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Abstract

Following the USAF B-52 bomber accidents at Palomares, Spain in 1966 and at Thule, Greenland in 1968, radioactive particles
containing uranium (U) and plutonium (Pu) were dispersed into the environment. To improve long-term environmental impact
assessments for the contaminated ecosystems, particles from the two sites have been isolated and characterized with respect to
properties influencing particle weathering rates. Low 239Pu/235U (0.62–0.78) and 240Pu/239Pu (0.055–0.061) atom ratios in individual
particles from both sites obtained by Inductively Coupled PlasmaMass Spectrometry (ICP-MS) show that the particles contain highly
enriched U and weapon-grade Pu. Furthermore, results from electron microscopy with Energy Dispersive X-ray analysis (EDX) and
synchrotron radiation (SR) based micrometer-scale X-ray fluorescence (μ-XRF) 2D mapping demonstrated that U and Pu coexist
throughout the 1–50 μm sized particles, while surface heterogeneities were observed in EDX line scans. SR-based micrometer-scale
X-ray Absorption Near Edge Structure Spectroscopy (μ-XANES) showed that the particles consisted of an oxide mixture of U
(predominately UO2 with the presence of U3O8) and Pu ((III)/(IV), (IV)/(V) or (III), (IV) and (V)). Neither metallic U or Pu nor uranyl
or 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 fromwhich 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.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

On the morning of the 17th of January 1966, a US Air
Force B-52 bomber carrying four 1.5 Mt thermonuclear

bombs collided with a KC-135 fuel tanker aircraft during
a refuelling operation over Southern Spain. Both aircrafts
caught fire at an altitude of 8500 m above the village of
Palomares and subsequently exploded (Iranzo et al.,
1987). The nuclear weapons were released from the B-52
bomber and two of the bombs detonated conventionally
upon impact on land. The explosion and subsequent fire
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(nuclear fuel partially burned) caused the dispersion of
particles containing Pu and U (Lind et al., 2004; Jiménez-
Ramos et al., 2006) over a terrestrial area of about 2.3 km2

(Iranzo et al., 1987) situated close to theMediterranean. A
similar accident occurred at Thule, Greenland, 1968,
where a B-52 bomber carrying four thermonuclear bombs
caught fire and crashed on the ice at Bylot Sound. Due to
explosive fire, particles containing Pu and U (Eriksson,
2002; Lind et al., 2005) were dispersed over the ice within
a distance of a few kilometres and some of the fissile
material has been located within the sediments of Bylot
Sound (Aarkrog, 1971).

To assess the environmental impact of radioactive
particles released from weapon-grade material and
deposited in ecosystems, detailed information is required
on particle characteristics such as size, composition,
morphological structure and oxidation states of matrix
elements such asU and Pu, influencing particle weathering
rates and subsequent mobilization of radionuclides from
particles present in soil–water and sediment–water
systems (Salbu, 2000b). Previous studies of radioactive
particles released from different nuclear sources under
different release conditions, such as reactor accidents
involving explosions or fires, have demonstrated that the
particle characteristics are source and release scenario
dependent (Salbu, 2000a). A key property influencing the
radioecological behaviour of U and Pu is their oxidation
state (Silva and Nitsche, 2001; Choppin, 2003). Uranium
chemistry predicts that particle weathering rate ( y−1)
increases with the oxidation state for U and should be
higher for U3O8 particles than for UO2 (Kashparov et al.,
1999). Although experimental solubility data reported for
Pu oxides/hydroxides scatter widely (Runde et al., 2002),
the solubility products of Pu(OH)3 [K°sp=10−26.2±0.8,
(Felmy et al., 1989)], tetravalent Pu [Pu(OH)4,
K°sp = 10− 58.7 ± 0.9 (Knopp et al., 1999); PuO2,
K°sp=10−63.8±1 (Kim and Kanellakopulos, 1989)] and
pentavalent PuO2OH [K°sp=10−9.3, (Zaitseva et al.,
1968)], indicate that particle weathering rates will strongly
depend on the oxidation state of Pu. Although information
on a limited number of particles cannot be considered to be
representative for the whole contaminated area, the
information on solid-state speciation including oxidation
states will be essential in environmental impact assess-
ments. Once U and Pu are in a solution, their overall
mobility is governed by the environmental conditions
(e.g., soil–water pH and concentration of interacting
agents, redox conditions and microbial activity).

