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Abstract

Microanalytical techniques for elemental composition and nuclide-specific analysis have been used to identify the origin and
the leachability of depleted uranium particles. The soil particle samples were collected from Kosovo area a few years after the
war, the presence of fine particles with depleted uranium as major component was easily identified by EPMA and SIMS. The
ultrafine uranium particles were often attached to larger soil particles and contained Ti and Al, being typical components of the
penetrator and its cladding. The oxidation state of uranium in the single particles was measured by micro-XANES and found to
be in the less soluble form IV while every particle contained a small fraction of mobile uranium VI as well.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction is also used to reinforce military vehicles such as tanks.
DU munitions have been used during the Gulf War, in
Depleted uranium(DU) is the by-product in the Bosnia Herzegovina and in Kosovo conflicts. Following
production of enriched uranium for civil usésuclear the use of depleted uranium ammunitions during these
fuels). If as feed material for the enrichment reprocessed conflicts, concerns over the health of personnel who
uranium is employed, DU can contain traces of minor were exposed to DU have received international atten-
actinides and fission produc{d]. Due to its physical tion from the media. The concerns relate to instances
properties(e.g. high density that is about twice that of where persons exposed to DU are purported to exhibit
lead it finds applications for civil and military uses. various forms of morbidity soon after exposud. The
For instance, it is used in counterweights or ballast in general assumption is that the cause is related to the
aircraft; radiation shield in medical equipment; as con- radiotoxicity of DU; this is unlikely, as the latent period
tainers for the transport of radioactive material and between exposure and the onset of disease, such as
chemical catalysf2]. The Boeing 747-258F that crashed cancer or leukemia, is typically 7—10 yedd. More-
into a block of flats in Amsterdam in October 1992 over, DU is approximately 40% less radioactive than
carried 282 kg of DU counterweights. The Boeing-747 natural uranium, and the concern for human exposure is
crashed near Stansted airport in England in Januaryits chemical rather than its radiological toxicify,5].
2000, was estimated to be carrying ca. 425 kg of DU Priest presents a comprehensive review of why DU
counterweights[3]. As for military applications, it is  cannot be linked to the leukemia and canf@ir
used in munitions designed to penetrate armor plate and The major risk is DU dust. In fact, the disintegration
T Coresponding author, Fax: 36-1-392-2200 of a DU shell on impact is as:sociated with high
E-mail addresses: sztordk@sunserv.kfki.h(ﬁ. '.I‘br"ok), temperature eﬁ_eCtS' the productl_on of fragments as
betti@itu.fzk.de(M. Betti). shrapnel and finely divided particulate matter as a
1 Also corresponding author. consequence of volatilization processes. Both civilian
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and military employment of DU can produce aerosol electron beam over the whole projected area of the
that generates uranium-bearing microparticles. There-particles. Approximately 300 particles were measured in
fore, a dispersion and redeposition of these microparti- each sample. Morphological parameters such as diameter
cles in the environment can occur. Depending on aerosoland shape factor were calculated using the image proc-
speciation, inhalation may lead to a protracted exposureessing routine of the measuring program. The character-
of the lung and other organs. After deposition on the istic X-ray spectra obtained from the particles have been
ground, resuspension can take place if the DU containingevaluated by non-linear least squares fitting, using the
particle size is sufficiently small. In order to understand AXIL code [7]. Based on the data set obtained, the
transport and dispersion mechanisms of DU such asparticles were further classified using hierarchical cluster
weathering rates, mobilization and biological uptake, of analysis(HCA). The calculations were performed using
microparticles containing DU, it is important to deter- the statistical software package IDAS].

mine the oxidation state of uranium in the microparti-  The particle distribution on the carbon planchets was
cles. In this paper, the results obtained when studying mapped by a SEMRJL Micro&Analytics GmbH and
uranium particles as found in two soil samples stemming the co-ordinates recorded for further transfer to the
from Kosovo environment, in terms of particle size, SIMS instrument, where the isotopic characterization of
elemental chemical composition, uranium isotopic con- particles was performed.

tent and oxidation states are reported. To search for uranium containing particles, the sam-
ples were scanned automatically using the backscattered

