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Experimental 

 

Site Background 
From 1961–63, approximately 22 kg of plutonium (Pu) were used in twelve “Safety Trials” (or 

“Minor Trials”), so-called the “Vixen B” series, conducted at the Taranaki test site in Maralinga, 

South Australia (Fig. 1-(c) in the main text). In these tests, various components of nuclear devices 

were subjected to a range of explosive and burning conditions designed to simulate non-fission, or 

partial-fission accidents involving nuclear weapons.1 The resulting dispersal of material was energetic 

with Pu-containing particles of submicron to >150 µm diameter sizes deposited in down-wind surface 

contamination plumes, some of which extend more than 25 km.2 Although areas near the firing pad 

were subsequently remediated (in the 1960s and in the late 1990s), most of the deposition plume areas 

have remained undisturbed for more than fifty years since the original dispersal, during which the 

particles have been subjected to semi-arid environmental conditions (mean annual rainfall of 200 mm, 

monthly mean temperatures ranging from 13–25 °C with summer daytime temperatures exceeding 

40 °C).1  

 

Gamma-ray spectrometry 
As described in the main text, the collected soils were processed to eventually obtain a single “hot” 

particle representing the majority of the detected activity in the original soils. The isolated particle 

was found to be highly friable and easily fragmented into smaller pieces when pressed on a glass 

slides (Figure S1). The isolated particle was analysed with gamma-ray spectrometry in order to find 

possible co-existing radionuclides in the particle. Figure S2 shows the gamma-ray spectrum of the 

isolated particle. Only one significant peak was observed at around 60 keV, which is attributed to the 

gamma radiation of 241Am (59.54 keV). No significant contribution of fission products (FPs) was 

detected as there was no other measurable radionuclide peak present in the spectrum (Figure S2), for 

instance the 137Cs peak at 661.66 keV was below detection limit. This is a clear indication that the 

original material of the isolated particle did not undergo fission reactions when detonated and, hence, 

it originates in “Minor Trials”, not tests involving nuclear detonation (i.e., “Major Trials”).1, 3 
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Figure S1. Optical microscope image of the isolated particle exhibiting high 241Am activity. 

 

 

 
Figure S2. Total gamma-ray spectrum of the isolated particle (a) and its enlargement on the lower energy region 

(b). Measurement duration; 65725 sec. 

 

X-ray fluorescence microscopy / X-ray absorption spectroscopy 
XFM measurements were performed at the XFM beamline4 of the Australian Synchrotron under ring 

operating conditions of 3 GeV and 200 mA with top-up mode. Scanning X-ray fluorescence (XRF) 

mapping5 and X-ray absorption near edge structure (XANES) mapping in fluorescence mode6 at the 

Pu LIII -edge (18.057 keV) were carried out under ambient conditions with a Kirkpatrick-Baez (KB) 

mirror pair and the Maia detector.7 XANES mapping produces a XANES spectrum from the X-ray 

fluorescence signal at selected pixels in a stack of images collected as a function of incident beam 

energy. For XANES mapping measurements, X-ray absorption spectra of Zr foil was acquired 

simultaneously in transmission mode for energy calibration (at the Zr K-edge, defined as 17999.35 eV 

at the 1st inflection point) upstream of the KB mirrors. The acquired data were treated and analysed 

with the software GeoPIXE (Version 6.6)8 and WinXAS (Version 3.2).9 The acquired X-ray 
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fluorescence data were deconvoluted based on the Dynamic Analysis matrix transform method10 to 

obtain elemental concentration maps as a function of incident beam energy. Pu LIII -edge X-ray 

absorption spectra were produced based on the total counts of the observed Pu L fluorescence lines 

(Figs. S3 and S4) on a selected region covering the whole area of each sample fragment. The data 

treatment for the extended X-ray absorption fine structure (EXAFS) region was performed with the 

software WinXAS9 according to the standard procedure.11 Theoretical phase and amplitude for 