From the fact that these particles have persisted in the
environment for decades it is obvious that the weathering
rates have been rather slow. On the other hand, recent
reports (García-Tenorio et al., 2004; Espinosa et al., 2005)

suggest that Pu in Palomares soils is becoming more
mobilised and potentially bioavailable as a result of
natural weathering and agricultural practices (e.g. irriga-
tion and fertilization). Pu extracted from contaminated
Palomares soils (4 g) by distilled H2O in 24 h increased by
two orders of magnitude from 1986 to 2001 and up to
14% of Pu in soil (4 g) was extracted by cow urine in 24 h
(Espinosa et al., 2005). To understand and estimate the
impact of such particle transformation processes, infor-
mation on the solid-state speciation of the particle matrix
elements is needed. The Palomares and Thule accidents
provide a unique possibility to study long-term actinide
behaviour in the environment including radioactive
particle weathering. The source terms and release
scenarios are similar, whereas the affected ecosystems
and environmental compartments (i.e. temperate, semi-
arid terrestrial vs. arctic, marine benthic) in which the
particles have resided are very different.

In the present work, individual radioactive particles
extracted from contaminated soil and sediment samples
collected at Palomares and Thule (Lind et al., 2005) have
been characterized with respect to size, 2D elemental
composition and distribution, morphology and oxidation
states as well as isotopic composition. Non-destructive
analyses were performed using γ-spectrometry, scanning
electron microscopy (SEM) and Environmental Scanning
Electron Microscope (ESEM) in combination with
Energy Dispersive X-ray analysis (SEM–EDX and
ESEM–EDX) as well as synchrotron radiation (SR)
based microscopic techniques. The SR-based microscop-
ic techniques were especially developed for characteriza-
tion of particles containing U (Salbu et al., 2003; Lind
et al., 2005). SR-based micro-X-ray fluorescence (μ-
SRXRF) provides information on the elemental compo-
sition of the particles, while SR-based micro-X-ray
absorption near edge structure (μ-XANES) spectroscopy
provides information on oxidation states of U and Pu.
Finally, ICP-MS analyses of dissolved individual particles
reveal the isotopic composition of the actinides. Although
the number of analysed particles is limited, the study on
individual particles should provide detailed information
on the phenomenon of accidentally released radioactive
particles in the environment per se.

2. Materials and methods

2.1. Sampling and isolation of particles

2.1.1. Palomares
Two 10 cm soil cores were collected in 2001 from a

contaminated area, located to the west of the Palomares
village (Fig. 1). Each sample was air dried and divided
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into 6 aliquots to be measured by gamma spectrometry.
Elevated activity concentrations of 241Am (Eγ=59.5 keV)
indicating the presence of 241Puwere found in one aliquot
from each of the two cores. From these aliquots a few soil
grains were isolated from the matrix by performing
successive divisions and measuring the subsamples by
means of γ-spectrometry. The isolated soil grains were
fixed onto carbon double-faced sticky tape and mounted
onto Al stubs for further identification of particles in
Scanning Electron Microscopy with Energy Dispersive
X-ray analysis (SEM–EDX, Section 2.2). Based on
information from SEM–EDX images and γ-spectrome-
try, 8 particles were identified and 5 single particles were
fully isolated from the residual. The individual radioactive
particles were counted 6 mm above the surface of a Low
Energy Germanium (LEGe) detector (Canberra, rel.
efficiency 25%, resolution 1.8 keV) using a purpose-
built geometry setup.

2.1.2. Thule
Sampling was performed onboard the Greenland

fisheries research vessel “Adolf Jensen” during the
August 1997 expedition in Bylot Sound (Dahlgaard
et al., 2001). Thule sediments were sampled just below
the point of impact using a Gemini corer and
subsequently kept frozen. Aliquots of the ∼5 kg
sediment sample were carefully melted (room temper-
ature), air dried and homogenized prior to isolation of
individual particles, using γ-measurements and SEM–

EDX as described. A set of 3 individual particles was
identified and isolated as part of previously reported
work (Lind et al., 2005).

After air drying, both Thule and Palomares bulk
samples and isolated particles were kept in plastic boxes
under ambient conditions (room temperature, normal
atmosphere).

2.2. SEM and ESEM with EDX

Particles were further localised and characterized
using a Jeol 840 Scanning Electron Microscope (SEM)
for acquisition of digital images in both Secondary (SEI)
and Backscattered (BEI) electron imaging modes.
Energy Dispersive X-ray analysis, X-ray mapping
(spatial resolution about 1 μm) and X-ray spot analysis
were performed using a Link ISIS 300 X-ray analytical
system (Oxford Instruments, Oxford, UK) including a Si
(Li) detector attached to the SEM (Salbu et al., 2003). A
Zeiss EVO 50 variable pressure Environmental Scan-
ning Electron Microscope (ESEM) with an Inca EDX
analytical system (Oxford Instruments, Oxford, UK)
including a Si(Li) detector was utilized at high vacuum
conditions to perform line scan analyses (spatial
resolution about 1 μm) and acquisition of SEI and
BEI-mode images of both Palomares and Thule
particles. Peak intensities of U-Lα and Pu-Lα
(12000–70000 counts per line scan) as well as Si
Kα1, Fe Kα1 and Al Kα1, X-ray lines were recorded at

