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Executive Summary

The ADVANCE project, carried out under the EC's Fifth Framework Programme, was
initiated in January 2001 as a-oadinated effort to investigate the indlnce of source term

and ecosystem related characteristics on the transfer of actinides in different terrestrial,
freshwater and marine ecosystems using advanced technologies.

The main objectives of the ADVANCE project were to (i) identify souared ecgystemn
related characteristics influencing the transfer of actinides in different terrestrial, freshwater
and marine ecosystems, using advanced technologies; (ii) investigate the effect efesalirce
ecosystentelated characteristics on the transfer otirdes to biological endpoints
(including humans); and (iii) significantly strengthen the European scientific competence and
analytical technological skills within the field of radioecology.

To achieve these goals, a number of contaminated sites, dioosspresent different source

term and ecosystem characteristics, were systematically studied using a wide range of
advanced analytical techniques. The selected study sites included a former nuclear test site
(Semipalatinsk, Kazakhstan), sites affectechbyglear accidents involving the disintegration

of nuclear weapons (Palomares, Spain; Thule, Greenland), areas affected by releases from
reprocessing operations (Sellafield, UK; Mayak PA, Russia) and regions where depleted
uranium munitions were used in ext conflicts (Kuwait and Kosovo).

A substantial effort was directed at the identification and characterisation of particles
(heterogeneities) in samples collected at each of the selected sites. Particles identified either
by subsampling and noxestructve gamma spectroscopy or by autoradiography were
analysed using electron microscopy techniques. Scanning electron microscopy (SEM) using
backscattered electrons provided information on the structure of the particles, as well as on
the distribution of highatomic number elements on particle surfaces, while transmission
electron microscopy (TEM) was used to identify electdense colloidatized structures. X

ray microanalysis (XRMA) was also used, in conjunction with electron microscopy
techniques, to obtaiinformation on the elemental composition of the particles. A selection

of samples of particular interest were subjected to synchrbasad techniquesn(XRD, nmt
tomography,mXANES) to obtain information on elemental distributions, crystallographic
structures and oxidation states of actinides on individual sized particles.

In addition, a comprehensive toolbox combining established lfekground alpha, beta and
gamma spectroscopy) and novel (15, AMS, RIMS) analytical techniques were used, in
conjunction with speciation techniques, to identify the distribution, isotopic composition and
physicachemical speciation of actinides in different environmental compartments at each of
the study sites. Finally, the bioavailability of actinides was itigated by a series @ vitro
solubility tests.

The presence of radioactive particles and fragments varying in size, shape, structure,
morphology, density, oxidation state distribution and charge was confirmed at all of the sites.
Bioavailability and squential extraction experiments conducted in the course of the project
clearly demonstrated that failure to recognise the presence of these particles and their
weathering characteristics may lead to analytical inconsistencies, irreproducible results and,
ultimately, to erroneous conclusions regarding the mobility of these radionuclides in a given
ecosystem.



Moreover, the study makes clear that any realistic assessment of theaslobfbngterm

impact of actinide releases to a particular ecosystemlidghaalude, in addition to a
programme to evaluate the radionuclide distribution in the ecosystem compartments, a
suitable strategy to identify, isolate and characterise radioactive particles present at the site.
Information on the physical and chemicalachcteristics of the particles, and kinetic
information on processes influencing particle weathering, mobility and bioavailability of
released radionuclide species associated with these particles should also form part of any
such assessment.

Characterisdon of sourceterms, including radioactive particles in the submicrometer to
micrometer range, certainly represents an analytical challenge. However, as demonstrated in
the course of the ADVANCE project, application of emerging, stétbe-art, advanced
technologies in conjunction with more traditional techniques, can undoubtedly provide much
of the required information.



2.1. Objectives and Strategic Aspects

The main objectives of the ADVANCE project were to:

A

Identify source and ecosystesrelated characteristics influencing the transfer of actinides
in different terrestrial, freshwater and marine ecosystems, using advanced technologies;

Investigate the effect of sourcand ecosystesrelated characteristics on the triamsof
actinides to biological endpoints (including humans); and

Significantly strengthen the European scientific competence and analytical technological
skills within the field of radioecology.