EXAFS theoretical fitting were calculated by a program code FEFF8.2012 based on the crystal 

structures of metallic Pu and PuO2.
13 

As synchrotron radiation is obviously an extremely intensive X-ray source, radiation damage on the 

samples would be a potential issue of synchrotron-based X-ray experiments. In order to consider 

potential radiation damage on our samples during the measurement, we would first consider our 

experiences at the beamline BM20 (ROBL), ESRF.14 The beamline BM20 is a special beamline 

dedicated to the synchrotron measurements with radioactive samples and equipped with a bending 

magnet source, generating the photon flux of approximately 6 × 1011 photons/sec on a focused beam 

spot of 0.5 × 0.5 mm2 at 20 keV. Assuming one hour of measurement time (typical measurement time 

for a single scan to collect a whole range of X-ray absorption spectrum at actinide L-edges), the 

sample will be exposed to ~2 × 1015 photons for a single scan. Under this radiation conditions, no 

significant radiation damage has been reported on the publication from the relevant beamline (e.g., via 

the publication database of the beamline BM20 on ResearcherID under; 

http://www.researcherid.com/rid/A-2586-2011). There are a small number of examples reporting 

radiation damage on the samples measured at BM20. These samples are, however, all solution 

samples, in which the radiation damage on the target metal species is caused indirectly via the 

interaction with the solvent molecules radicalised by synchrotron radiation. Hence, this indirect 

radiation damage is not expected for solid samples. 

In our XFM measurements on our Pu solid samples at the Australian Synchrotron, the longest 

exposure time on a single spot on the sample was 76 sec (0.03125 sec dwell per 2 micron pixel of spot 

with 243 energy points for XANES scanning). The calculated photon flux at the XFM beamline is 7 × 

108 photons/sec at Pu LIII -edge (17.610 keV). Hence, the most intensive radiation on a single spot of 

our Pu samples is estimated to be ~5 × 1010 photons, which is five orders of magnitude weaker than 

the radiation estimated at the beamline BM20 (2 × 1015 photons). Given all these facts, we conclude 

that there was no significant radiation damage on our Pu samples during the XFM measurements and 

the obtained results are reliable. 
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Figure S3. Optical microscope images of five fragments of the isolated particle exhibiting high 241Am activity 

with dimension information (in millimetres). Significant intensity of Pu fluorescence was detected on all the 

fragments. The X-ray fluorescence spectrum collected on the fragment 3 is given in Figure S4. 
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Figure S4. X-ray fluorescence spectrum of the largest fragment (the fragment 3 in Figure S3) of the isolated 

particle, showing fluorescence signals from Pu L-lines with additional contribution from Ca K-, Fe K-, W L-, 

Au L-, Pb L- and U L-lines. The incident X-ray energy, 18.167 keV, excites a sufficient range of elements in the 

isolated particle. The most intense peak at around 17 keV corresponds to the Compton scattering. 

 

Supplementary discussion 

Elemental distribution of Pu “hot” particle 
Figure S5 shows the X-ray fluorescence spectra of the measured fragments (i.e., the fragments 1, 2, 4 

and 5 in Figure S3). The fluorescence spectrum for the fragment 3 was already given in Figure S4. A 

significant intensity of Pu fluorescence was detected on all the fragments. All the fragments show 

similar X-ray fluorescence spectra which are composed of Ca K-, Fe K-, W L-, Au L-, Pb L- and U L- 
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and Pu L-lines, being consistent with their common origin from a single particle. The observed 

similarity in the X-ray fluorescence spectra therefore indicates that the detected elements are common 

to the original particle. The presence of W in the fragments results from the density separation process 

using LST (polytungstate) and it is a surface expression. Similarly, the Au results from a fine Au-

plated needle used for sample mounting. In fact, the Au is not present within the particle (e.g., Figure 

S8), but it primarily reflects small residuals stuck on the Kapton tape around the Pu particles. 