2. Materials and methods mode. The applied voltage was 30 kV. The contrast was
set so that only particles containing elements with high

2.1. Samples atomic numbeKZ) were detected. They appear as bright

spots against an otherwise dark background signal.
Soil samples collected by the UNEP expedition con- Whenever such a signal is received from the sample, a
ducted in September 2000 in the Kosovo area were particle is identified and the system analyses it by taking
examined for DU containing particles. The samples the X-ray spectrum with the EDX detector for 3 s. The
investigated consisted of two soil specimens collected obtained energy spectrum is automatically evaluated by
at 0-5-cm depth. After collection, the samples were comparing the peaks in the spectrum with known peaks
dried, homogenized and sieved at the IAEA analytical in the source library. Particles are regarded as uranium-
laboratories of Seibersdorf. For the investigation here rich if their uranium content is more than 40%. From
reported, the particles were suspended rithexane  these analyses, the number of uranium particles on the
containing rubber cement, then filtered through a Nucle- planchet(suppor), together with their elemental com-
pore membrane filter. Rubber cement was found to be position as well as the co-ordinates are obtained.
an ideal fixing material containing trace elements in
very low concentration in lowz element matrix and  2.3. SIMS measurements
providing elastic fixing. In order to break large particle
agglomerations into individual particles, the suspension A CAMECA IMS 6f secondary ion mass spectrometer
was subjected to ultrasonic vibration. (SIMS) at the Institute for Transuranium Elements was
In order to obtain a detailed size distribution of the used. This instrument consists of a double-focusing mass
uranium-rich particles and for pre-selection of particles spectrometer that allows fast switching between the
for secondary ion mass spectromef$IMS) analysis, masses. In addition, it has microfocus ion sources
several sub-samples for each soil sample were dispersedcaesium and duoplasmatron with oxygen or argon gas
on high purity carbon planchet&ullam Inc., grade A  that can be used either in the microscope or microprobe
carbon planchets No. 17680Pressed soil pellets were mode. The instrument is also equipped with a spatially

also prepared for measurements. resolved pulse-counting resistive anode encd@AE)
used for mapping the entire sample surface. The SIMS

2.2. SEM measurements was employed both in the microscope and microprobe
modes[9].

The analyses of particles prepared on Nuclepore filters In the measurements, the samples were bombarded
were performed using a PHILIPS 505 scanning electronwith a primary @ beam of 15 ke\W{+0.5%) with a
microscope(SEM) equipped with a Link EDX detector.  current intensity between 1 and 2 nA and a diameter of
The detector has a 7.62m thick beryllium window, 3-5 um. Positive secondary ions were accelerated to 5
and its energy resolution is 150 eV at 5.9 keV. The keV and intensities were controlled by the tuning of the
EPMA measurements were carried out at an acceleratingprimary ion beam current. The energy window was
voltage of 20 kV, and a beam current of 1 nA. The adjusted between 40 and 50 eV to reduce molecular ion
single particles were measured automatically, controlled contributions. The instrument can typically operate with
by a homemade computer software, only scanning thea mass resolving poweftMRP) of 10 000. However,
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Table 1
Result of cluster analysis for th@) Kosovo 1 and(b) Kosovo 4 samples

(a)

Kosovo 1 Clust 1 Clust 2 Clust 3 Clust 4 Clust 5 Clust 6 Clust 7 Clust 8 Clust 9 Clust 10
Abundance(%) 39.7 9.9 9.3 9.0 7.6 7.6 7.3 4.1 3.2 2.3
Diameter(um) 2.5 1.6 2.1 2.8 1.9 3.4 2.3 2.8 1.7 0.8
Element Normalized X-ray intensit{®o)