To achieve these goals, a number of sites, chosen to eapra@éferent sourcéerm and

ecosystem characteristics, were systematically studied using advanced technologies. The

selected study sites included:

A

The vicinity of 6Ground Zerod at the Semi

day Kazakstan, wherl16 atmospheric nuclear tests were conducted in the period 1949
63 by the former Soviet Union;

The Telkem | and Tel'kem Il freshwater crater lakes within the Semipalatinsk NTS,
created by the explosion of one and three 0.24 kT nuclear (plutonium)esievic
respectively, in 1968;

The Balapan (Atomic) lake within the Semipalatinsk NTS, created by the Chagan
cratering thermonuclear explosion (140 KkT) in 1965;

The terrestrial and marine environments in the vicinity of Palomares (Spain), site of a
nuclear acient involving the dispersion of insoluble plutonium oxide from fractured
nuclear weapons in 1966;

The marine environment in the vicinity of Thule (Greenland), site of a nuclear accident
involving the disintegration of a number of nuclear weapons in 1968;

The terrestrial and freshwater environments in the vicinity of the Mayak PA reprocessing
plant in the SE Urals;

The marine environment in the vicinity of the Sellafield reprocessing plant in Cumbria,
UK;

The terrestrial environment in the vicinity Ghernobyl, site of a nuclear reactor accident
in 1986; and

Target sites in Kosovo and Kuwait where depleted uranium (DU) ammunition was used

during the Balkans and Gulf War conflicts

For each of these sites, contaminated as they areawsfihides, archive and new samples
(gathered in the course of field work undertaken as part of this project), were analysed using
a combination of advanced speciation and-lewel measurement techniques, with a view to
identifying the key soureeand ecogstemrelated characteristics influencing the mobility and
bioavailability of these radionuclides.

The form in which actinides are present in soil, sediment and water greatly influences their
mobility and potential transfer. Actinides released fronsairce may be present as
fragments, particles, aerosols or in the form of pseudocolloidal, colloidal or low molecular
mass species. It is well established that a significant fraction of actinides released during
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nuclear tests or accidents (such as tholselware the subject of study here) may be present

as discrete particles varying in structure and composition, and that effluents from
reprocessing plants may also contain numerous radioactive particles and colloids. Following
their release, radioactive mp@les represent point sources of shodnd longterm
radioecological significance, and the failure to recognise their presence (as has been the case
in many monitoring and assessment programmes) may lead to significant errors in the short
and longtermradiological evaluation of the impact of actinide contamination at a particular
site.

It is for this reason that in this project a substantial effort was directed at the identification
and characterisation of particles (heterogeneities) present iniffeeent environmental
compartments of the study sites. Particles identified either bysampling and non
destructive gamma spectroscopy or by autoradiography, were analysed using electron
microscope techniques. Scanning electron microscopy (SEM) uatigdattered electrons
provided information on the structure of the particles, as well as on the distribution of high
atomic number elements on particle surfaces, while transmission electron microscopy (TEM)
was used to identify electreatense colloidasized structures. Xay microanalysis (XRMA)

was also used, in conjunction with electron microscopy techniques, to obtain information on
the elemental composition of the particles.

A selection of samples of particular interest were subjected to synchimsed techniques
(mXRD, mtomography, mXANES) to obtain information on elemental distributions,
crystallographic structures and oxidation states of actinides on individual -smead
particles. The data obtained using these novel,-sfaige-art tecmiques have provided new
information on particle characteristics influencing weathering rates and subsequent actinide
mobilisation.

In addition, a comprehensive toolbox combining established lfmekground alpha, beta and
gamma spectrometry) and noveLP-MS, AMS, RIMS) analytical techniques were used, in
conjunction with speciation techniques (i.e. dual traceprezipitation, insitu fractionation,
tangentialflow ultrafiltration), to identify the distribution, isotopic composition and physico
chemial speciation of actinides in different environmental compartments at each of the study
sites. Finally, the bioavailability of actinides was investigated by a seriass/iifo solubility
experiments using simulated gastrointestinal fluid.