 

 

 
Figure S5. X-ray fluorescence spectra of the fragments 1, 2, 4 and 5 in Figure S2. The incident X-ray energy = 

18.167 keV. The most intense peak at around 17 keV corresponds to the Compton scattering. 
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Figure S6. XFM images of the fragment 1 in Figure S3. Incident X-ray energy = 18.070 keV. 

 

 
Figure S7. XFM images of the fragment 2 in Figure S3. Incident X-ray energy = 18.070 keV. 

 

 
Figure S8. XFM images of the fragment 3 in Figure S3. Incident X-ray energy = 18.070 keV. Due to the data 

treatment and visualisation process, the images are provided as mirror images of those shown in Figure 2. 
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Figure S9. XFM images of the fragment 4 in Figure S3. Incident X-ray energy = 18.070 keV. No significant 

contribution of Au was detected on the fragment. 

 

 

Figure S10. XFM images of the fragment 5 in Figure S3. Incident X-ray energy = 18.070 keV. No significant 

contribution of Au was detected on the fragment. 
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Figure S11. Attenuation length (λ) of X-rays in the isolated particle. The λ value is defined as the depth into the 

material where the intensity of the X-rays has decreased to about 37% (1/e) of the value at the surface. The 

chemical composition of the particle was estimated as “Ca0.363Fe0.571W0.016Pb0.014U0.012Pu0.024” based on the 

elemental concentrations obtained for the fragment 3 by XRF mapping. The calculation was performed by using 

the code “X-ray Attenuation Length”.15 

 

 

 

X-ray absorption spectroscopy at Pu LIII -edge 
In general, an X-ray absorption spectrum can be divided into two regions; X-ray absorption near-edge 

structure (XANES) observed in the region of several tens of eV around the absorption edge, and 

extended X-ray absorption fine structure (EXAFS) which is extended in a higher energy region with 

fine oscillation structure above the absorption edge. The former corresponds to the excitation of core 

electrons to unoccupied orbitals and/or valence bands and, hence, it primarily reflects the electronic 

structure of the excited atom, such as oxidation states. On the other hand, the EXAFS region derives 

from the interaction of the photoelectrons released from the atomic centre with the surrounding atoms, 

reflecting the local structural arrangement around the excited atom. 

Figure S12 shows the Pu LIII -edge XANES spectra for all the fragments along with reference 

compounds of metallic Pu (Pu0.965Ga0.035) 
16 and PuO2.

17 The energy of the absorption edge (defined as 

the first inflection point) and XANES peak position is also summarised in Figure S13. The absorption 
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edge of all the fragments ranges from 18.061 to 18.062 keV, corresponding to those for Pu(IV) solid 

compounds (red plots in Figure S13). All the fragments show clear XANES peaks at around 18.070 

keV (Figure S12) which is much higher than that for metallic Pu (18.067 keV) but comparable with 

Pu(IV) compounds (Figure S13). As discussed in the main text, the initial Pu component was subject 

to several oxidative environments upon the explosion and for more than fifty years of local 

weathering. Therefore, the XANES spectra of the fragments can be interpreted as oxides and/or 

oxyhydroxide compounds (i.e., PuO2+x-y(OH)2y·zH2O).16, 18 Conradson et al. reported that the XANES 

peak positions of the Pu oxyhydroxide compounds prepared at temperatures of up to 1,000 oC exhibit 

a high-energy shift as compared with that for pure PuO2.
16 The Pu fragment samples also show a 

similar high-energy shift in the XANES peak positions as compared with pure PuO2 (Figure S12). 

