  

• Method: Individual protocol and the common protocol. (HU, PI, UMB, Risø) 

           (Fractions: exchangable, carbonate, oxides, organic matter, residues) 

3. NKS Speciation/Hot particles Seminar 

A NKS seminar has been organized through this project and cooperation with NKS HOT 

project in April 2007, about 40 scientists participated the seminar and 22 presentations were given, 

the problems, techniques, and future need were discussed, a proceeding of this seminar is preparing. 

The program of the seminar is given below. 
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4. Progress in the method development for speciation of radionuclides 

4. 1. Further development on the speciation of 129I and 127I in water samples (Risø/Uppsala 

Univerisity) 

The chemical separation method was further developed for the separation of 129I and stable iodine in 

water samples, including seawater, lake water and precipitation. Iodide, iodate and organic iodine 

were separated, the separated iodine was concentrated by Solvent extraction using CCl4 and pre-

pared as AgI for AMS measurement of 129I. The separated iodine species were directly measured by 

ICP-MS after adding ammonium to 1%. The developed chemical separation procedure is shown 

below. 

 

 

Fig.1  Chemical separation procedure for the chemical speciation analysis of iodine in water sam-

ples. 

 

4.2. Speciation method for 129I and 127I in air (Risø/Uppsala university) 

  A method for the collection and separation of different species of iodine in air was further devel-

oped. In this method, particle associated iodine, inorganic gaseous iodine and organic gaseous io-
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dine was collected by pumping the air through air sampler with sequential air filters as show in Fig. 

2. In which the particle associated iodine was first collected on a glass fibre filter with pore size of 

0.45 μm, the gas components passed through the filter. Inorganic gaseous iodine, such as I2, HI, 

HIO are then trapped by cellulous filter which was impregnated in NaOH/glycerol and dried. Fi-

nally the organic gaseous iodine, mainly alkane iodide, such as CH3I and CH3CH2I was trapped in a 

column filled with active charcoal which was impregnated with TEDA. Fig. 3 shows the air sampler 

for the collecting air sample. 

 

 

   Fig.2  Air sampler for the collecting particle associated iodine, inorganic gas iodine and organic 

gas iodine. 

The collected different species of iodine were then separated by a combustion method (Fig.4). In 

this method, the collected sample was put into a quartz boat, and 125I as yield tracer was added to 

the sample. The sample boat was then put in a quart tube which was heated by a tube oven, com-

pressed air and oxygen gas pass through the tube during heating. The iodine released during heating 

up to 800 °C was then trapped by two set of bubbler filled with 0.2 mol/l NaOH solution. One ml of 

tapped solution was taken for the determination of 127I by ICP-MS. The remained solution was used 
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for the separation of iodine and AMS determination of 129I by solvent extraction method and AgI 

precipitation method as the same as for water sample.  

 

                    Fig.3  Air sampler for collected different species of iodine from atmosphere 

 

   Fig. 4   Combustion equipment for the separation of iodine from solid samples 
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4.3. Dynamic system for fractionation of Pu and Am in soil and sediment (Risø) 

A dynamic extraction system (Fig.5) exploiting sequential injection (SI) for sequential extractions 

incorporating a specially designed extraction column (Fig.6) was developed to fractionate radionu

clides such as Pu, Am, Np and 

-

-

s 

 extractions. In addition, the dynamic system is more similar as the 

ituation occurring in nature. 

mmunication channel; W, waste; carrier, Milli-Q 

ater; T, three ways valve; P, peristaltic pump. 

137Cs in environmental solid samples such as soils and sediments. 