Al 21.5 14.7 14.9 9.6 21.3 17.4 8.8 21.5 17.2 9.4
Si 26.6 20.3 20.2 13.1 27.9 40.3 14.8 32.9 55.3 17.8
P 1.1 7.0 0.2 0.0 0.0 1.1 0.0 0.7 0.6 0.0
S 0.6 8.3 0.9 0.1 0.6 0.8 0.0 0.0 0.0 0.0
Cl 0.1 5.2 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0
K 8.9 5.2 6.5 11.1 0.4 4.9 0.0 18.5 0.4 10.6
Ca 14.0 5.9 35.6 49.3 15.2 11.5 54.8 7.9 7.3 2.3
Ti 3.2 1.2 0.8 0.1 15 0.9 0.0 0.9 0.0 2.4
Cr 0.2 1.4 0.3 0.2 0.0 0.4 0.5 0.0 0.0 5.2
Mn 1.7 1.9 0.4 0.1 0.6 0.4 0.0 0.2 0.0 2.9
Fe 12.1 6.2 7.4 4.4 13.3 7.7 3.1 6.3 4.6 8.3
Ni 0.1 0.8 0.1 0.1 0.0 0.1 0.0 0.0 0.0 4.5
Cu 5.3 10.3 6.7 6.3 9.8 7.6 9.9 6.3 7.9 18.2
Zn 4.4 8.4 55 5.3 8.2 6.4 8.2 4.8 6.7 14.8
Zr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pb 0.1 2.2 0.5 0.2 0.2 0.3 0.0 0.1 0.0 3.2
U 0.1 1.1 0.0 0.1 1.1 0.2 0.0 0.1 0.0 0.5
b

Kosovo 4 Clust 1 Clust 2 Clust 3 Clust 4 Clust 5 Clust 6 Clust 7 Clust 8 Clust 9 Clust 10
Abundance(%) 26.2 18.4 15.5 13.3 8.7 8.7 4.9 1.9 1.6 0.6
Diameter(pn.m) 1.8 25 25 2.6 2.1 2.1 0.9 1.3 3.8 3.0
Element Normalized X-ray intensit{?o)

Al 21.0 11.4 15.7 9.0 17.9 19.8 14.6 11.3 11.9 0.0
Si 27.2 15.7 21.2 12.4 47.3 25.3 21.0 20.5 14.2 0.0
P 0.2 0.3 0.1 0.1 0.1 0.0 4.1 0.0 0.0 0.0
S 0.3 0.5 0.1 0.1 0.2 0.0 2.9 0.0 0.0 0.0
Cl 0.0 0.2 0.0 0.1 0.0 0.0 2.3 0.0 0.0 0.0
K 10.0 8.0 8.9 10.2 4.6 104 5.3 0.0 5.0 18.4
Ca 15.4 45.0 33.6 51.8 12.7 23.5 15.8 42.1 23.0 21.3
Ti 2.7 0.7 0.4 0.2 0.2 15 1.6 0.0 6.5 14.5
Cr 0.1 0.1 0.1 0.2 0.0 0.0 0.6 0.0 0.0 0.0
Mn 1.1 0.1 0.2 0.3 0.1 0.3 1.0 0.0 1.3 0.0
Fe 12.1 6.4 8.6 3.8 6.7 9.9 4.4 0.0 27.0 5.4
Ni 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0
Cu 5.3 6.2 6.2 6.7 55 5.4 12.5 14.6 6.2 15.1
Zn 4.4 4.9 5.0 5.3 4.5 4.1 9.5 11.5 5.0 11.1
Zr 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0
Pb 0.0 0.3 0.0 0.0 0.1 0.0 1.3 0.0 0.0 0.0
U 0.1 0.2 0.0 0.0 0.0 0.0 1.6 0.0 0.0 14.3

Average compositiorfin normalized X-ray intensity average diameter and abundance of the obtained 10 clusters are presented. The clusters
are listed in descending order of abundance.

for the measurements of uranium and plutonium iso- range for the secondary intensity measurements. The
topes, a MRP of 1000 is sufficient. With this resolution, Faraday cup and electron multiplier are used to measure
flat-top peaks were obtained, which improve the accu- the count rates in the rangexa(®*-5x10° ¢/s and
racy of the measurements. A detection limit in the range 10~ *-1C ¢'s, respectively. The overlap of the intensity
ng/g—pg/g is achieved by optimizing different instru- range allows combining both detectors within a given
mental parameters, such as acquisition time. The ionsanalysis.