This would be consistent with the temperatures expected during the testing at Taranaki, where the 

original Pu fuel component underwent detonation-explosion events producing sufficient energy to 

propel fragments high into the air resulting in deposition plumes of more than 25 km in length.1 

Therefore, it is reasonable to consider that the core of the Pu particle is generated via a high-

temperature reaction of the Pu fuel component upon the initial detonation-explosion process. The 

Ca/Fe/U layer on the particle surface is consistent with expected reactions with soil and soil water 

following rainfall over the decades subsequent to the deposition of the initial Pu particles. 

The oxidation of Pu metal could also generate Pu2O3.
18 However, this Pu2O3 phase is eventually 

oxidised to PuO2 in the presence of oxygen (i.e., under atmospheric conditions).18 The formation of 

other lower oxides (e.g., PuO) is very unlikely.19 Hence, based on the XANES data, it is reasonable to 

deduce that Pu in the particle is primarily in the tetravalent form (Pu(IV)) as oxide and/or 

oxyhydroxide compounds. 

The right figure in Figure S14 shows the normalised Pu LIII -edge XANES spectra obtained from 

different regions of interest (ROI) on the XFM image of the fragment 3. All the obtained spectra show 

similar shapes with similar XANES edge and peak positions, suggesting that the Pu species in the 

fragment are chemically homogeneous. 

 

 

 



12 

 

18.04 18.06 18.08 18.10

 

 

N
or

m
al

is
ed

 µ
 (E

)

Energy / keV

Pu-metal (Pu
0.965

Ga
0.035

)

Fragment 1

Fragment 2

Fragment 3

PuO
2
(s)

Fragment 4

Fragment 5

XANES peak position

 
Figure S12. Normalised Pu LIII -edge XANES spectra for the fragments of the isolated particle along with 

reference compounds of metallic Pu (Pu0.965Ga0.035) and PuO2. The spectra for Pu0.965Ga0.035
16 and PuO2

17 were 

provided through the courtesy of S. D. Conradson (Los Alamos National Lab) and P. M. Martin (CEA-

Cadarache), respectively. 

 

 

 

Figure S13. Correlation between the first inflection point (x-axis) and peak position (y-axis) of Pu LIII -edge 

XANES spectra for the fragments of the isolated particle (black star data) along with those reported for aqueous 

Pu species and solid Pu compounds with different oxidation states.16, 20 The energy of the data was corrected 

according to the first inflection point of Zr foil (defined as 17999.35 eV). 
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Figure S14. (left) XFM image of Pu distribution on the fragment 3 in Figure S3 and regions of interest (ROI, 

white circles) used to extract Pu LIII-edge XANES spectra. (right) Normalised Pu LIII -edge XANES spectra 

obtained from the ROI defined on the left figure. The energy of the data in the right figure was corrected 

according to the first inflection point of Zr foil (defined as 17999.35 eV). 

 

 

In order to further identify the chemical form of Pu in the particle, the EXAFS region of the X-ray 

absorption spectra was analysed. Five X-ray absorption spectra collected for the five fragmented 

samples (the fragments 1-5 in Figure S3) were averaged to obtain a single X-ray absorption spectrum, 

assuming that there is little difference in the chemical form of Pu among the five fragments. This 

assumption is reasonable in light of the fact that all the five fragments originate from the single 

particle. 

Shown in Figure S15 are the k3-weighted Pu LIII -edge EXAFS spectrum (left) and their corresponding 

Fourier transform (FT, right) for the Pu particle (blue data, the averaged data of the five fragment 

samples) together with those of a reference compound of PuO2(s) (red data).17 EXAFS metrical 

parameters obtained from theoretical curve fitting are summarised in Table S1. It has been deduced 

from the XANES data that the Pu in the particle is likely to be the oxide and/or oxyhydroxide form of 

Pu(IV). Owing to the similarity of local structure around the Pu centre, the oxyhydroxide compounds 

of Pu(IV) often show EXAFS oscillation patterns analogous to that for Pu(IV) oxide (i.e., PuO2).
20-21 

However, the structural disorder in the oxyhydroxide compounds causes the diminution of EXAFS 
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amplitude as compared with the amplitude for the structurally well-ordered PuO2, finally reducing the 

magnitude of EXAFS-FT peaks.20 The EXAFS spectra in Figure S15 exhibit exactly the same trend. 