The extraction column can contain a large amount of soil sample (up to 5 g), and under optimal op

erational conditions it does not give rise to creation of back pressure. The purpose of developing 

such a dynamic system for fractionation of radionuclides is to reduce the readsorption problem

during sequential extraction using a modified Standards, Measurements and Testing (SM&T) 

scheme with 4-step sequential

s
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Fig. 5  Schematic diagram of the dynamic sequential extraction systems; SP, syringe pump; HC, 

holding coil; SV, selection valve; CC, central co

w
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  Fig. 6   Extraction column used for dynamic sequential extraction of radionuclides from soil and 

ediment samples 

estigation on Re-absorption of Pu during the fractionation of Pu in soil and sediment 

-

was expected that the dynamic extraction system developed in this work would also reduce read-

s

 

4.4. Inv

(Risø) 

One of the most important problems with sequential extraction techniques is redistribution as a re

sult of readsorption of dissolved metals onto the remaining solid phases during extraction. It has 

been recommended that the extraction time or contact time between the solid phase and the extract-

ing reagent of the earlier steps of sequential extractions should be kept as short as possible to mini-

mize the risk of readsorption to take place. Our previous work with dynamic extraction system in-

corporating the microextraction column to fractionate stable metals in soils and sediments has 

shown many advantages over the batch system, and one of the major ones is less readsorption. It 
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sorption of radionuclides (Pu and Am) during fractionation in comparison with the conventional 

batch methods.  

A double spiking technique was used to determine the extent of Pu and Am readsorption during se-

quential extraction. Known activities of 242Pu and 243Am tracers were spiked to the extractant in or-

der to measure the degree of readsorption. Recoveries and the distributions of 242Pu and 243Am 

among different fractions are shown in Fig. 7 and Fig. 8, respectively. The results showed that re-

coveries of 242Pu and 243Am in different spiked steps in the batch and dynamic extraction systems 

are similar, except recovery of 243Am at step I for dynamic system showed lower percentage (ca. 

2%) in comparison with the batch system (ca. 9%). It was found that a very significant readsorption 

occurred in all steps. For example, recovery of spiked 242Pu in the exchangeable step was 24% in 

average and less than 10% for 243Am. In the acid soluble and the reducible fractions, recoveries of 

242Pu and 243Am were less than 4% and 8%, respectively. A relatively low degree of readsorption in 

comparison with other steps was observed in the exchangeable fraction for Pu (ca. 76%, both meth-

ods) and for Am (ca. 90%, batch method). The main reason for these is probably because ammo-

nium acetate entails a high complexing capacity due to the acetate ion which may prevent readsorp-

tion or precipitation of the released ions from the soil sample.  

From the results (Fig. 7, 8), it was found that 242Pu and 243Am are redistributed among the remain-

ing phases, especially to the oxidizable and residual fractions. The distribution of spiked Pu and Am 

showed similar patterns for both the dynamic and the batch procedures. Major amount of spiked 

242Pu (ca. 59%) and 243Am (ca. 64%) were mainly redistributed to the oxidizable fraction (organic 

matter phase, step IV).  

It should be borne in mind that in the oxidizable phase (step IV), the proposed dynamic extraction 

system was operated at room temperature by passing the extractant slowly through the soil column, 

which provided 4 h extraction time. The batch extraction was performed at room temperature (1 h) 

and at 85 ◦C (2 h). Therefore, the results from the dynamic system indicated that the percentages of 

leachability of radionuclides in this step were slightly lower than the batch system.  
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Fig. 7  Recoveries of spiked 242Pu in each extraction step when comparing the dynamic and the 
batch extraction systems 
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Fig. 8  Recoveries of spiked 243Am in each extraction step when comparing the dynamic and the 
batch extraction systems 
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However, the extractable amounts of Pu and Am in this step were higher than our expectation. It 

might be because the newly readsorbed radionuclides were loosely bound to the organic matter. Re-

coveries of the extractable amount of radionuclides in the residual fraction (step V) using the dy-

namic extraction pro 

This result indicates that the readsorption of Pu and Am occurs in a very short time scale. Even 

though extracts are rapidly removed from contact with the remaining solid phase in the dynamic 

system, the degree of readsorption is still high.  However, based on the experimental results, it can 