The findings & the ADVANCE project will be available for incorporation, in the form of
revised model parameters, into models employed for the purposes of emergency planning and
preparedness. The data generated are particularly relevant, as they have been gathered at
accident sites within Europe (Palomares) and the former CIS (Mayak, Chernobyl), and should
prove invaluable in helping to increase Europe's collective preparedness to face and manage
future nuclear accidents.

In addition, the data generated should alscelevant to the assessment of the environmental
impact of routine and authorised releases of radioactivity to the marine environment.
Similarly, they should be of direct applicabilty to hazard identification at existing
contaminated environments such asy®laand the Semipalatinsk test site. For these latter,
international agencies have recognised an urgent priority for site hazard identification and
remediation, and have called upon international agencies to fund studiesperedion with

local respongile organisations. It is anticipated that the data generated in the course of the
project, ranging from the simple analysis of contamination levels to the measurement of



actinide contamination of workers and local inhabitants, will be used to asseszadhgsha
associated with local actinide deposits and to develop appropriate strategies for economic site
remediation and/or exclusion. The data will be made available to those charged with the
responsibility for site surveillance and will thus form part oé tbommon database
concerning contamination at these sites. The project has also provided new data that can be
used for the optimisation of routine monitoring strategies within contaminated sites, including
new, stateof-theart methods and technologies, i@lh can be implemented, where
appropriate.

2.2. Scientific and technical description of the results

In order to facilitate the achievement of the objectives stated above, the project was divided
into six distinct workpackages, each of them sdivided into a set of relevant research
activities. The work packages includ§da review of existing information on sources and
analytical tools{ the characterisation of isolated radioactive partidlesstudy of terrestrial
ecosystems affected by actinide contaetion,  a study of actinide mobility in freshwater
systems,] a study of actinide transfer processes in marine (saline) ecosystem$§, aand
comparative assessment of soespecific and ecosystem specific characteristics influencing
the transfer of actides in the different ecosystems considered.

In the next sections, a description of the scientific and technical progress achieved in each of
these worlpackages by the end of the project is given, including an assessment of the main
results and the kegonclusions. A listing of the publications that have issued as a result of the
project is also provided in the attached final management report.

WPL1. Review of existing information on sources and analytical tools

Existing data and information regamg sourceterm characteristics, spatial and temporal
distributions of actinides, isotopic composition and actinide speciation (including
heterogeneities) at each of the study sites were collated by the participants at the outset, with
a view to obtainingan upto-date picture of the breadth of existing data on actinide
contamination at these sites. This information was made available to the Commission as one
of the project's deliverables (deliverable D2, submitted with the first annual report). A careful
scrutiny of this updated literature database allowed the collaboration to identify knowledge
gaps and helped in the planning of necessary field work. For each of the study sites, the
corresponding literature database was synthesised in the form of surepwng for internal
circulation amongst the projectdds participar
carried out in the course of the project, and resulted in an extensive bibliography covering the
period up to the end of 2003. This biblioghsy represents the final version of deliverable D2,
which is appended at the end of this report.

In addition, a review report on the analytical techniques being used in the project was
prepared by the collaboration and made available to the Commissioprafect deliverable
(deliverable D1, also submitted with the first annual report). The report included a synthesis
of the theory and operating principles of radionuclide speciation analysis, a discussion on
sampling and pranalysis strategies, a reviek fractionation techniques for radionuclides in
water, sediments and soils (including electron microscopy and high enemg@y X
tomography), a discussion on kinetic experiments and models, and their use in radionuclide



speciation studies, a review of rachemical techniques, and a description of -level
radionuclide measurement systems (including advanced mass spectrometric methods).