That is, the Pu particle shows an EXAFS oscillation pattern similar to that for PuO2(s) (Figure S15-

left), whilst its EXAFS amplitude (Figure S15-left) and the peak magnitude in the corresponding 

EXAFS-FT (Figure S15-right) are obviously smaller than those for PuO2(s). (Note that in Figure S15, 

the EXAFS amplitude and FT magnitude for the particle are multiplied by four for a better spectral 

comparison with the PuO2(s) data.) This indicates that the local structural arrangement of Pu in the 

particle would be similar to that in PuO2, but significantly disordered as observed in the oxyhydroxide 

system (i.e., PuO2+x-y(OH)2y·zH2O)20 or poorly structured in the long-range order. 

The oxyhydroxide compounds of Pu can be produced through the oxidation of metallic Pu at high 

temperature,16 which is a possible scenario during the initial detonation-explosion process of the Pu 

fuel component. The EXAFS structural parameters in Table S1 suggest that the Pu‒O and Pu‒Pu 

interatomic distances (R) obtained for the Pu particle are comparable to those for PuO2(s) or PuO2+x-

y(OH)2y·zH2O
20 but they are obviously different from those for lower Pu oxides (i.e., PuO and Pu2O3), 

which is consistent with the above discussions.  

The Pu‒O distance in the Pu particle (2.28 ± 0.02 Å) is significantly shorter than that for PuO2(s) 

(2.33 Å) or for PuO2+x-y(OH)2y·zH2O
20 (2.46~2.62 Å on average). This potentially suggests the partial 

oxidation of Pu(IV) to higher oxidation states (i.e., Pu(V) or –(VI)) in the PuO2-based matrix22 or 

similar. Given the fact that TNT was reportedly employed as a chemical explosive in “Minor Trials” 

at the Taranaki test site (e.g., the operation “Vixen B”),23 the temperature during the detonation-

explosion process is expected to rise up to > 3,000 oC.24 Such an extremely high temperature could 

induce the partial oxidation of Pu to higher than tetravalent, potentially resulting in the formation of 

poorly structured oxyhydroxide compounds. This could account for the observed shortening of Pu‒O 

distance and lower coordination numbers of Pu‒O and Pu‒Pu shells in the particle (Table S1). 

Based on the XANES and EXAFS results discussed above, the Pu in the isolated particle could be 

characterised as a poorly structured form of oxyhydroxide compounds. The oxidation state of Pu in 

the particle is primarily tetravalent (Pu(IV)) possibly with partial oxidation to higher valences. 
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Figure S15. k3-weighted Pu LIII -edge EXAFS spectra for the particle and PuO2(s)17 (left) and their 

corresponding Fourier transforms (right). Solid lines; experimental data, dotted lines; theoretical fitting. k-range 

for Fourier transform;  k = 2.50 ‒ 7.75 Å-1. The EXAFS amplitude and FT magnitude for the particle (i.e., blue 

data) are multiplied by four for a better spectral comparison with the PuO2(s) data. Phase shifts (∆) are not 

corrected on the Fourier transforms. The data for PuO2(s) was provided through the courtesy of P. M. Martin 

(CEA-Cadarache). 