be concluded that extractions performed by the dynamic approach are, still, preferable to those ob-

tained with the batch procedures. The dynamic extraction system is a closed system providing no 

sample loss, less risk of personal errors, and eliminates external contamination. Therefore, it gives 

higher recoveries of the spiked radionuclides (ca. 89% as compared to ca. 67% recovery with the 

batch procedure). Besides, the continuous extraction approach mimics much better the real envi-

ronmental conditions. The system is fully automated and computer-controlled. Uniform flow rates 

are obtained under the optimal operational conditions. Tedious procedures such as solid-liquid 

phase separation by centrifugation and manual filtration are completely eliminated. Washing be-

tween steps can be implemented simply by dispensing pure water to the column between extraction 

steps. The extraction time for the 4 steps comprises totally ca. 8 h as compared to ca. 50 h in the 

batch systems (even without considering the separation procedure by centrifuge and filtration). And 

it is possible to obtain more detailed knowledge of the leaching kinetics when highly contaminated 

samples are applied. Further studies are required to understand more about the readsorption events 

themselves, including factors affecting the degree of readsorption such as soil properties and how to 

solve or reduce this problem when performing dynamic sequential extraction procedures. 

      
   
5. Progress in the investigation of speciation of the some radionuclides in specific 

Nordic environments 

5.1  Speciation of 129I in North Sea surface water (Risø/Uppsala University) 
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Surface seawater samples collected from the North Sea and English Channel were analyzed for total 
129I and 127I as well as for iodide and iodate. The results (Fig. 9) show that relatively high 129I con-

centrations (2-3×1011 atoms/L) were observed in the northern part of the English Channel and in the 

south-eastern North Sea. The atomic ratio of 129I/127I decreases from the eastern (1.0-1.9×10-6) to 

the western (4-6×10-8) parts of the North Sea and from the north-eastern (1.5×10-6) to south-western 

(1-5×10-8) parts of the English Channel. The ratios of iodide to iodate are (0.1-0.5) and (0.5- 1.6) for 

the 127I and 129I, respectively, in open seawaters, whereas these ratios range at (0.6 -1.3) and (0.8-

2.2) in coastal waters.  The results suggest that: (1) Imprints of the La Hague facility dominates the 
129I distribution in the surface water of the North Sea; (2) Reduction of iodate to iodide is relatively 

fast during the transport to the European continental coast; (3) Oxidation of newly produced 129I- to 
129IO3

- is insignificant during water exchange between the coastal area and open sea, and reduction 

of iodate; (4) Oxidation of iodide in the open sea seems to be a slow process. 
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Fig. 9  Distribution of iodide/iodate ratios for 129I (upper number) and 127I (in parentheses) in sur-
face seawater from the English Channel and North Sea 
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5.2. Partition of 137Cs and 129I in the Nordic lake sediment, pore-water and lake water (Uppsala 

Univerisity) 

 

To quantify partitioning of the radioactive isotopes between solid and liquid phases and estimation 

of the isotope migration within soil and lake sediment profiles. Sediment cores were collected from 

a small lake in central Sweden (Loppesjön); a region characterised by relatively high Chernobyl 

fallout. With the view that a period of about 20 years has passed since the Chernobyl fallout, we 

aimed at investigating whether the fallout horizon has been stationary or if it has migrated within 

the sediment column. Furthermore, we explored interaction between the pore water and enclosing 

sediment and possible dispersion within the sediment profile and to the sediment-water inter-phase. 