were counted with an electron multiplier in the ion As for uranium isotopic composition, the mass cali-
counting mode. The combination of the electron multi- bration on the masses 234, 235, 236 and 238 was
plier and Faraday cup provides a very high dynamic performed before starting a new sample or a new cycle
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were recorded in fluorescent mode, tuning the excitation
— energy near the |, absorption edge of urani(id 167
] Particle 313 (4.9 ;
,l(Jc“g’ pzrt:2|2315§1.1 E:; eV) by stepping the %111) monochromator. The fluo-
i rescence yield was detected at an angle df @0the
1000 ) . ) . .
ij\ T incoming beam using an energy-dispersive HPGe detec-

10000

' CuZn tor. Soil particles taken in the Kosovo war area contain-
J mz.,, b gia ing approximately 0.1 wt.% of uranium of 20—40n
100 —p O .
f M/% i diameter were selected for XANES measurements.
L

MD ' UO, and U, Q, particles as well as a thin YF fd4B4
“’J.‘."‘ wg cm-?, Micromattey were used as standards. All

it
| :
”q!‘ il l,f‘m measurements were carried out using a 1 eV step size.
Tl

Intensity, counts

—
(=]

The measuring time for each point varied from 2 s
(standard particlosto 60 s(soil particles.

0 5 10 15 20 25
Energy, keV . .
9y 3. Results and discussion

Fig. 1. SEMEDX spectra of two uranium-rich particles found in the

Kosovo 4 soil sample. 3.1. Characterization of the contaminated soil by SEM

of measurements. It was observed that during the course In order to determ|_ne the abl_m_dance :_;md composition
of the day the mass calibration did not change as muchof the depleted uranium containing par_tlcles in the soll
as in other mass spectrometric techniqlie8,11. To samples, automated SEM—EDX analysis was performed
search for uranium particles, the mass spectrometer wad" the samples prepar_ed on Nuclepore filters. '_I'he
set to mass 235 or 238. The microprobe mode was usedSamples were prepareq in such a way that the particles
and areas of 250250 wm on the sample surface were were spread over the _fllter surface, and Iarge_agglomer—
rastered to obtain a mapped distribution of the particles ates were broken to single _partlcles. The particles to be
of interest. Once the particles were detected, the prim(aryme""surecI were selectec_i usmg.the backscattered eIect_ron
beam was focused on a single uranium par’ticle and theS|gnal that is a monotonic function of the average atomic
isotope ratios(2*U,/ 23, 22U, 2%, 239,/ 28) were number of the excitation volume. After spectral collec-
calculated from the measured count rates of the different 2" and processing, the pf_;\rt|cles were ‘%'a_ss'f'ed using
uranium isotopes. HCA, based on the normalized characteristic intensities
of the measured elements. Table 1 shows the classifica-
tion results for the two soil samples collected in Kosovo.
The most abundant particle groups contained aluminos-

The SR-based measurements were carried out atlicates with different metal contentCa, Ti, Mn and

DO9B-XRF beamline of the National Synchrotron Radi- F© that are typical for soils. Uranium-rich particles
ation Laboratory(LNLS) in Campinas, Brazi[12]. The were found in the Kos_ovo 4_sample at an abundance of
working conditions for the LNLS synchrotron source 0-6% (by numbej. This particle group has an average
are: 1.37 GeV electron energy, 175 mA maximum
current, and 15 h lifetime. During our measurement, 4o

2.4. Micro-XRF measurements

100 mA and 8 h lifetime were typical. Micro-fluores- 3 m Sample K1-2
cence measurements were performed using the white X-Tés 1 o Sample K2-1
ray beam originating from the bending magnet. The 20 5§

wm beam size on the sample was determined by a Sos

tapered glass capillary. Micromatter thin film standards
(CdSe, Pb, SmF , Sr, TmF , UF , Xwere used for
sensitivity determination.

o
o)

2.5. Micro-XANES measurements

Number of particles
o
N

o
o N
I
T F
h
T
T

The experiments were performed at the micro-fluo-
rescence beamline L at HASYLAB in Hamburg, Ger-
many [13]. The white beam of a bending magnet was . 0 22
monochromatized by a G@ill) double monochromator. Diameter, pm
A polycapillary half-lens(X-ray Optical Systemswas
employed for focusing a beam ofI1 mn¥ down to a Fig. 2. Size distribution of uranium-rich particles identified in the soil
spot size of 15+m diameter. The absorption spectra collected from the Kosovo war area.
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Fig. 3. Backscattered electron images and SEBIX spectrum of a uranium-rich particle, showing Al and Ti content.