WP2. Characterisation of particles

The objective of this important woiackage was to identify sourcelated cheacteristics of
released particles (of relevance for ecosystem transfer) using a combination of advanced
analytical tools. Particles were identified and isolated from archive samples and from samples
collected in the course of field work carried as pathefADVANCE project. A summary of

the location, source term and matrix of the particles studied is given in Table 1.

Table 1.Particlecontaminated samples included in the ADVANCE project

Sourceterm Site Location Matrix

Nuclear weapons tests  Semipaatinsk NTS, Te |l 6 k e m  Crater spoil (soil)

Kazakstan Tel 6 kem < Crater spoil (soil)
Ground Zero Surface soil
Lake Balapan Crater spoil (sediment
Nuclear weapons acciden Palomares, Spain Palomares Surface soil
Thule, Greenland  Bylot Sound Sedimats
Nuclear reactor accident Chernobyl, Ukraine West & North Dust and soll
Reprocessing facilities Sellafield, UK Irish Sea Sediment profile
Ravenglass estuar Surface sediments
Mayak PA, Russia Reservoirs Sediments
Techa River Soil profile
DU munitions Kosovo Ceja Mountain Surface soil
Kuwait Al Doha Surface soil
Manageesh Surface soil
Um Al Kwaty Surface soil

Information on particle characteristics was obtained using a combination of autoradiography,
gamma spectroscopy, scanning #f@c microscopy (SEM) interfaced with -bay
microanalysis (XRMA), as well as with four different synchrotl@sed Xray microscopic
techniques. Inhomogeneous distribution of radionuclides in environmental samples (as
determined by, for example, gamma gspewmetry) reflected the presence of heterogeneities
(radioactive particles). For such samples, autoradiography using phosphor imaging was
performed to locate and isolate the spatial region of a sample containing such heterogeneities.
Following a series ofample subdivisions, leaving only a relatively small number of grains,
SEM combined with XRMA were used to identify high atomic element particles prior to the
synchrotron experiments.

During the duration of the project, the collaboration had access teettend generation
synchrotrorHasylabin Hamburg and the third generation synchromopean Synchrotron
Radiation Facility (ESRF in Grenoble. Several experiments were performetiadylah
Beamline L, and at three different beamlineE&RF namely FOBL, ID18 and 1D22.



Synchrotrorbased microscopic techniquesii KAS, ni XRD, nitomography andni
XANES) were used on selected particles to obtain information on elemental distributions,
crystallographic structures and oxidation state distribution on ingavidnicrosized
particles. A summary of the results obtained is given below.

Nuclear Weapons Tests: Semipalatinsk, Kazakhstan

The Semipalatinsk Nuclear Test Site (STS), located in the -eaxth of present day
Kazakhstan (Figure 1), was the first ance af the main proving grounds for the testing of
nuclear weapons by the former Soviet Union. The test site, situated 150 km west of
Semipalatinsk, a city of 700,000 inhabitants, extends over an area of 18,50Gkerritory
comparable in size to, for ample, Northern Ireland (14,100 Ryor Wales (20,800 ki

The site is a relatively flat area, with a landscape typical of the plains of the dry Eurasian
steppe.

5 © . \ RUSSIA

Figure 1. Location of the STS in Kazakhstan (reproduced from: Stone, 2003)

Over the paod 19491989, a total of 456 nuclear test explosions were fielded at the STS. Of
these, 116 were atmospheric tests (30 surface tests and 86 air tests), with the remaining 340
carried out underground (IAEA, 1998).

Testing at the site was conducted infoua i n 6t e ¢ hploshchadkas referredate & (
Technical Areas Sh, B, G and M (Figure 2). The early surface and air tests were carried out in
the northern technical area Sh. The first Soviet atomic test was conducted at the centre of this
area,otn referred to a¥ Augustrie49.nip toDecenabér,196 @ 2 9
further 115 atmospheric explosions were carried out in this zone, giving an estimated total
energy release equivalent to 6.62 megatons (Mt) of TNT (Beenalf 2000).