The sampling was done during winter of 2006 from a frozen lake surface and through direct core 

slicing. Sediment and pore water were separated and used to evaluate these hypotheses. Although 

we have measured the distribution of 137Cs, our main focus was on the distribution of 129I. The 129I 

occurs in minute quantities (107-9 atoms/g sediment or water) in nature and thus is measured with 

the accelerator mass spectrometry technique (AMS). Some improvement of the analytical tech-

niques for the determination of 129I by AMS was carried out, which includes minimizing the amount 

of sample to a degree that a few mm-wide sediment layers as well as a few ml of the pore water in a 

core can be sampled and measured. Furthermore, because of the rather heavy contamination of the 

Nordic atmosphere with anthropogenic releases of 129I, ultra clean laboratory conditions, prepara-

tion procedure and chemicals have been established. In addition, to increase detection limit of the 

AMS system a time of flight detector is used for near background concentration values. 

Our preliminary results on the distribution of 137Cs and 129I in the lake sediment, pore-water and 

lake water show interesting portioning behaviour. The data suggest a rather constant and conserva-

tive behaviour of the 137Cs-rich sediment layer (Chernobyl) without observable migration compared 

to pervious measurement, during 1996, at the same part of the lake. This 137Cs coincidence was 

used to estimate possible migration in the 129I isotope through the sediment profile. The data show 

indication of an upward migration of the 129I -Chernobyl related layer. Data on the 129I distribution 

in the pore water also support an upward migration of the isotope. However, the partition between 

pore-water and sediment was relatively small (a few %) suggesting that most of the 129I was kept in 

immobile speciation forms in sediment particles. The amount of 129I in the lake water along the 

sediment-water inter-phase is about several times higher than what is found in the lake water. This 

observation indicates that some fraction of 129I are released from the sediment to the water through 

possible decomposition of organic matters (an iodine-rich source). 

The next stage of our project is to exactly specify the type of iodine speciation in all sediment-water 

compartments as well as in the biota (animals and vegetation). This approach is vital in order to in-
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vestigate the rate of 129I mobility and the speciation forms that are most appealing to nutrient chain 

and the bio-availability of the isotope in the ecosystem.   

 

5.3. Sequential extraction of Pu in soil, sediment and concrete samples (Risø) 

   The developed dynamicextraction method has been used to investigate the fractionation of Pu in 

soil collected from Thule, Greenland and heavy contamination area near Chernobyl power plant, 

sediment samples collected from Thule, Greenland, Palomares, Spain and Irish Sea, and concrete 

samples from the concrete shielding in Danish DK-2 research reactor which was decommissioned. 

 The result (Table 1) shows that most of Pu was associated to organic and oxides fractions and small 

fraction of Pu exists as mobile or bioavailable form (exchangeable and carbonate) in soil and sedi-

ment. However, in concrete sample, a large fraction of Pu exist as mobile for (carbonate), very less 

associated to organic fraction. To our best knowledge, this is the first investigation of the Pu frac-

tionation in concrete, the results is very important in the view of waste disposal. 

 

  Table 1   Sequential fractionation of 239,240Pu (Bq/kg) in soil, sediment, and concrete samples using 

dynamic sequential extraction system. 
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5.4. Pu sorption to Mn and Fe oxides in the geological material (Institute of Physics, Lithuania) 
 
Speciation of radionuclides was studied with the aim of better understanding their sorption 

mechanism to the clay minerals selected as engineered barrier for the cement (concrete) based near 

surface low and intermediate level waste repository.  

Recently in different publications the association of actinides with oxides and application of 

different methods for speciation determination have been discussed. Data on association of pluto-

nium with geological material was found to be rather contradictory. McDonald et al. found that plu-

tonium is predominantly associated with Fe, Mn oxyhydroxides (43.9 %) and organic complexes 

(43.5%) in the Irish Sea sediments, whereas McCubbin et al. reported 37 % of Pu as upper limits for 

the fraction associated with magnetic + nonmagnetic Fe minerals in samples collected at close area 

of the Cumbarian coast [1,2].  Data was obtained using different methods: sequential extraction and 

magnetic extraction technique. Using selective extraction procedures was shown that Pu was asso-

ciated predominantly with Mn oxides. The dominant association with the Mn oxides occurred de-

spite the fact that the Fe oxides were present at concentrations higher by factor from 2 to 30 in 

comparison with the Mn oxides [3]. 