Fig. 1. The sampling sites located outside the village of Palomares (highlighted), province of Almería, Spain. The explosive fire of one of the nuclear
weapons affected the zone to the West of the village.
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15–18 nm increments along 6–20 μm lines from
selected areas of the particle surfaces. In both instru-
ments the acceleration voltage applied was 30 kV and
collection of EDX data were performed with dead times
of about 30%.

2.3. SR-based micro beam techniques

Individual particles characterized by SEM with EDX
were subjected to SR-based μ-XRF and μ-XANES
analysis using the same setup (focused 20×20 μm beam
by using a polycapillary lens; HPGe detector) at the X-
ray microscopic facility of beamline L, HASYLAB,
Hamburg (Salbu et al., 2004). In order to determine the
elemental distribution within individual particles, two
dimensional μ-SRXRF mapping was performed by
rastering (3 μm increments) the 20×20 μm beam over
70×70 μm2 of the sample in the x–y plane with a
21 keV beam, which in these materials has a penetration
depth of about 50 μm. Using μ-XANES, information on
the oxidation state of U and Pu particles was obtained by
tuning the monochromatic X-ray beam over the U LIII

(17.163 keV) and Pu-LIII (18.057 keV) absorption edges
while collecting X-ray fluorescence spectra at 1 eV
increments from about 80 eV below to 220 eVabove the
U LIII-edge and from 60 eV below to 130 eV above the
Pu-LIII -edge. The μ-XANES profile shapes and energy
shifts of inflection points and white lines (i.e. the first
strong resonance) of U in particles were compared with
those of well-defined U oxidation state standards. For
Pu no suitable reference compounds were available
during the experiments. Thus, the procedure adopted in
a previous study (Lind et al., 2005) was employed: the
recorded μ-XANES Pu profiles were calibrated against
XANES profiles obtained from Y and Zr reference foils
and positioned on the same energy scale as profiles
previously obtained for Pu(IV) (Panak et al., 2002) and
Pu(III) (Conradson et al., 1998). The Pu(IV) XANES
reference profile was recorded at the 41 beamline at the
Stanford Synchrotron Radiation Laboratory using a Si
(220) pair in the double crystal monochromator (1998).
The Pu(III) XANES reference profile was digitized from
Conradson et al. (1998) and recalibrated to the Zr–K
edge energy at 17.998 keV. It is also assumed that the
white line (WL) centroid energies of Pu(IV) in particles
will fall within a narrow range of 18,067.9–18,068.7 eV
as reported for several Pu(IV) compounds and solutions
(Conradson et al., 2004a; Denecke, 2006).

The Pu-XANES profiles of the particles were
qualitatively compared to published Pu-XANES profiles
of solid compounds and standard solutions (Conradson
et al., 1998, 2004a, 2005; Panak et al., 2002; Powell et al.,

2006). Specifically, the position of the WL and inflection
point as well as the energy difference between the WL
centroid and that of the first scattering maximum past the
WL (FSM) were used to differentiate between the
oxidation states of Pu. The XANES edge energies were
estimated based on the half-height of the edge step as
described by Duff et al. (1999).

The following XANES spectra characteristics were
applied for the differentiation of Pu oxidation states:

• Metallic Pu: the XANES profiles are typically
characterized by a substantially diminished WL. The
inflection point energy shift is approximately 2–3 eV
lower than Pu(III) and about 5 eV lower than Pu(IV),
while the WL centroid is only 1.3 eV lower than for
PuO2 (Conradson et al., 2004a).

• Pu(III): the WL centroid energies for solid com-
pounds and solutions of Pu(III) are generally ≥2 eV
lower than for Pu(IV) (Conradson et al., 2004a;
Denecke, 2006). The energy difference between the
WL centroid and FSM is ∼30–33 eV for solutions
(Conradson et al., 1998; Denecke, 2006).

• Pu(IV): the WL centroid energy of ordered PuO2 is
18,068.6±0.3 eV, according to Conradson et al
(2004a). The energy difference between the WL
centroid and FSM is ∼40 eV for PuO2 (Powell et al.,
2006).

• Pu(V): XANES energy positions (WL and inflection
point) of Pu(V) are typically found midway between
those of Pu(III) and Pu(IV) (Conradson et al., 2004a,
2005).