Following the signing of the limited test ban treaty in 1963, testing moved underground,
mainly to Technical Areas (Dggelen Massjfand B Balapan). In all, 318 test explosions
were performed underground between 1961 and 1989 at these two sites. A furthsts 22 te
were conducted in Technical Area M, also knowrsasrUzen(Figure 2), bringing the total
number of underground explosions to 340.

Figure 2. Map of the STS. Extensive testing was carried out at four main technical areas: Ground
Zero (Sh), Balpan (B), Degelen Mountains (G) and Saigen (M) (reproduced from: Stone, 2003)

The above total includes four cratering nuclear explosions (ChaganUSaey/ n , Tel 6kem
and Teldkem 2) carried out in orderonstoo eval
civil engineering purposes. The Chagan explosiofi5@8l 7829'E), carried out in January

1965 at the confluence of two rivers (Chagan and ASiljy was the first and largest of

these tests, and resulted in the creation of an artificial lake &®km in diameter, 100 m

deep and with cliffs ddke Balppad odtdmicdlakén hFigduyr & r
3). The assembly employed consisted of a 140 kiloton (TNT equivalent) nuclear device,
which was detonated at a depth of 175 m in sligivyered sandstone with an admixture of
lignite-clayey schist (Izraedt al, 2000).

The Teldkem 1 and Tel dkem 2 test s, conduct e
employed comparatively low i el d nucl ear devices .%320MNe Tel 0
78°29.10'E), carried out on 210ctober 1968, consisted of a single, 0.24 kiloton nuclear

device, detonated at a depth of 31.4 m. The explosion resulted in a circular crater about 70 m

in diameter, surrounded by a ring of spoil several metres high.e Tel 6kem 2
(49°42.46'N 7827.39'E), carried out on f2November 1968 some 1.5 km to the west of the
Teldkem 1 site, employed three fission dev
explosion. The simultaneous detonation of these deviceshat®al at 31.4 m, resulted in an

elliptical crater, approximately 142 m loAg64 m wide (Figure 4) (Stukin and Izrael, 1998).

Both craters, subsequently, became filled with freshwater to a depti@i.

1C



Figure 3. Atomic Lake, created by the first teaing explosion in January 1965

As part of the field work carried out during the ADVANCE project, samples were collected
from Ground Zer o, Lake Balapan, Tel kem 1 a
course of field campaigns conducted in July 2800 July 2001, in support of a multinational
collaboration to evaluate the radiological situation in the Sarzhal region of the STS €Priest

al., 2003). Sampling at Ground Zero was carried out close to the site of the first Soviet
nuclear explosion, anecluded surface soil and vitrified soil/rock. At Lake Balapan, surface

soil was taken from along the top of the crater rim surrounding the lake. In addition, samples

of water and underlying spoil were cos)] |l ect e
surface soils were collected at four locations along the ring of spoil surrounding each lake.
Water samples and underlying spoil were also collected from the middle of each lake with the

aid of a small inflatable.

Figure 4. A vi ew o 2site, shewing thé dliptieahtrater lake produced by the
simultaneous detonation of three 0.24 kt fission devices. The crater rim rises
up to 25 m above the surface of the water

11



Digital phosphor autoradiographyarmrdrTdledk eomnt
(Figure 5), as well as sediments from the shoreline of Lake Balapan (Figure 6), demonstrated

the presence of particles of various sizes and activity concentrations. The most pronounced
6hot spotsd, however , wegescoreespondirgnotsurface sodsut o r ¢
from Ground Zero (Figure 7). Clearly, all samples from sites in the Semipalatinsk test site

were contaminated with radioactive particles.

TK1 SE OE

TK2

Figure 5. Digital phosphor imaging (autoradiography) of dried surface soits ¢in)
fromthe outerrim(soutb ast ) of the Tel dkem 1 crater (u
outside (north) of the Tel bkem 2 crater

Figure 6. Digital phosphor imaging (autoradiography) of dried surface sediments collected
from within the fusion explosion crater of Lake Balapan (Atomic Lake)



Figure 7. Digital phosphor imaging of Ground Zero soil sample

The gamma activity of selected radioactive particles was measured byebgttion gamma
spectrometry, while scanning electron mgzopy, interfaced with an-¥ay microanalyser,

was employed to characterise the surface structure of the particles prior to synchrotron
experiments atHasylab Several particles, with sizes ranging from a few hundred
micrometres to a few millimetres, wergolated from Ground Zero samples. All particles

appeared to be vitrified (Figures 8 and 9), most likely due to the extremelyamyleratures
involved.

