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Take home messages

• When refractory radionuclides (U, Pu) are released during nuclear event, 
particles ranging from submicrons to fragments should be expected

• The source determines the composition, the release scenarios dictate 
particle properties

• Radioactive particles can act as point sources

• Ignoring particles, the overall uncertainties in impact and risk 
assessments are significant

• Advanced techniques needed to characterise particles



A series of sources have contributed to releases of                   
radioactive particles – Red: NMBU expeditions

 Nuclear weapon tests (Kazakhstan)
 Conventional detonation of weapons (Greenland, Spain)
 Nuclear reactor explosions and fires (Ukraine, UK, Canada)
 Accidents with reactor driven vehicles: satellites, submarine accidents  

(Russia, Norway)
 Effluents from nuclear installations  (UK, France, USA, Russia, Sweden)
 Leaching from dumped nuclear material (Kara Sea, Barents Sea)
 Uranium mining and tailing (Central Asia, Norway)
 Use of DU ammunition (Kosovo, Kuwait)

Releases: Radioactive particles containing a series of 
radionuclides and metals
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Radioactive particles released during ”all” types of severe nuclear events. 
The source determines the composition, the release scenarios dictate 
particle properties
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Semipalatinsk
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Particle deposition

•Hot spots – problems with representative sampling
•Partial leaching – analytical errors - transuranics
•May underestimate the inventories

Adds significantly to the overall uncertainties



Radioactive particles from soils - Krasnoyarsk
Sample splitting combined with γ-spectrometry

Bulk (minus particle): ~100 g
~40 counts per second            

(NaI detector)

Isolated grains of soil incl. particle: mg
~60 000 cps (NaI detector) -99,95%

436 000 Bq 137Cs
Sample 
splitting



R
adioactive particles/Speciation

Definition:  Particles (IAEA, 2011)

Radioactive particles in the environment: are defined as localised 
aggregates of radioactive atoms that give rise to 
inhomogeneous distribution of radionuclides significantly 
different from that of the matrix background

In water/sediment/soil/biota
• Fragments:  2mm
• Particles : size range 0.45 µm – 2mm
• Colloids /nanoparticles: size range: 1 nm - 0.45 µm
• Low molecular mass species: less than 1 nm

In air:  classified according to their aerodynamic diameters,  less 
than 10 µm are considered respiratory.



Advanced techniques available for particle characterization –
state-of-the-art

• Hot spots/heterogeneities:  digital autoradiography and sample splitting -
gamma measurements 

• Particle size, surface structure and elemental composition: ESEM with 
XRMA, TEM with XRMA

• Subsurface/volume elemental composition: SR-based 2D  μ-XRF
(fluorescens)

• Oxidation state determination: SR-based 2D µ-XANES (micro X-ray 
absorption near edge structure spectrometry

• Crystallographic structure: SR-based µ-XRD (micro X-ray diffraction)
• 3D elemental distribution: Confocal μ-XRF, TOF-SIMS 
• 3D structure distribution: Tomographic μ-XRD 

• Source identification:  Isotope or atom ratios by MS techniques (ICP-MS, 
AMS) 

• Weathering and mobilisation potential: Leaching experiments 



Source: uranium in soils (DU Kuwait)
Info: Particle size distributions, surface elemental distributions, 
identifying single U particles: Autoradiography – SEM/BEI mode

BEI

P-imaging

XRMA

ESEM BEI mode

Uranium x-ray peaks



SEM - XRMA
Localization, Isolation and Characterization of U containing 
particles

SEM and XRMA
 SEI-mode 

•characterization of 
particle surface 
structure.

 BEI-mode 
•localization of 
particles containing 
heavy elements

 X-ray mapping
•localization of 
particles containing 
radionuclides.

 XRMA
•element analysis
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X-ray Absorption Spectroscopy - ESRF

• Photons -> 
– exitation ->       
– deexitation

K, L, M electrons
• Emittance

– X-ray fluorescence 
(XRF)

– Auger electrons
– Transmission of the 

beam – absorption

•µ-XRF- element
•µ-XANES-ox state
•µ-XRD-structure
•EXAFS – fine structure
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Experimental set-up for:
µ-XRF, µ-XAS, µ-XRD, µ-XANES, ESRF



**

SEI, 2000X XAS TOMOGRAPHY

XAS microtomography of a U fuel particles SEM and SR based
reconstructed µ-tomography (ESRF), computerized slicing
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Setup for: µ-XRF, µ-XAS, µ-XRD, µ-XANES,  
HASYLAB.



