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Non-invasive examination of particles formed 
during nuclear explosions by confocal µ-XRF, µ-XRD 

tomography and X-ray microtomography 
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Radioactive particles containing refractory radionuclides such as uranium and plutonium have been 

more frequently released to the environment during severe nuclear events than previously 

anticipated. Following nuclear weapons tests (e.g., at Maralinga, Australia; Mururoa, French 

Polynesia; Nevada Test Site, USA; Semipalatinsk, Kazakhstan), reactor explosions and fires (e.g., 

Chernobyl, Ukraine; Windscale, UK), and aircraft accidents (Thule, Greenland; Palomares, Spain), 

a major fraction of refractory radionuclides released to the environment have been identified as 

radioactive particles [1]. 

Particle characteristics such as the activity concentrations and activity or isotopic ratios are source 

dependent (depending on fuel burn-up), while properties such as size distribution, shape, crystalline 

structures and oxidation states of matrix elements also depend on specific release conditions [1]. 

For uranium fuel, flake-like corroded particles were released under 

low temperature and pressure conditions (i.e. from the Windscale 

piles during early 1950s), crystalline particles were released under 

high temperature and pressure conditions (during explosion in the 

Chernobyl reactor) [2], while fragile particles containing highly 

oxidized U were observed following fire in a DU ammunitions 

storage (Kuwait) [3]. Information on particle characteristics that have 

a strong influence on weathering rates is essential to estimate the 

ecosystem transfer rate for particle-affected areas. According to 

IAEA CRP (2001-2007) “the failure to recognise radioactive 

particles in the environment may lead to analytical inconsistencies, 

irreproducible results and erratic conclusions”.                      Figure 1. 

Photograph of an above-ground nuclear explosion and of the mouth of one of the 

tunnels employed for underground nuclear explosions in the Degelen mountains.  

During 1949-1989, a total of 456 nuclear weapons tests have been performed in the atmosphere (86), above 

and at ground surface (30) and underground (340) at Semipalatinsk. The Degelen Mountain nuclear test 

facility was the largest underground nuclear test site in the world, consisting of 186 separate tunnels 

in natural mountain formations.  Between 11 October 1961 and 10 October 1989, 224 tests were 

conducted there. The confined circumstances in the tunnels produced U and Pu containing particles 

that have other physico-chemical properties than those produced in above-ground explosions [4].  

In Fig. 2 optical micrographs of some of the examined particles produced during the Degelen 

mountain tests are shown. The relatively large (500-1200 µm diameter) globular particles are fairly 

uniform, and have a greyish-black colour with a glassy, non-porous surface. The external 

appearance of these particles is generally very different from the large, U and Pu-containing 

particles encountered among the debris of above-ground nuclear explosions [3]. With the specific 

aim of establishing (a) which (amorphous and crystalline) phases are present in these particles, (b) 

in which of these phases the actinide elements are present and (c) the spatial distribution and 



chemical state of these elements, the particles were subjected to 

a combination of different X-ray based methods: absorption X-

ray microtomography, confocal XRF mapping and microbeam 

XRPD tomography.                            .          
                        Figure 2. Optical photographs of two of the  examined 

Degelen (Kazakhstan) particles:  (a) ca 1200 µm and (b) ca 600 µm diameter.  

 

A summary of the different results obtained from the particle shown in Fig. 2b, corresponding to 

one of the planes through the center of mass of the particle, is shown in Fig. 3. 

                    
Figure 3. (a) Phase specific composite tomogram (red = glassy phase; green = magnetite) obtained by XRPD 

tomography (dimensions of map: 660x660 µm
2
) (b) Absorption tomogram and (c) elemental specific distributions 

(200x200 µm
2
) obtained by confocal XRF in different planes through the approximate center-of-mass of  the particle 

shown in Fig. 2b.  

 

The absorption tomograms of the particles (Fig. 3b) reveal that below the smooth and regular 

exterior, several phases of strongly different density are present as well as quasi-circular voids. 

Some of these voids are filled with solid material. This may reflect formation of these particles by 

condensation/solidification from liquid/gaseous state at high temperature and pressure. The most 

abundant material appears to be an amorphous, glassy phase (see Fig. 3a) in which a variety of trace 

metals are present, such as Fe, Cu, Zn, Ga etc. The distribution of these metals within the glassy 

phase appears to be heterogeneous, supporting assumptions of rapid condensation and solidification 

of previously fluid material. At the interface between the glassy material and the voids, the glass is 

enriched with respect to the actinides U and Pu. At some positions, local higher concentrations of U 

and Pu (and related elements such as Zr) are observed as well. The outer surface of the sphere 

appears different from the inner parts of the particle in the following ways: (a) no voids are visible 

from the outside; (b) the formation of a crystalline phase, Fe3O4 (magnetite) can be observed as a 

thin spherical layer of variable thickness coating the outside, (c) this outer shell is richer in trace 

metals such as Ga, Zn, Pb, Fe and Cu as well as in U and Pu. Micro-XANES measurements 

performed at the U- and Pu-L3 edges reveal that the actinides are highly oxidized (e.g. U
VI

). 

All these observations together suggest that the glassy, Fe-rich, amorphous phase that makes up the 

bulk of the particle is gradually crystallizing on the outside of the particle, possibly due to 

interaction with environmental agents such as moisture and oxygen, resulting in the formation of 

crystalline magnetite. Due to the crystallisation process, the leacheability of actinides from the 

surface of the particles may increase, as they are present in highly oxidized, and potentially mobile 

forms.   
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