ABSTRACT
To assess environmental impact of radioactive contamination of ecosystems, information on the source term (including the isotopic composition and radionuclide speciation) and ecosystem characteristics is needed. In the present work, advanced techniques have been developed, implemented in radioecology and utilised to establish relationships between the characteristics of radioactive particles in contaminated areas and the source from which they originate as well as the conditions under which they were released. The main objectives of the present project were to (i) provide new advanced techniques (new tools) in radioecology needed to identify source- and release scenario dependent characteristics of radioactive particles which influence the ecosystem transfer of associated radionuclides, (ii) to provide information on key characteristics of radioactive particles in areas contaminated by specific sources under special release conditions, using these new tools and (iii) relate obtained particle characteristics to sources and release scenarios, thereby providing information that should be of importance in impact assessments for existing contaminated areas as well as for future events.
Samples from a variety of ecosystems contaminated by particles as a consequence of various nuclear events were selected to represent various source-term characteristics and different release scenarios including a former nuclear test site (Semipalatinsk, Kazakhstan), areas affected by releases from reprocessing operations (Mayak PA, Russia; Sellafield, UK), a nuclear reactor accident site (Chernobyl, Ukraine), sites affected by nuclear accidents involving the disintegration of nuclear weapons (Palomares, Spain; Thule, Greenland), and regions where DU ammunitions were used in recent conflicts (Kuwait and Kosovo). The samples were studied using standard radioanalytical methods and a range of advanced analytical techniques to systematically study speciation and potential mobility and bioavailability of radionuclides in the various contaminated areas.

Sample heterogeneities were identified and particles isolated by digital autoradiography and sample splitting combined with non-destructive gamma spectroscopy (binary separations). Following a series of sample subdivisions to reduce the sample volume, radioactive particles containing heavy elements (usually U and Pu) were unequivocally localized in a scanning electron microscope with x-ray microanalysis (SEM-XRMA) being discernable as bright areas using backscattered electrons imaging (BEI) mode. Their presences were confirmed by XRMA. Depleted uranium (DU) particles in highly contaminated soil samples were identified and localized directly in SEM-XRMA. Furthermore, SEM-XRMA and ESEM-XRMA analyses provided information on the structure of the particles using secondary electron imaging (SEI) mode, size distribution using BEI mode and elemental composition and distribution on particle surfaces using XRMA spot measurements, XRMA line scan and x-ray mapping. In order to obtain information on elemental distributions, crystallographic microstructures and oxidation states of actinides of individual micro-sized particles, synchrotron radiation based (SR) micro x-ray techniques ((-XRF, (-XRD, (-tomography, (-XANES) were developed at two synchrotron radiation facilities (ESRF, France and HASYLAB, Germany) and adopted to fulfil the criteria for studying microscopic radioactive particles. Furthermore, the leachability and potential bioavailability of actinides in particle contaminated soil and sediment samples were investigated by in vitro solubility tests. In addition, advanced analytical techniques such as Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and Accelerator Mass Spectrometry (AMS) were used to determine isotope ratios of U and Pu for source identification of particles.

The presence of radioactive particles and fragments varying in size, shape, structure, morphology, density and oxidation state distribution was confirmed at all of the investigated sites. The results demonstrate that the particle characteristics are source and release scenario dependent.

Digital phosphor imaging reflected the presence of radioactive particles of various size and activity concentration in all samples collected from sites in Semipalatinsk Nuclear Test Site. Based on synchrotron radiation (SR) based micrometer-scale X-ray fluorescence ((-SRXRF) confocal mapping, highly concentrated small grains of U and Pu were observed within isolated several hundred (m to mm sized particles from the Tel’kem 1 and Tel’kem 2 craters (low fission yield Pu device explosions). Furthermore, U and Pu coexisted within the particles investigated, their XRF intensities in individual mapping pixels being highly correlated. Cumulative extraction of 241Am in particle contaminated soils collected at Tel’kem 1, Tel’kem 2 and Lake Balapan was very low, with 55–95 % of the 241Am remaining unextracted, even after 1 week of contact with the simulated gastrointestinal fluid (0.16 M HCl).

The heterogeneous distribution of radionuclides in all samples collected from the terrestrial environments surrounding the Mayak PA reprocessing plant, and the marine environment close to the Sellafield reprocessing plant reflected the presence of particles. Two radioactive particles with U matrices were isolated from Ravenglass Estuary sediments known to be contaminated by Sellafield releases. The radionuclides in particles isolated from Mayak reservoir samples were associated with metals such as Ti, Sr, Mo, Cr and Pb, while no U or Pu matrix particles were found. Simulated gastrointestinal tract fluid extraction of 241Am from contaminated Irish Sea and Ravenglass estuary sediments affected by releases from nuclear reprocessing at Sellafield showed that only 10–15 % remained in the residual material after 1 week. Thus, the remobilisation potential of actinides from contaminated sediments in the Irish Sea should be taken into account when impact assessment is performed.