• Pu(VI): for solids, the XANES energies of Pu(VI) are
∼7–8 eV (WL centroid) and ∼3–4 eV (inflection
point) higher than for Pu(IV) as estimated from
published Pu-XANES profiles (Duff et al., 1999).

No significant changes of the XANES profiles were
observed between replicate measurements of standards
and samples indicating that artefacts due to radiation
damage in the samples or standards did not take place.
Our μ-XANES profiles were collected from both the
cores and the outer spheres of the particles in an attempt
to reveal possible inhomogeneities.

2.4. ICP-MS measurements

Following the characterization of particles by non-
destructive techniques, one “typical” individual particle
from each of the sites was sacrificed in order to determine
the 240Pu/239Pu and 235U/239Pu atom ratios for source
identification and characterization. The particles were
partially dissolved by microwave boiling (72 Bar,
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∼280 °C) in suprapur HNO3 (65%). The final solutions
were filtered by Whatman GF/C filters. The yield
(Palomares 29.0±1.1%; Thule 28.0±1.0%) of the micro-
wave digestion was determined from 241Am γ-measure-
ments of the particle prior to the digestion and subsequently
of the obtained filtered solution. The 240Pu /239Pu and
235U/239Pu atom ratios were determined by ICP-MS
(Perkin-Elmer ELAN 6100) after radiochemical separa-
tions based on selective sorption on anion exchange resins
(DowexAG 1×8) to separate U andAm from Pu (Clacher,
1995). 242Pu and 233U were used as yield monitors.

3. Results and discussion

3.1. γ-spectrometry and ICP-MS

Based on γ-measurements of individual particles the
241Am activities ranged from 0.2–13.5 Bq/particle for
Palomares (n=5) and 1.0–2.7 Bq/particle for Thule (n=3)
particles (Table 1). ICP-MS data showed the 239+240Pu
activity and 240Pu/239Pu atom ratio of particle PB to be
42.6±5.9 Bq (1 SD) and 0.061±0.006, respectively. This
atom ratio is in agreement with Chamizo et al. (2006),
using Accelerator Mass Spectrometry to determine a
mean 240Pu/239Pu atom ratio of 0.0657±0.0006 in soils
containing elevated Pu activity concentrations (expressed
in Bq/kg) from sampling station 2 (Fig. 1). For the Thule
particle (TC), the corresponding ratio measured in our
laboratory were 0.055±0.007 (Lind et al., 2005),
somewhat lower than for the Palomares particle. Accord-
ing to Eriksson (2002), about two thirds of the Thule

debris originated from a source having a 240Pu/239Pu
isotope ratio of 0.056, whereas about one third of the
debris featured a lower 240Pu/239Pu isotope ratio (0.027).
Thus, the analysed Thule particle belongs to the high
240Pu/239Pu isotope ratio group.

By combining the γ-measurement data with the ICP-
MS data, a 241Am/239+240Pu activity ratio of 0.19±0.02
could be calculated for the Palomares particle. That
compares well with Irlweck and Hrnecek (1999), who
found an 241Am/239+240Pu activity ratio of∼0.2 (corrected
for in-growth of 241Am from 241Pu using 241Pu/239Pu data
from Mitchell et al. (1997)) for a particle contaminated
Palomares soil aliquot. The corresponding ratio obtained
for the Thule particle analysed by us was 0.14±0.02 (Lind
et al., 2005), which is somewhat lower than for the
Palomares particle, and also lower than that reported for 5
Thule particles (average of five Thule particles ∼0.19
(Eriksson, 2002), corrected for in-growth of 241Am from
241Pu using data fromMitchell et al. (1997)). However, our
Thule result fall within the 241Am/239+240Pu activity ratio
range of measured bulk Thule sediments (Dahlgaard et al.,
2004).

Recent quadruple ICP-MS analysis showed that U in a
totally digested hot particle isolated from highly contam-
inated Palomares soil was enriched with respect to 235U.
The measured 235U/238U atom ratio of 0.185 was about 25
times higher than in natural U, but the ratio may have been
slightly biased due to a possible contamination of 238U
(Jiménez-Ramos et al., 2007). The Thule particles (n=5)
were apparently more enriched with respect to 235U than
the Palomares particle, with an average 235U/238U atom
ratio of 1.03±0.16 (Eriksson, 2002). The ICP-MS mea-
surements of the particles in the present work yielded low
239Pu/235U atom ratios: 0.78±0.14 for the Palomares
particle PB and 0.62±0.13 for the Thule particle TC,
showing that 235U constitutes the major part of the fissile
material in both particles. The Thule particle results are
supported by results of Eriksson (2002), who observed
239Pu/235U atom ratios for Thule particles ranging from
0.26–0.88.