Source: Chernobyl particles containing a series of radionuclides
2D nad 3D elemental distribution: Synchrotron radiationµ-XRF 
mapping

The image part with relationship ID rId4 was not found in the file.

Ar K Ca Ti

Cr Mn Fe Zn

Sr Zr Mo Ru

Sn Ba Pb U

Chernobyl particles: inclusion of Ru+Mo
Corresponding distributions: U, Zr, Sr



Synchrotron radiation µ-XANES for determination of oxidation 
states of U in a Chernobyl U particle (ESRF) – should be 
combined with µ-XRD.

oxidation 
state
+4 ±0.5

oxidation 
state +5±0.5



INFO: 2 and 3D element and 
structure distribution by 
nanotomography (lab based 
absorption tomography) 3D video

B. Salbu
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Radioactive particles/Speciation

  
RADIOACTIVE PARTICLES
NUCLEAR EXPLOSIONS AND SAFETY TESTS
543 atmospheric nuclear weapon tests

Atmospheric nuclear weapon test sites (AMAP, 1998)

Peaceful underground nuclear explosions in 
Russia (AMAP, 1998)Particle from Nevada test site (Crocker et al., 1966)

Alamogordo
(Trinity)

All radionuclides 
(except 3H, 14C 
and the long lived 
rare gases) 
involved in a 
nuclear 
detonation are 
accounted for 
completely as 
radioactive 
particles (Heft, 
1970)



Tests of nuclear weapons in the atmosphere and underground 
(UNSCEAR, 2000)



Case: 50 Mt atmosperic nuclear device, Novaya Zemlya 
test site, October 30, 1961



Brit Salbu, U
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Estimated ground 
deposition of Cs-
137 from nuclear-
weapon fallout, 
decay converted
for 1995.

Depositions following rain fall-
Particle deposition close to ground zero



Radioactive particles/Speciation

Isotope ratio fingerprinting – nuclear forensic

• Pu (and U) atom ratios vary 
with:

– Type of reactor/fuel
– fuel burn-up time
– flux and energy
– nuclear detonations: 

weapon type and yield
tool for identification of source
• Global fallout (240Pu/239Pu: 

0.17 – 0.19)
• Weapon grade Pu sources 

(240Pu/239Pu < 0.07)
• Tropospheric sources (low 

yield) (240Pu/239Pu ~0.04)



Source identification: Pu atom ratios in particles  (AMS)

Global weapons fallout 
(Kelley et al., 1999)
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241Pu-239Pu



Pu isotope ratios of radioactive particles and from literature data
Reference date: March 01, 2009

Balchug, downstream KMCIC	2.7699999999999999E-2	2.7699999999999999E-2	1.5319516479237425	1.5319516479237425	0.58295948290833177	82.339513960110892	Beriozovi Is., downstream KMCIC	4.8090027145338216E-3	4.8090027145338216E-3	0.87692290061288458	0.87692290061288458	0.5181	23.887012934935068	Chernobyl (n=6)	0.1492837488364579	0.1492837488364579	30.054858734344204	30.054858734344204	0.43181666666666668	69.423170669402907	Dounreay Material Testing Reactor (n=2)	1.5380649938906019E-2	1.5380649938906019E-2	3.4537185738113387	3.4537185738113387	0.11381728110952816	9.0089155485887709	Global weapons fallout (Kelley et al., 1999)	