As a consequence of the Chernobyl accident in 1986 about 6-8 tons of U fuel was released to the environment. Firstly, inert U particles with low weathering rates were released from the UO2 fuelled reactor during explosion (at high temperature and pressure conditions without air), while oxidized U3O8 particles with at least a factor of 10 higher weathering rates were released during the subsequent fire in the graphite moderator at lower temperature and pressure. Results from synchrotron-based micro x-ray experiments showed that non-oxidised or apparently reduced U fuel particles were released during the explosion. Some of these particles exhibited weak (-XRD signals of UO or U-carbides, while other particles originating from the explosion contained rather inert U-Zr phases. Particles originating from the subsequent fire were oxidised with a core of the original UO2 fuel. Thus, variations in the elemental composition and distribution, as well as the crystallographic structures and oxidation states of U in the released fuel particles were observed depending on the release scenario during the course of the event, including temperature, pressure and redox conditions. The results showed that U fuel particles released from an explosion at high temperature and pressure conditions without air in an RBMK type reactor with graphite moderator such as the one in Chernobyl, should be expected to be reduced or non-oxidised. Other studies show that these explosion derived particles exhibit a low weathering rate, which could delay the ecosystem transfer of associated radionuclides for decades. In contrast, a fire in such a reactor under moderate temperature conditions and in the presence of air would cause the release of oxidised U fuel particles with high weathering rates and subsequently rapid ecosystem transfer.

In 1966 and 1968, two accidents involving USAF B-52 bombers and the release and dispersion of fissile material as particles from fractured nuclear weapons took place in Palomares, Spain and Thule, Greenland, respectively. U and Pu containing particles were isolated from samples collected at these sites and subjected to SEM-XRMA and (-SRXRF mapping. The results showed that the particles contain significant amounts of U in addition to Pu and that these elements coexist throughout the particles, although varying Pu-L(/U-L( ratios obtained in ESEM-XRMA line scans reflected heterogeneities on the particle surfaces. Low 239Pu/235U atom ratios (0.62-0.78) as determined by ICP-MS showed that enriched U constitutes the major part of the fissile material in single particles from both sites. Furthermore, SR based micrometer-scale X-ray Absorption Near Edge Structure Spectroscopy ((-XANES) showed that U and Pu in the particles were present as a mixture of oxides of U (predominately UO2 with the presence of U3O8) and Pu ((III)/(IV), (IV)/(V) or (III), (IV) and (V)). Neither U metal, Pu metal, uranyl nor Pu(VI) could be observed. Characteristics such as elemental distributions, morphology and oxidation states are remarkably similar for the Palomares and Thule particles, reflecting that they originate from similar source and release scenarios. Thus, these particle characteristics are more dependent on the original material from which the particles are derived (source) and the formation of particles (release scenario) than the environmental conditions to which the particles have been exposed since the late 1960s.
Characteristics of DU particles in soil/sand from Kosovo and Kuwait contaminated during the Balkan conflict and Gulf war varied significantly depending on the release scenario. Bright yellow, highly oxidised DU (U2O5/U3O8 and U(VI)) particles with a wide size distribution from submicron to several hundred micrometer were associated with a fire in an ammunition storage facility. DU in sand samples contaminated with these particles dissolved quite rapidly in simulated gastrointestinal fluid. In contrast, the initial extraction of soil and sand samples contaminated with smaller and less oxidised DU (UO2, U3O8 or a mixture of these oxidized forms) particles, originating from the corrosion of DU penetrators or collected in tanks hit by DU ammunition, appeared to be much slower. Nevertheless, most of the DU in contaminated soils from Kosovo and Kuwait was apparently dissolved after one week indicating a high degree of potential mobility. The presence of respiratory U particles with oxidised forms higher than UO2 and exhibiting high weathering rates, indicates that environmental or health impact assessments for areas affected by DU munitions should take into account oxidation states, their corresponding weathering rates and the subsequent mobilisation of U from oxidized DU particles. These results should be of importance for health impact assessments in ecosystems contaminated by a toxic heavy metal such as U. Atom ratios (236U/235U) obtained from ICP-MS and AMS demonstrated that U in the DU-particles originated from reprocessed fuel.

In the present work, new advanced techniques have been implemented in radioecology and utilised to obtain information on site-specific particle characteristics in particle contaminated areas, which can be linked to the source and the release scenario of the nuclear event. Furthermore, the information on radioactive particle characteristics such as elemental composition and distribution as well as crystallographic structure and oxidation states obtained by solid state speciation techniques have been linked to particle weathering rates, extraction kinetics and potential bioavailability of actinides originating from different source terms and release scenarios. Thus, the combination of advanced solid state speciation techniques, relevant extraction schemes, radioanalytical methods and ultra low-level mass spectrometric techniques provide a powerful tool for environmental impact assessments in areas contaminated with radioactive particles.