 

 

 

Table S1. Summary of EXAFS metrical parameters obtained from theoretical curve fitting 

CN
c

R  / Å
d

σ
2
 / Å

2e
CN

c
R  / Å

d
σ

2
 / Å

2e

"Hot" particle from Maralinga 4.7 2.28 0.020 2.9 3.88 0.015 -0.05 0.9 45738 14.2

PuO2(s) 8
h

2.33 0.004 12
h

3.82 0.005 3.31 0.9 1172974 15.9

PuO2(s) - crystal structure
i

8 2.337 12 3.817

Pu2O3(s) - crystal structure
j

7 2.464 12 3.768

PuO(s) - crystal structure
k

6 2.480 12 3.507

Pu-O
a

Pu-Pu
b

ΔE 0 / eV
f

S 0
2
 (fixed) χ

2g
R -factor / %

g

 
a,b Single scattering shells. c Coordination numbers; error = CN ± 25%. d Interatomic distances; error = R ± 0.02 Å. e Debye-

Waller factors; error = σ2 ± 0.002 Å2. f Shifts in threshold energy (∆E0) were variable but constrained to be the same value 

for all the scattering shells during fitting; error = ∆E0 ± 0.05 eV. g Measures of goodness of fitting recommended by the 

International X-ray Absorption Society 25. h Fixed values. i Reference 26. j Reference 27. k Reference 28. 
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Morphology of the isolated Pu particle 

Given that the series of the sample fragments was obtained from the single particle (i.e., identical 

origin), the elemental distributions shown in Figures S6-S10 and Figure 2 in the main text can be 

interpreted as a fragmented Pu particle that has an external layer containing Ca/Fe/U, as modelled in 

Figure S16. That is, the particle core is primarily composed of a pure phase of a Pu compound, whilst 

the outer surface of the particle is covered by Ca/Fe/U layers. This can be visualised more clearly 

when we perform the image analysis on the acquired XFM images. For instance, the result of image 

analysis on the images of the fragment 3 (Fig. S8 = Fig. 2 in the main text) reveals that Pu and Pb are 

rather localised inside the fragment (i.e., particle core), whilst Ca and Fe are detected primarily at the 

edge of the fragment (i.e., external layer) (Fig. S17). On the other hand, all the detected elements are 

distributed more evenly on the fragment 2 in Fig. S7, which is assumed to be a view of the particle 

surface from outside (Fig. S18). Assuming this “core shell” structure, the fragment images in Figures 

S7 and S8 appear to be cross sections of the original particle (the lower left and middle illustrations in 

Figure S16), whilst Figures S6, S9 and S10 depict a view of the particle surface from outside (the 

upper right illustration in Figure S16). As shown in Figure S2, the Pu phase in the isolated particle 

was consistent with unfissioned Pu material originating from a weapons component. The Ca, Fe and 

U forming the surface layer are likely to originate from the local soils, which are reported to be rich in 

these elements.29 

The distribution of Pb appears to be similar to that of Pu, which suggests that Pb is an intrinsic 

component of the particle core and not from the natural accumulation after the detonation. Pb isotopes 

were also detected in the post-detonation debris, “Trinitite”, from the Pu-based nuclear bomb test at 

New Mexico, USA, in 1945 30. These Pb isotopes in “Trinitite” are attributed to the tamper material of 

the original nuclear bomb assembly, which is often composed of either Pb-metal/alloy or U-metal.3 

The first of these directly contributes to the presence of Pb isotopes in the debris, whilst the latter 

produces Pb isotopes as a decay product of 235U in the U material.30 Our gamma measurement in 

Figure S1 indicates no significant contribution of radioactive Pb isotopes in the particle. Additionally, 

a considerable amount of Pb was also used as a radiation shielding material and/or as a construction 

material of the firing devices for “Minor Trials” at Maralinga.1 Therefore, Pb in the particle probably 

originates either in the Pb-metal/alloy tamper or in the shielding/construction materials of the firing 

devices. 
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Figure S16. Illustration of the “core shell” model being composed of the Pu+Pb core coated with a Ca/Fe/U 

outer layer and possible two-dimensional visions of fragments from different points of view. 

 

 
Figure S17. Results of image analysis on the XFM images in Fig. S8 for the fragment 3. 
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Figure S18. Results of image analysis on the XFM images in Fig. S7 for the fragment 2. 
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