We conclude from the above considerations that both
Palomares and Thule particles contain a mixture of
weapon-grade Pu and enriched U. Available information
confirms that both materials are commonly used in
nuclear warheads and can even be used in composite
highly enriched U/weapon-grade Pu pits (Bukharin,
1998). The release of particles containing enriched U
and Pu has also been observed following a nuclear
warhead-carrying missile fire at the former US McGuire
air force base (Drell and Peurifoy, 1994) as well as
following the destruction of a nuclear warhead-carrying
missile on the Johnston Atoll (Wolf et al., 1997).

Table 1
Sample information

Sampling
station

Particle
no.

Approx. particle
size μm

241Am Bq/particle
(±SD)

Palomares
1 PA 45 6.2±0.2
2 PB 35 8.0±0.1
Idem PC 50 13.5±0.3
Idem PD 40 12.3±0.4
Idem PE 4 0.20±0.02
Idem PF 3 n.m.
Idem PG 4 n.m.
Idem PH 1 n.m.

Thule
Below point
of impact

TA 35 1.6±0.1

Idem TB 40 1.2±0.1
Idem TC 20 2.8±0.05

Sampling stations, approximate sizes and 241Am activities of particles.
n.m.=not measured as individual particles were not fully isolated.
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3.2. SEM/ESEM with EDX and μ-SRXRF

Using SEM in SEI and BEI-mode (Figs. 2 and 3), the
size of the particles is estimated to be between 1 μm and
50 μm for Palomares and 20–40 μm for Thule (Table 1).
However, the number of particles is limited and the
241Am activity of submicron particles are below the
detection limits (∼0.1 Bq) for γ-spectrometry. In
addition, the particles tend to be imbedded in larger
soil and sediment aggregates and imbedded small sized
particles are difficult to identify in SEM–EDX. Thus,
the particle sizes reported herein should reflect the high
end of the size distribution pattern.

In the electron microscopes, the particles appear as
agglomerated crystalline grains with a relatively high
degree of porosity (Figs. 2 and 3), indicating that the

specific surface area of the particles may be relatively
large. Solubility and particle weathering rates are
expected to increase with increasing surface area
available for weathering. All particles were partly
covered with soil or sediment, which appears grey in
the BEI images (i.e. low Z material). The soil in the
Palomares area is of silica–carbonaceous nature (Jimé-
nez-Ramos et al., 2006), which is reflected by the
appearance of Al, Si and Fe in the EDX spectra.

Based on SEM–EDX (Fig. 2) and 2D μ-SRXRF (not
shown) mapping, all investigated particles appear as a
quite homogeneous mixture of U and Pu. While SEM–
EDX mapping provide surface and to a certain extent
subsurface information on elemental distribution, μ-
SRXRF mapping is used to investigate depth-averaged
compositional variation throughout the particles. Based

Fig. 2. Scanning electron microscopy (SEM) and Energy Dispersive X-ray analysis of particles PA isolated from Palomares soils (A–D) and TA (Lind
et al., 2005) collected from Thule sediments (E–F). (A) SEM used in Secondary Electron Imaging (SEI) mode showing particle morphology. (B)
EDX spectrum showing the elemental composition of the particle (analysis spot marked with arrow), (C) X-ray mapping of U superimposed on an
image recorded in Backscattered Electron Imaging (BEI) mode image, (D) X-ray mapping of Pu superimposed on an image recorded in BEI. Bar
5 μm.

299O.C. Lind et al. / Science of the Total Environment 376 (2007) 294–305
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on the observed U-Lα and Pu-Lα intensities in all pixels
of scans obtained with the 20×20 μm beam, linear
Pearson correlation coefficients of r=0.997 (PC) and
r=0.999 (PD) were calculated for Palomares particles
with a similarly high correlation (r=0.999) obtained for
the Thule particle TA (Lind et al., 2005). Thus, at 20 μm
scale U and Pu coexist throughout the particles, either as
a consequence of the production of the fissile material or
due to the explosion and subsequent fire. Based on
Analytical Transmission Electron Microscopy (ATEM)
and SEM–EDX, U and Pu coexisted also in radioactive
particles released during the Johnston Atoll accident
(Wolf et al., 1997).

The U-Lα and Pu-Lα ratios obtained from SEM–
EDX spot measurements of particle surfaces indicated
local variation within a particle, variations between
particles from the same site (Figs. 2B and 3 B) as well as
between Thule and Palomares particles.