Figure 8. Electron micrograph of a radioactive vitrified particle isolated from Ground Zero,
Semipalatinsk test site. Bar = 200 um

Accelerator mass spectrometry (AMS) measurements of aqua regia leachates of the particles
yielded a**%Pu/**Pu atom ratio of 0.040 0.009, a value which is good agreement with the

value of 0.0438 0.0001 reported bieasleyet al. (1998) for a single surface soil sample
collected at Ground Zero.



Figure 9. Electron micrographs of a radioactive vitrified particle isolated from Ground Zero,
Semipalatinsk. Overview (left, bar = 200 um), Close up (right, bar = 200 pm)

The X-ray microprobe at the synchrotron facilidasylab(beam line L), in Hamburg, was
used to study the distribution of major, minor and trace constituents within a number of
particles. Special attention was given to traces of U and Pu (presentl&106 ppm level)

and their spatial correlation inside the particles. Ama}{ microbeam of E = 21 keV,
focussed by a polycapillary-Kay lens, was used to excite localray fluorescence in the
sample. The beam diameter at this energy was approximatglsnl

Figure 10 shows thelextron micrograph and elemental distributions of Ca and Fe (major
constituents), and of U and Pu (trace constituents) in one of the investigated particles (600
mm in length) from the Telkem 2 cratefhe distributions of U andPu were almost
overlapping, with no correlation with the major constituents Ca and Fe.

Ca-Ko Fe-Ko

Figure 10. Electron micrograph and elemental distributions of Ca and Fe (major constituents) and
of U and Pu (trace constituents) in one of the investigated pest(600/m in length)
from the Tel'kem 2 crater lake.
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Based on the spatial distribution of U and Pu within particles (Figure 10), the presence of
highly concentrated small grains (<50 pum in size) is evident. As illustrated in Figure 11, there
is a verygood linear correlation between the distributions of U and Pu within the particles.
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Figure 11.Linear correlation between la and PuLa X-ray intensities
in the particle shown in Figure 10

Nuclear weapons disintegration: Palomares (Spain) and Thule (Greenland)

In January 1966, four plutonidtmearing nuclear weapons were released at an altitude of
8500 m above the Mediterranean village of Palomares (Spain) following-aimadllision
between two US aircraft, namely a3 bomber and a K@35 refudling tanker. Although

two of the weapons were reported to have been recovered intact (one from the seabed in the
nearby Gulf of Vera), the chemical explosive component of the other two detonated on
impact on land, and plutonium was dispersed over andarapproximately 500 ha (NEA,

1981). To date, the quantity of plutonium released does not appear to have been published.
However, allowing for cleamp, it has been estimated that the total residdaf*®Pu
inventory is in the order of 0.1 TBq (Aarkrat995). A small fraction of this would appear to

have found its way to the local marine environment as it has been reported that traces of
plutonium of accident origin have been detected in sediments from the submarine canyon
system situated south of the uth of the (almost always) dry Almanzora river (Romero,
Lobo, Holm & Sanchez, 1991; Anton, GascoO, Sanchez Cabeza & Pujol, 1994). Similar traces
have been found in marine algae sampled in the vicinity of Palomares (Manjon, Garcia Ledn,
Ballesstra & Lopez, 995).