diameter of 0.8.m (see Table 1) indicating the small  comprised between 0.5 and 1u8n (Fig. 2) in agree-
size of the uranium-rich particles. Typical spectra of two ment with those found by other authdis4]. However,
uranium-rich particles are shown in Fig. 1. Submicro- most of these particles have a mean diameter centered
meter uranium-rich particles could be agglomerated with approximately 1pum. The chemical analysis by EDX
soil particles, the abundance of aluminosilicates with revealed the presence of Ti and AFig. 3), elements
approximately 1% uranium content is below 15% for present in the penetrators and their cladding,
both samples. The average diameter for these groups isespectively.

between 0.9 and 1.am.

In order to study exclusively the uranium-rich parti-
cles, the surface of the pressed soil pellets was measure
by SEM/EDX, using a backscattered electron contrast
much higher than that of silicon for particle selection.  The particles localized by the automated SEM with
The automatic SEM screening at the surface of the soil gun shot residue program were then analyzed by SIMS
sample was performed during 24 h. Several thousandsas for uranium isotopic ratios. The results obtained are
of uranium-rich particles were found, allowing the deter- reported as average values in Tables 2 and 3. They
mination of their size distribution. The particle distri- clearly contain DU, and traces of*® U were also
bution at the surface of the sample has an average sizaletected.

5.2. SIMS results
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Table 2 §
Isotopic composition obtained by SIMS, sample 0—-5-cm depth :
Particle no.  2%%U/2%Q 2/ 238y /23 2y 2 23 238y 2
~
Ratio lo Ratio lo Ratio 1o wt.% lo wt.% lo wt.% lo wt.% lo %
1 4.04E-05 1.23E-05 2.18E-03 2.17E-04 3.68E-05 1.76E-05 0.004 0.001 0.215 0.021 0.004 0.002 99.778 0.0@
2 4.76E-05 3.06E-05 2.10E-03 2.10E-04 3.37E-05 7.47E-06 0.005 0.003 0.207 0.021 0.003 0.001 99.785 0.0%
3 3.54E-05 2.70E-05 2.17E-03 3.15E-04 7.44E-05 3.92E-05 0.003 0.003 0.214 0.031 0.007 0.004 99.775 0.0@2
4 1.14E-05 9.94E-06 2.10E-03 1.39E-04 3.16E-05 1.59E-05 0.001 0.001 0.207 0.014 0.003 0.002 99.789 0.0
5 8.77E-06 3.98E-06 1.97E-03 1.04E-04 2.64E-05 7.53E-06 0.001 0.000 0.194 0.010 0.003 0.001 99.802 o.o@
6 1.12E-05 8.79E-06 1.99E-03 1.36E-04 2.96E-05 1.06E-05 0.001 0.001 0.196 0.013 0.003 0.001 99.800 0.0
7 5.57E-06 3.99E-06 2.05E-03 1.13E-04 3.68E-05 1.33E-05 0.001 0.000 0.202 0.011 0.004 0.001 99.794 0.0
8 <E—-06 2.13E-03 1.68E-04 2.85E-05 2.23E-05 <0.001 0.210 0.017 0.003 0.002 99.787 0.01Z
9 8.32E-06 2.33E-06 1.99E-03 5.78E-05 2.66E-05 4.91E-06 0.001 0.000 0.196 0.006 0.003 0.000 99.800 0.006
10 1.15E-05 7.13E-06 1.98E-03 5.43E-05 4.32E-05 1.64E-05 0.001 0.001 0.195 0.005 0.004 0.002 99.799 0.0(5.\%;
11 4.91E-06 7.49E-06 2.04E-03 1.37E-04 2.46E-05 1.70E-05 0.000 0.001 0.201 0.013 0.002 0.002 99.796 0.0%
12 1.07E-05 8.50E-06 2.05E-03 9.98E-05 2.99E-05 2.08E-05 0.001 0.001 0.202 0.010 0.003 0.002 99.794 0.0
Average 1.63E-05 2.06E-03 3.52E-05 0.002 0.203 0.003 99.792
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Table 3
Isotopic composition obtained by SIMS, sample 5—-10-cm depth
Particle no. 234U/ 2 2u/32Y 28y /22 24y 2% 29y 238