X-ray absorption spectroscopy, in combination with microautoradiography, electron micro-

probe, and petrographic microscopy techniques were used to detect the spatial distribution of sorbed 

Pu on the zeolitic Topopah Spring Tuff sampled at Yucca Mountain [4,5]. Large concentrations of 

sorbed Pu were associated with smectite and Mn oxide fracture minerals. Sorption of Pu to Fe-rich 

regions was not observed. In a similar experiment in which Tuff was used, Pu was concentrated in 

the zones of altered orthopyroxenes. These zones contained Fe-rich amorphous materials [6]. 

 In order to obtain information about Pu sorption to Mn and Fe oxides in the geological mate-

rial, we used the sequential extraction methods with leaching controlled by means of AAS and 

Mössbauer spectrometry. The experiments were conducted in a wide range of electrolyte solutions. 

The concentrations of studied radionuclides in the solutions were as follows: C(Cs)  = 2.30·10-10 

mol/L, C(Cs) = 6.80·10-5 mol/L, C(∑Pu) = 1.10·10-9 mol/L and C(Am) = 3.20·10-11 mol/L. Pu(IV) 

was used in sorption experiments [7, 8]. The oxidation state purity of Pu(IV) stock solution was 

analyzed by solvent extraction at pH 0.5 using 0.5 M TTA as extractant. In addition, oxidation state 

analyses were preformed in the groundwater and the cement-water solutions using TTA and 

HDEHP as extractants. The tests were performed under atmosphere conditions at 25oC. Measure-

ments of Cs, Pu and Am were carried out using γ - and α – spectrometry.  
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Fig.10 Variations of plutonium  Kd values (A) and percentage of sorbet Pu to various geochemical 
phases (B – CaCO3, FeCO3; C – α-FeOOH, FeCO3 ; D – α-Fe2O3) depending on pH of cement-
water solutions. 

 
 
Comparatively similar amount of Mn found in all fractions of sequential extraction was inter-

preted as a trace amount of Mn oxides distributed almost equally between other minerals [9]. Mn-

oxides were not identified by the X-ray diffraction analysis due to the small amount present were 

not taken into account in the explanation of the Pu sorption mechanism. Variations of Pu speciation 

in clay under different sorption conditions were explained by Pu redox speciation found in ground-

water and cement-water solutions and different iron oxide (siderite - FeCO3; goethite - α-FeOOH 

and hematite - α-Fe2O3 ) coatings identified by Mössbauer spectrometry in the initial samples and 

after different steps of sequential extraction (Fig.10). 

The possible sorption mechanism deals with the adsorption of soluble Pu (IV) and PuO2
+ (via 

reduction of Pu(V) to Pu(IV)) onto goethite in the range of pH from 5 to 7.8 and formation of hy-

drolytic species on the surface of the iron oxide : ≡SO-Pu(OH)2
+, ≡SO-Pu(OH)2

2+, ≡SO-Pu(OH)3
+, 

and ≡SO-Pu(OH)3
0 where ≡SO denotes surface sites on the iron oxides. Plutonium aqueous speci-

ation and sorption under high pH are poorly understood. However, surface complexation of Pu(IV) 

to calcite surface (>Ca+ + Pu4+ + 2HCO3
– + 2H2O = >CaCO3Pu(OH)2CO3

– + 4H+) and in similar 

way to siderite can be responsible for retention Pu by clay minerals. Probably the surface complexa-

tion (with further incorporation into minerals)  of Pu(IV) on iron oxides via formation of the surface 

carboxylic groups (≡Fe-OH + H+ + CO3 2– ↔ ≡Fe-OCOO– + H2O) suggested by Fujita and Tsuka-

moto probably could explain the sorption behavior of Pu(IV) at high pH [10].  
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Changes in Kd values of Cs, Pu and Am depending on pH, ionic strength and chemical com-

position of solutions as well as mineralogical composition of clay minerals from 450 to 9700, from 