To provide semi-quantitative information of the
actinide distribution on the particle surfaces, Pu-Lα
and U-Lα X-ray intensities were obtained from ESEM–
EDX line scans (Figs. 4 and 5). The Pu-Lα/U-Lα ratio
on the surfaces of Palomares particles (n=3 particles)
varied from 0.5 to 2.0, with a mean ratio of 1.0 for all
three line scanned particles (Fig. 4, Table 2). The
corresponding ratio varied between 0.2–0.6 for individ-
ual Thule particles, while the mean ratios of TA and
TB were found to be 0.5 and 0.3, respectively (Fig. 5,
Table 2). Taking the uncertainties into account, the
investigated Palomares particles feature higher mean
Pu-Lα/U-Lα ratios of line scans than for the Thule
particles. Based on the line scans the variations in the
Pu/U distribution were more pronounced for Palomares
than for Thule particles.

Based on line scans across individual particles, local
Pu-Lα/U-Lα ratios deviating from the mean ratio
indicated heterogeneities on a 1–2 μm scale or less
(Figs. 4D, 5B). Some of the observed Pu-Lα/U-Lα ratio

variations may be attributed to physical effects including
topographic effects that influence the interactions of
electrons and the propagation of X-rays. However, “hot
spot” areas (inclusions) observed as bright white areas in
BEI images were clearly associated with low Pu-Lα/U-
Lα ratios well below 2 standard deviations of the mean
of the scanned lines. Thus, the inclusions are enriched
with respect to U and depleted in Pu compared to the
surrounding material. Such surface heterogeneities were
observed for particles from both sites, and are attributed
to the microstructure of the original fissile material or
processes involving fragmentation of the weapons and
formation of particles (i.e. release conditions), although
preferential leaching of actinides cannot be excluded.
Using SEM and ATEM, inclusions of actinides with
widely varying Pu/U ratios have also been observed in
discrete radioactive particles isolated from Johnston
Atoll soil samples (Wolf et al., 1997).

3.3. μ-XANES

XANES are used to provide information on the
oxidation state of actinides (Salbu et al., 2003; Powell
et al., 2006). By tuning the energy of an X-ray beam
(with a monochromator) over the ionization energy of a
shell, an abrupt increase in the absorption occurs, termed
the absorption edge. The features of absorption edges
and peaks (white lines) are influenced by the chemical
speciation of the absorbing element, i.e. the energy and
shape of the spectra are correlated with valence and site
symmetry (Conradson et al., 1998). Decreased shielding
of core electrons with increasing valence results in
increased binding energy of core electrons and can be
observed as a chemical shift in the XANES spectra. The
most important factors determining the XANES spectra
of U and Pu oxides are the valence state and the presence
or absence of actinyl species. To differentiate between
oxidation states appropriate well-defined oxidation state

Fig. 3. SEM and EDX analysis of particle PC isolated from soils at Palomares, Spain. (A) SEM used in Secondary Electron Imaging (SEI) mode
showing particle morphology. Note cavities and porosity of the material. Bar 2 μm. (B) EDX spectrum obtained from a spot in A (arrow). Al, Si and
Fe, presumably from a coating of soil minerals, were detected in addition to U and Pu. Bar 2 μm.
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standards should be applied. As no well-defined mixed
Pu/U-oxide standards are available or published in
literature, the XANES profiles of the Palomares and
Thule particles are compared with well-defined U oxide
standards and a variety of Pu-XANES profiles from the
literature.

Based on the shape, position of theWLand the FSMof
the U- and Pu-LIII fluorescent XANES profiles (uncor-
rected for self-absorption), the oxidation states for U and
Pu in Palomares and Thule particles were remarkably
similar, in view of the different environmental conditions
they have been exposed to (Figs. 6 and 7). No differences
in oxidation states were apparent between the cores and
the outer spheres of the investigated particles using the
20 μm lateral resolution setup. Apparently all U and Pu in

the investigated Palomares and Thule particles were
oxidised and the matrix of the particles could be
characterized as a mixture of U and Pu oxides.

Based on the shape, position of the WL and the FSM,
the U LIII XANES profiles of particles PB, TA and TB in
Fig. 6 essentially overlap with the UO2 standard profile,
indicating that the U was present as U(IV). Especially for
Palomares particle PC, the WL and inflection point were
shifted towards higher energy and was found midway
between those of the UO2 and U3O8 standards, indicating
a mixture of UO2 and U3O8. No U metal or U(VI) in the
form of uranyl could be observed. If the original material
contained metallic U, oxidation to UO2 and U3O8 could
easily occur during the explosive fire, as observed for
impacted depleted uranium ammunitions (Salbu et al.,
2003, 2004). If the original weapon material was made

Fig. 5. ESEM line scan analysis of Thule particle TB. (A) BEI image of
the analysed area including a bright spot indicating a high average
atomic number area. The location of the scanned line is indicated. (B)
Pu-Lα/U Lα intensity ratios along a ∼9 μm line scanned over the area
indicated in (A). Resolution ∼1 μm.