Ratio lo Ratio 1o Ratio lo wt% lo wt% lo wt% lo wt% lo
1 1.09E-05 6.30E-06 2.03E-03 1.06E-04 3.60E-05 1.22E-05 0.001 0.001 0.200 0.010 0.004 0.001 99.795 0.011
2 1.46E-05 6.98E-06 2.04E-03 1.51E-04 3.92E-05 1.22E-05 0.001 0.001 0.201 0.015 0.004 0.001 99.794 0.015
3 7.49E-06 8.13E-06 2.04E-03 2.01E-04 3.38E-05 2.50E-05 0.001 0.001 0.201 0.020 0.003 0.002 99.795 0.020
4 2.46E-05 8.26E-06 2.06E-03 1.52E-04 4.60E-05 2.05E-05 0.002 0.001 0.203 0.015 0.005 0.002 99.790 0.015
5 2.21E-05 2.21E-05 1.92E-03 1.93E-04 3.58E-05 2.29E-05 0.002 0.002 0.189 0.019 0.004 0.002 99.805 0.019
6 2.70E-05 1.26E-05 2.03E-03 1.16E-04 6.05E-05 1.54E-05 0.003 0.001 0.200 0.011 0.006 0.002 99.791 0.012
7 4.20E-05 4.13E-05 2.06E-03 4.74E-04 6.47E-05 5.59E-05 0.004 0.004 0.203 0.047 0.006 0.006 99.787 0.048
8 1.57E-05 1.05E-05 2.05E-03 1.26E-04 4.56E-05 1.82E-05 0.002 0.001 0.202 0.012 0.005 0.002 99.792 0.013
9 5.57E-05 3.77E-05 2.16E-03 2.51E-04 1.04E-04 5.60E-05 0.005 0.004 0.213 0.025 0.010 0.006 99.771 0.026
10 1.37E-05 1.46E-05 2.10E-03 1.84E-04 3.40E-05 1.97E-05 0.001 0.001 0.207 0.018 0.003 0.002 99.788 0.018
11 1.80E-05 8.53E-06 2.03E-03 1.49E-04 5.27E-05 2.27E-05 0.002 0.001 0.200 0.015 0.005 0.002 99.793 0.015
12 2.03E-05 1.46E-05 2.08E-03 2.23E-04 6.45E-05 3.73E-05 0.002 0.001 0.205 0.022 0.006 0.004 99.787 0.023
Average 2.27E-05 2.05E-03 5.14E-05 0.002 0.202 0.005 99.791

As for 224U and 26U, due to the low signal intensity
the error is often larger. In general, the total uncertainty
on the minor isotopes is decreasitibetter counting

statisticg when the enrichment increases. The uncertain-

ty on the2*¢U is significantly higher than that on the

to the formation of*® UH moleculgss used to correct
the signal on mass 236 for the contribution?t ©H
As for 2°U in this case the uncertainty is not strongly
depending from the intensity of the signal but from
other parameters, e.g. the analysis time.

234, because the 236 intensity is obtained after correc-

tion for hydride contribution and the respective errors

3.3. The Monte Carlo based quantification scheme for

are propagated into the 236 uncertainty. With such a micro-XRF

particle diameter(=1 wm), the precision that can be
achieved is considered the detection limit of the method
in these conditions. The signal on mass Z8@e only

Table 4
Calculated elemental composition of the soil particles presented in
Fig. 4a—c

Elements Concentratior(wt.%)

Particle a Particle b Particle c
o2 47.2 49.2 37.6
Mg? 4.7 4.8 3.9
Al? 15.3 15.9 11.4
Si2 20.5 21.3 17.11
P° 0.4 <DL <DL
sP 0.3 <DL <DL
KP 1.6 2.1 7.8
ca& 7.6 2.9 1.7
TiP 0.3 0.5 0.7
& 0.007 0.006 0.02
Ccr 0.006 0.01 0.01
Mn® 0.03 0.13 0.005
Fed 1.91 2.98 0.09
Co® 0.007 <DL <DL
NiP 0.002 0.004 <DL
Cw 0.002 0.003 0.003
Zn® 0.004 0.008 0.002
uP 0.13 0.20 18.2

®Calculated from EPMA.