15000 to 21000 and from 15000 to 80000 ml/g, respectively were observed. Results of kinetic 

tracer experiments and sequential extraction studies reveal differences in sorption mechanisms de-

pending on the Cs concentration [2]. Rather different behaviour of Am was observed, up to 40% of 

Am was found in exchangeable and carbonate bound fractions [11].  
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5.5  Investigation of  the adsorbed species of lanthanides and actinides on clays surfaces (Univer-

sity of Helsinki) 

Jukka Lehto has been writing a university text book on chemistry and analysis on radionuclides a 

large part of which will discuss on speciation of radionuclides. In 2007 in the Laboratory of Radio-

chemistry started a new project in which speciation has a special focus. In this project, forms of tri-

valent lanthanides and actinides in solutions and as adsorbed species on clays surfaces are studied 

by IR, NMR and Laser Induced Fluorencence Spectrometry. 
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6. Structure of review articles  

 Two review articles are planed by the project members, one focus on the speciation of plutonium in 

the environment and another focus on the speciation of iodine (129I) in the environment. UMB will 

make a first draft of manuscript of plutonium, and Risø/Uppsala University will make a draft of the 

manuscript of iodine. But all partners of the project will contribute some part to both articles. It is 

planed to finish and submit the two articles in the end of March 2008 to an international journal for 

publication (Analytica Chimica Acta). The structures of the articles were planed and are show be-

low. 

6.1 Speciation of Plutonium in Environmental Samples (Content) 

1. Introduction (LS/BS) 

1.1. Definitions 

1.2. Relevance  

1.3. Input to impact and risk assessment models 

2. Relevance for ecosystem transfer (BS/LS) Environmental aspects of Pu 

2.1. Past, existing and potential sources of Pu contamination 

2.2. Source Term Characteristics Including Physicochemical Forms 

2.2.1. Release conditions and transport pathways Atmospheric etc 

2.3. Environmental Pu chemistry in waters 

2.4. Mobility in soils and sediments 

2.5. Biological uptake and effects 

3. Separation techniques (LS/BS/OCL) 

3.1 Aquatic phases 

3.1.1. Size fractionation 

3.1.1.1.Filtration 

3.1.2. Ultrafiltration 

3.1.2.1.Hollow fibre 

3.1.2.2.Tangential Flow Filtration 

3.1.3. Redox Techniques/Oxidation state distribution 

3.2. Solid phases 

3.2.1. Sequential extraction 

4.  Measurement techniques for determination of Pu  

4.1 Radiometric 

4.1.1 α-spectrometry 

4.1.2 Liquid scintillation spectrometry 
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4.2 Mass spectrometry 

4.2.1 ICP-MS  

4.2.2 AMS  

5. Characterization of Pu in particles 

   5.1 Autoradiography Identification/isolation 

   5.1.1 Digital autoradiography: Palomares, Thule, Semipalatinsk 

   5.1.2 Fission track 

   5.2 Microanalytical techniques  

   5.2.1 Electron microscopy 

               5.2.2 SEM and ESEM with X-ray microanalysis 

               5.2.3 TEM with X-ray microanalysis 

5.2.3.1 EELS 

5.2.3.2 Electron diffraction 

5.3 Synchrotron radiation based micro beam techniques  

5.3.1 μ-XRF:  

5.3.2 μ-XAS 

5.3.3 μ-XRD 

5.3.4  μ-PIXE TAB left 

5.4 Laser-induced Spectroscopic Methods  

5.5 SIMS 

5.6 μ-RAMAN  

6. Discussion  

6.1 Perspective 

6.2 Future developments 

7. Conclusions (LS) 

 

6.2 Speciation of Iodine (129I) in the Environment (Content) 

 