Two years later, a second-3 bomber, also carrying four plutonidmearing weapons,
crashed on Arctic ice in Bylot Sound (Greenland), 11 km west of the Thule Air Base. The
plane and the chemical explosive component of all four weapons explodethpat,i
causing the release of kilogramme quantities of insoluble plutonium oxide to thepaskw

in the locality (Risg, 1970; Aarkrog, 1977; Facer, 1980). The contamination was in the form
of particles ranging in size from submicrometres up to severdimaites. The particle
distribution was found to be lognormal, with a mean particle diametemuoi.2Although it

was initially estimated that the bulk of the plutonium was removed in the ensuingugplean
operation, leaving a residual contamination tatglll. TBqf****%Pu) in a seabed area in the



order of 1000 krh (Aarkrog, Dahlgaard, Nilsson & Holm, 1984; Smith, Ellis, Aarkrog,
Dahlgaard & Holm, 1994), a recent-agsessment of this figure (taking into account the
presence of heterogeneities in the sextita) suggests 10 TBq as a more realistic estimate of
the remaining inventory (Ericsson, 2002).

Measurement of®Pu/****Pu ratios in filtered waters at Thule have shown that, in contrast
to the seabed sediment, there is virtually no weagoade pltonium in the Thule water
column at the present time (McMahenhal, 2000). A similar observation was made in the
early 1990s in waters from the Palomares area (Mitatedll, 1995), which suggests that
plutonium dispersed from fractured nuclear weapsmsesent in a rather insoluble form.

In the course of the ADVANCE project, uranium and plutonium particles from Palomares
soil and Thule sediments were characterised with respect to size, elemental distribution,
morphology and actinide oxidation states

Particle size distribution and structure determined by SEM/XRMA and XRF

Based on scanning electron microscopy with XRMA, carried out prictkX@&NES, particles
ranging from about 1 to 5@m were isolated from Palomares soils (Figureslb, whereas
isolated O6Thuled part mo (Fgwes t688n §EVHIn decomdany 2 0
electron imaging (SEI) mode in these figures shows the morphological structure of the
particles, while the bright areas obtained in bacéttered electron imaging (BEI) d®
reflect the distribution of high atomic number elements such as uranium and plutonium. The
XRMA and mXRF mapping of uranium and plutonium superimposed on a BEI mode image
demonstrated that uranium and plutonium were homogeneously distributed throalfticaut
particles, indicating that uranium and plutonium were fused.

Pulal* BSE, 255

Figure 12.Scanning electron microscopy of particle #128 isolated from soils collected at Palomares,
Spain (Lind et al., in prep.): (a) Secondary Electron Imaging (SEl) mode imdigetirg the
morphological structure of the particle, bar 5 pm, (b) Backscattered Electron Imaging (BEI) mode
image, where bright areas reflect high atomic number elements; (c) elemental spot analysis by
XRMA, (d) Close up of the particle, in BEl mode, b& pm; (e and f) Xray mapping of U and Pu,
respectively, superimposed on a BEl mode image
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Figure 13.Scanning electron microscopy of particle #129 isolated from soils collected at Palomares,
Spain (Lind et al., in prep.):a] Secondary Electron Imagin(SEI) mode image reflecting the
morphological structure of the particle, (b) elemental spot analysis by XRMAs;r&s) dapping of U
superimposed on a Backscattered Electron Imaging (BEI) mode image;r&y) Mapping of Pu
superimposed on a BEI mode igeaBar =5 um in all cases
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Figure 14. Scanning electron microscopy of a particle isolated from a soil collected at Palomares,
Spain: @) Secondary Electron Imaging (SEI) mode image reflecting the morphological structure of
the particle, (b and c) Baskattered Electron Imaging (BEI) mode image of the particle at different
angles, (d) elemental spot analysis by XRMA. Bar = 20 pm in all cases
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Figure 15. X-ray mapping of different elements for the Palomares particle shown in Figure 14
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Figure 16. Scanning electron microscopy of particle #132 isolated from sediments collected at Bylot
Sound, Greenland (Lind et al., in prepd) Gecondary Electron Imaging (SEI) mode image reflecting
the morphological structure of the particle, (b) elementait gmalysis by XRMA, (c)-¥ay mapping

of uranium superimposed on a Backscattered Electron Imaging (BEI) mode imagea{ydnapping

of Pu superimposed on a BEI mode image. Bar = 20 um in all cases
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