Table 2
Pu-Lα/U-Lα intensity ratios of the investigated particles obtained by
ESEM–EDX line scan

Method Information Palomares n Thule n

EDX line scan, mean Particle surface 1.0 3 0.3, 0.5 2
EDX line scan, range Particle surface 0.5–2.0 3 0.2–0.6 2
EDX line scan, BEI

features
Surface inclusion 0.5–0.6 3 0.2 1

Fig. 4. ESEM line scan analysis of a Palomares particle (PA). (A) BEI
image of the whole particle shows bright areas indicating high average
atomic number area heterogeneities. (B) SEI image of the bright area
highlighted in (A) at higher magnification, shows the agglomerated
structure of the spots. (C) BEI image of the analysed area including the
two bright spots in (B). The location of the scanned line is indicated.
(D) Pu-Lα/U Lα intensity ratios along a ∼9 μm line scanned over the
area in (B and C). Resolution ∼1 μm.
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from UO2, only a moderate oxidation takes place during
the explosive fire. At high temperature and pressure
conditions in the presence of air a mixture of UO2 and
U3O8 (and possibly other intermediate forms) can be
expected, as observed for UO2 particles released during
the Chernobyl fire (Salbu et al., 2001). The presence of
U3O8 would increase the particle weathering rates.

Based on the shape, energy position of the WL and
the FSM and a comparison with recently published Pu-
LIII XANES profiles of solid compounds and standard
solutions, Pu in all the particles investigated was appar-

ently present as Pu(III)/Pu(IV), Pu(IV)/Pu(V) or a
mixture of these oxidation states, whereas energy shifts
or features corresponding to Pu(VI) and metallic Pu
could not be identified. This interpretation is based on
three observations.

Firstly, a significant contribution of Pu metal to the
particle composition seems unlikely as the negative energy
shifts compared to Pu(IV) were small and no indications of
a substantially diminished WL were observed for any of
theXANESprofiles. Secondly, in contrast to recent reports
on Thule particles (Eriksson et al., 2005) and Johnston

Fig. 6. Fluorescent U LIII μ-XANES profiles obtained from (A) Palomares (this work) and (B) Thule particles (Lind et al., 2005) in comparison to
UO2 and U3O8 reference compounds.

Fig. 7. Flourescent Pu-LIII μ-XANES profiles obtained from Palomares (this work) and Thule (Lind et al., 2005) particles in comparison to Pu(III) and
Pu(IV) reference profiles.
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Atoll particles (Wolf et al., 1997) there were no indication
of the presence of appreciable amounts of Pu(VI). No shift
(of WL or inflection points) towards higher energies
compared to the Pu(IV) reference profile was observed
in the Palomares and Thule particles. Finally, the
WL energies of the particles fall within the range of
PuO2+x−y(OH)2y zH2Omaterials (18,068.2–18,069.8 eV)
in which x can vary from −0.5–0.25 and Pu is
predominately present as Pu(IV) with varying amounts
of Pu(V) contributing to the x (Conradson et al., 2004a;
2005). The energy difference between the WL centroid
and FSM in the particles vary within 35–38 eV, i.e.
somewhere midway between Pu(III) and Pu(IV). A
mixture of Pu(IV)/Pu(V) should give XANES energies
at or slightly below that of PuO2 (Conradson et al., 2005),
and somewhat similar to what would be expected for a
mixture of Pu(III) and Pu(IV). Thus, the differentiation
between Pu (III), (IV) and (V) in oxides is difficult to attain
from XANES only. According to (Conradson et al.,
2004b) PuO2+x−y(OH)2y zH2O is formed upon oxidation
of Pu, while ordered PuO2 is quite rare and is only attained
under lowH2O and relatively lowO2 conditions. Thus, the
presence of ordered PuO2 can probably be disregarded
under environmental conditions such as in Palomares soils
and Thule sediments. Based on these interpretations, no
appreciable amounts of Pu(0) and Pu(VI) are present in the
investigated particles, whereas the presence of Pu(III)/Pu
(IV), Pu(IV)/Pu(V) or a mixture of all three oxidation
states should be taken into account.