PCalculated fromu-XRF spectra presented in Fig. 4.

The matrix compositiofO, Mg, Al, Si) was assumed as the aver-
age composition of soil obtained from electron probe microanalysis.
Relative standard deviations are in the range of 2—15%

In the following analytical calculations, a detailed
XRF simulation code was used to determine the ele-
mental composition of individual soil particles. For a
typical XRF experiment, the simulation code must con-
sider the three most important interaction types in the
X-ray energy range of 1-100 keV, i.6) photoelectric
absorption followed by X-ray fluorescence or Auger
electron emission;(ii) Rayleigh; and(iii) Compton
scattering. The simulation of these interactions allows
building up the complete spectral response of materials
subjected to X-ray excitation in the above mentioned
energy range.

Quantification is achieved by iterative adaptation of
the simulated elemental concentrations until the devia-
tions between the simulated and experimental peak areas
fall within the statistical uncertainties of the recorded
fluorescent lined15].

A significant advantage of the MC simulation based
guantification scheme compared to other methods, such
as fundamental parametéFP) algorithms, is that the
simulated spectrum can be compared directly to the
experimental data in its entirety, taking into account not
only the fluorescence line intensities, but also the scat-
tered background of the XRF spectra. This is coupled
with the fact that MC simulations are not limited to first
or second order approximations and to ideal geometries.

In the past, our MC model has been applied in an
iterative manner to quantification of XRF data corre-
sponding to homogeneous or simple heterogeneous sam-
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Fig. 4. Comparison of experimental and simulajecKRF spectra for three individual soil particles collected from Kosovo. The spectra were
collected at LNLS, using white beam excitation.

ples in much the same way as other quantification standards[15], the model could be applied for the
algorithms based on the fundamental parameterquantitative analysis of unknown soil particles originat-
approach. Relative deviations in the range of 2-15% ing from Kosovo, based on the iterative adaptation
have been achieved by the Monte Carlo quantification scheme discussed above. As an example, the calculated
scheme, depending on the analyzed element and samplelemental compositions of three typical individual par-
type [16,17. The use of the code for the quantitative ticles are shown in Table 4, corresponding to particles
trace-element analysis of individual fly ash particles was having elevated U concentrations. In these calculations,
previously demonstratefd 5]. the lowZ matrix composition(so-called dark-matrix
Errors in the quantitative results are mostly due to the was estimated by EPMA analysis, based on a Monte
uncertainties in the physical constar{tyoss sections, Carlo quantification procedure for electron interactions
fluorescence yields, transition probabilities, gtpplied [18,19. In Fig. 4a—c, the experimental and the corre-
in the simulations and due to uncertainties concerning sponding simulated XRF spectra of these soil particles
various instrumental parameters. The latter includes measured by the LNL$.-XRF set-up are shown. The
uncertainties in the employed excitation spectrum in agreement between the measured and simulated spectra
case of a given polychromatic X-ray source, and often is satisfactory for these particles; both with respect to
insufficient knowledge on the used detector responsethe fluorescence line and scatter background intensities.
function characterizing the energy dispersive detector in  As illustrated in Table 4, the U concentration within
the experiment. these particles range from 0.12 to 18.4%, which repre-
sent concentration values averaged over the entire inter-
from Kosovo section vqur_ne betv_veen the beam and the particle
agglomerate in question. The EPMA results showed that
As the simulation code can predict reliably the meas- most of the concentrated DU particles were in the 0.8—
ured XRF intensitiedand sensitivities for particulate 1.5 wm size range, which were often agglomerated with