1 Introduction  

1.1 Background 

1.2 Why speciation of radionuclides, specifically for iodine and 129I,  

1.3 equilibrium of 129I in environment 

1.4 Purpose of this article 

2. Sources of 129I in the environment  
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2.1 Natural occurring (cosmic generated, weapon testing, operation of nuclear reactor, 

nuclear accidents reprocessing plants) 

2.2 Releasing history (weapons test, Chernobyl, reprocessing) 

2.3 Inventory in the environment  

2.4 Concentration in the environment 

2.5 Pathway 

2.6 Speciation in the source materials  

3. Analytical methods for the determination of 129I in the environmental samples  

3.1 Accelorator mass spectrometry  

3.2 Radiochemical neutron activation analysis 

3.3 Liquid scintilation counting 

3.4 Gamma and X-ray spectrometry 

4. Speciation analysis of 129I in environment and its application  

4.1 Seawater (Iodide, iodate, organic iodine) 

4.2 Fresh water (precipiatation, lake and river water) 

4.3 Air (particle associated, inorganic gas (HI, HIO, I2), organic gas (CH3I, CH2I2, etc.) 

4.4 Groundwater/brine warter) 

4.5 Soil  ans sediment(Fractionation, exchangable, carbonate, organic, oxides, residue)  

4.6 Plants (seaweeds, tree rings, etc.)  

5. Availability and radiation toxicity of 129I  

5.1 Uptake and absorption of different forms of iodine by humans and animals 

5.2 Chemical toxicity of different forms of iodine 

5.3 Radiation dose and toxicity of 129I 

6. Conclusion   

            6.1 General information available  

6.2 Potential release  

6.3 What is missing (anoxic condition) 

6.4 Prospect for the future work 
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• Xiaolin Hou, Risø,  Denmark, Chemical speciation of 129I in North Sea water and its appli-

cation for the study of marine geochemical cycle of stable iodine. 

• Ole Christian Lind, UMB, Norway, Size fractionation and accelerator mass spectrometry 

analysis of Pu in the Ob and Yenisey rivers. 

• Jussi Jernström, Risø/University of Helsinki, Metal concentrations in the sediments of Lake 

Umbozero in Kola, Russia 

• Roongrat Petersen, Risø, Denmark, Dynamic Chemical Fractionation of Metals and Ra-

dionuclides in Soils and Sediments. 
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Abstract This report describes the work carried out under the NUK-B project 
SPECIATION 2007. In 2007, the project partners had two meeting in April and 
November, organized a NUK seminar on speciation and hot particles. 
SPECIATION 2007 t mainly focused on two issues on speciation (1) further 
development of speciation methods for radionuclides, and (2) investigation of 
speciation of radionuclides in environment. The report summarized the work done 
in partners labs, which includes: (1) Further development on the speciation of 129I 
and 127I in water samples; (2) Speciation method for 129I and 127I in air; (3) 
Dynamic system for fractionation of Pu and Am in soil and sediment; (4) 
Investigation on Re-absorption of Pu during the fractionation of Pu in soil and 
sediment; (5) Speciation of 129I in North Sea surface water; (6) Partition of 137Cs 
and 129I in the Nordic lake sediment, pore-water and lake water; (7) Sequential 
extraction of Pu in soil, sediment and concrete samples, (8) Pu sorption to Mn and 
Fe oxides in the geological materials, (10) Investigation of the adsorbed species of 
lanthanides and actinides on clays surfaces. In addition, two review articles on the 
speciation of plutonium and iodine in environmental have been planed to be 
submitted to an international journal for publication. 
 
 
 
 

Key words Speciation, radionuclides, radioecology, radioanalytical chemistry, 129I, 
plutonium, fractionation, dynamic system 

 
Available on request from the NKS Secretariat, P.O.Box 49, DK-4000 Roskilde, Denmark. 
Phone   (+45) 4677 4045,    fax  (+45) 4677 4046,    e-mail  nks@nks.org,    www.nks.org 


	Abstract
	Key words