Dispersion of particulate oxidised Pu is expected to
occur if Pu metal or Pu oxide is involved in a fire or
explosion such as those at Palomares andThule (Martz and
Haschke, 1998). The oxidation of Pumetal may have been
partial, thus providing a tentative route of formation for
particles with a mixture of Pu(III) and Pu(IV) and even
higher oxidation states. If the originalmaterial wasmade of
PuO2 the formation of PuO2+x (xN0) in the presence of
moisture seems likely to have occurred (Haschke and
Oversby, 2002) during the explosive fire or due to
subsequent environmental weathering since 1966. The
oxidation would, however, probably not exceed the
PuO2.25 hyperstoichiometric end point (Conradson et al.,
2004b). It has been reported that substoichiometric oxides
more readily soluble than PuO2, e.g. Pu2O3, may form at
temperatures above 1400 °C due to loss of oxygen from Pu
oxide (Keller, 1971; Sill, 1975). Temperatures in fuel fires
are known to approach 1000 °C and are expected in
propellant fires to exceed 2000 °C (Haschke and Martz,
1998). Thus, the temperature regime required to expel
oxygen from Pu oxide cannot be ruled out and hence the
possible presence of Pu(III) in Palomares and Thule
particles should not be excluded.

Taking all XANES results into account, it appears that
the Palomares and Thule particles contain a mixture of U
(predominately IV with the presence of VI) and Pu ((III)/
(IV), (IV)/(V) or (III), (IV) and (V)), most probably in the
form of mixed-oxides/oxyhydroxides and not as ordered
actinide-O2 structures. The fact thatU and Pu coexist in the
particles as mixed oxides has implications for predicting
both the overall particle weathering rates as well as their
remobilisation potential. Previous studies of U and Pu
mixed-oxide materials suggest that U mixed with Pu in
particle matrices may lead to a higher dissolution of Pu
than for pure Pu oxide materials (Eidson and Mewhinney,
1983). Thus, the prediction of solubility properties of Pu/U
mixed oxide particles can hardly be derived from binary
oxide studies, i.e. oxides of U and Pu studied separately.
Furthermore, the presence of U oxidation states higher
than+IV and trivalent and/or pentavalent Pu may also
imply that partial leaching may take place over time, as
observed for Palomares during the last 20 years.

4. Conclusions

The present work demonstrates that particles originat-
ing from the Palomares and Thule accidents contain a
mixture of enrichedU andweapon-grade Pumaterial. The
239Pu/235U ratio is a factor of 1.3 higher for the measured
Palomares particle than for the particle fromThule. SEM–
EDX mapping and SR-based μ-XRF mapping indicated
that U and Pu were homogeneously distributed in the
particles. However, results from ESEM–EDX line scan
analyses with ∼1 μm resolution revealed that U and Pu
are co-localised on all investigated particle surfaces, but
that surface inclusions enriched with respect to U and
depleted with respect to Pu compared to the surrounding
material were observed for particles from both sites. The
microstructures of the particles are attributed to the
original fissile material or processes involving fragmen-
tation of the weapons and formation of particles, although
weathering and subsequent releases of actinides from the
particle surfaces cannot be excluded.

Based onμ-XANES, the particlematrices areU and Pu
oxide mixtures, most probably in the form of mixed
oxides/oxyhydroxides. The oxidation state of U seems to
be predominately+IV (UO2) with a minor and variable
contribution of higher oxidation states (U3O8), while Pu
seems to be present as Pu(III)/Pu(IV), Pu(IV)/Pu(V) or a
mixture of all three oxidation states. Neither metallic U or
Pu nor uranyl or Pu(VI) could be observed.

As Pu in Pu/U mixtures might be more soluble than
PuO2, as the oxidation states for Pu/U oxides may differ
from+4 and as Pu/U heterogeneities are observed on
particle surfaces the results indicate that the particles

303O.C. Lind et al. / Science of the Total Environment 376 (2007) 294–305



Aut
ho

r's
   

pe
rs

on
al

   
co

py

represent a higher remobilisation potential than previous-
ly anticipated, as also observed during the last decades in
Palomares.

Despite the low number of particles analysed, the
present work reveals that the Palomares and Thule par-
ticles as phenomena are remarkably similar with respect to
elemental distributions, morphology and oxidation states
reflecting that they originate from similar source and
release scenarios. Furthermore, particle characteristics are
more dependent on factors determined by the source and
the release scenario than the environmental conditions.
Particle weathering and subsequent mobilisation of U and
Pu will depend on particle characteristics, while the
behaviour of Pu released from the particles will be
dependent on the surrounding environment.

The present work has demonstrated that a combination
of advanced analytical techniques can provide unique
information on the solid-state speciation of nuclear fissile
material released into the environment. For areas
contaminated with radioactive particles, information on
particle characteristics influencing weathering rates
should be included in the impact assessments, and the
techniques described in the present work should be
considered as useful tools.
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