3.4. Quantitative analysis of individual soil particles
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Fig. 6. Examples of least-squares fitting of U XANES spectra of two
Fig. 5. Least-squares fitting of standard XANES spectra collected at Soil particles collected from Kosovo.
the U L, absorption edgda U(IV) and (b) U(VI) standard. The

zero of the energy scale is set to the absorption edge energy of U .
metal (17 167 eV, 3.5. Micro-XANES results for the Kosovo samples

In order to study the oxidation state of uranium in
larger soil particleg14]. The particles in the 20—5@m DU containing soil,u.-XANES spectra were collected
diameter range were assumed to be heterogeneousyn selected individual particles of 20—40n diameters.
different number of small DU particles were attached to The XANES spectra were processed using a least square
them, therefore the average uranium concentration overfitting method developed by Osan et 0] originally

the particles could vary in a wide range. for arsenic K-edge absorption spectra. In addition to the
Table 5
Results of least squares fitting of the YL XANES spectra of eight individual soil particles collected from Kosovo

u(v) ul) L.avy Lo a, Ly Lo [ RMS

(%) (%) (eVv) (eV) error
Kosovo la 100 0 0.887 0.000 7.789 0.081 0.000 19.560 0.029
Kosovo 1b 79 21 0.817 0.222 6.323 0.115 0.158 6.068 0.023
Kosovo 1c 100 0 1.006 0.001 6.550 0.200 0.001 16.620 0.039
Kosovo 1d 100 0 0.977 0.000 6.872 0.137 0.000 17.428 0.054
Kosovo 4a 100 0 0.763 0.000 6.882 0.048 0.000 5.967 0.019
Kosovo 4b 90 10 0.711 0.081 6.363 0.038 0.022 4.656 0.025
Kosovo 4c 92 8 0.736 0.065 6.801 0.072 0.031 5.370 0.031
Kosovo 4d 77 23 0.663 0.200 6.015 0.078 0.121 5.249 0.030

I, and o,,: intensity and width of the white linef, and o,: height and width of the multiple scattering peak; RMS: root mean square. Indices
(IV) and (V1) stand for the oxidation state.
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measured particulate and thin film standard spectra,from Kosovo, an average size of approximately.fh
fluorescence mode standard spectra M) and U(VI) was measured, which is in agreement with the value
measured by Duff et al[21] at NSLS were also used reported by other authors. The applied atomic number
for the spectrum processing. The energies and intensitiesand mass-specific methods delivered complementary
of the white line and multiple scattering peak, as well information; they enabled identification of the source as
as the parameter of the arctangent step f6iV) and well as the determination of environmental fate and
U(VI) were determined using the standard spectra. Theleachability. In addition, the elemental composition
fitting of the standard spectra is demonstrated in Fig. 5. revealed the presence of Ti and Al, which are peculiar
The ratios of the different oxidation state forms in the components of the penetrator and its cladding, respec-
particles were calculated using these parameters fixedtively. The uranium isotopic composition measured by
in the fitting function. Fig. 6 shows two examples of SIMS indicates clearly that the particles contained
the least squares fitting of the XANES spectra of depleted uranium. The presence of trace®f U was
individual particles recorded at the U,L edge. evident, however, exact quantification of this isotope is
Table 5 summarizes the fitting results obtained for hindered by a high measurement uncertainty. Micro-
eight individual soil particlesl,, and o, denote the  XANES analysis on the same particles revealed that the
intensity and width of the white line, whilé and o, U patrticles originating from the war heads that remained
correspond to the height and width of the multiple after several years in the polluted soil are mostly in
scattering peak. The indicé®/) and(V1) are indicating  non-leachable oxidation state IV. In this paper, a com-
the oxidation state. The table indicates that uranium is bination of methods provides complementary informa-
present in the particles mostly in the(lV) form, the tion and is advantageously applied to characterize
maximum ratio of WVI) to the total U content was environmental samples. Particularly, when the radiolog-
obtained as 24% indicating that the particle contained ical hazard depends on the speciation of the pollutants,
mainly the less mobile form of U. a detailed characterization of those radioactive particles
Salbu et al.[22] also analyzed DU particles from is essential in view of potential uptake and metabolism
Kosovo using micro-XANES. Based on the results for and related retention time in the body.
12 particles, the authors claimed that approximately
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