1.4E-2	1.4E-2	0.29600128666690662	0.29600128666690662	0.18	2.0720090066683463	Weapon Pu production, SCC, Tomsk (Gauthier-Lafaye et al., 2008)	0.05	1.162608695652174	Palomares soil (Gasco et al., 1997)	6.0491266878658002E-2	1.0274842547679248	PUNE, Telkem, Semipalatinsk	5.9200000000000003E-2	0.94135695005137732	PUNE, Telkem at 10 m, Semipalatinsk	4.99E-2	0.78183422619242249	Ground Zero, Semipalatinsk (Beasley et al., 1998)	1E-4	1E-4	4.0399760236082879E-3	4.0399760236082879E-3	4.3799999999999999E-2	0.4185	2834221095903	Thule sediments (low ratio group), (Mitchell et al., 1997)	3.3000000000000002E-2	0.28819680316661311	Kyshtym accident, MAYAK PA (Beasley et al., 1998)	1E-4	1E-4	1.6648949536430427E-3	1.6648949536430427E-3	2.8299999999999999E-2	4.7033282440415956E-2	Thule (n=5; Eriksson et al., 2008)	8.0000000000000004E-4	8.0000000000000004E-4	0.10178120843101594	0.10178120843101594	5.5100000000000003E-2	0.69805119933983728	240Pu/239Pu atom ratio



241Pu/239Pu activity ratio









241Pu-239Pu (3)



Balchug, downstream KMCIC	2.7699999999999999E-2	2.7699999999999999E-2	1.5319516479237425	1.5319516479237425	0.58295948290833177	82.339513960110892	Beriozovi Is., downstream KMCIC	4.8090027145338216E-3	4.8090027145338216E-3	0.87692290061288458	0.87692290061288458	0.5181	23.887012934935068	Chernobyl (n=6)	0.1492837488364579	0.1492837488364579	30.054858734344204	30.054858734344204	0.43181666666666668	69.423170669402907	Dounreay Material Testing Reactor (n=2)	1.5380649938906019E-2	1.5380649938906019E-2	3.4537185738113387	3.4537185738113387	0.11381728110952816	9.0089155485887709	Global weapons fallout (Kelley et al., 1999)	



1.4E-2	1.4E-2	0.29600128666690662	0.29600128666690662	0.18	2.0720090066683463	Weapon Pu production, SCC, Tomsk (Gauthier-Lafaye et al., 2008)	0.05	1.162608695652174	Palomares soil (Gasco et al., 1997)	6.0491266878658002E-2	1.0274842547679248	PUNE, Telkem, Semipalatinsk	5.9200000000000003E-2	0.94135695005137732	PUNE, Telkem at 10 m, Semipalatinsk	4.99E-2	0.78183422619242249	Ground Zero, Semipalatinsk (Beasley et al., 1998)	1E-4	1E-4	4.0399760236082879E-3	4.0399760236082879E-3	4.3799999999999999E-2	0.41852834221095903	Thule sediments (low ratio group), (Mitchell et al., 1997)	3.3000000000000002E-2	0.28819680316661311	Kyshtym accident, MAYAK PA (Beasley et al., 1998)	1E-4	1E-4	1.6648949536430427E-3	1.6648949536430427E-3	2.8299999999999999E-2	4.7033282440415956E-2	Thule (n=5; Eriksson et al., 2008)	8.0000000000000004E-4	8.0000000000000004E-4	0.10178120843101594	0.10178120843101594	5.5100000000000003E-2	0.69805119933983728	240Pu/239Pu atom ratio



241Pu/239Pu activity ratio







241Pu-239Pu (4)



Pu isotope ratios of radioactive particles and from literature data
Reference date: March 01, 2009

Yenisey, downstream Krasnoyarsk	2.76999999999999	99E-2	2.7699999999999999E-2	1.5319516479237425	1.5319516479237425	0.58295948290833177	82.339513960110892	Yenisey, downstream Krasnoyarsk	4.8090027145338216E-3	4.8090027145338216E-3	0.87692290061288458	0.87692290061288458	0.5181	23.887012934935068	Chernobyl (n=6)	0.1492837488364579	0.1492837488364579	30.054858734344204	30.054858734344204	0.43181666666666668	69.423170669402907	Dounreay Material Testing Reactor	1.5380649938906019E-2	1.5380649938906019E-2	3.4537185738113387	3.4537185738113387	0.11381728110952816	9.0089155485887709	Global weapons fallout (Kelley et al., 1999)	1.4E-2	1.4E-2	0.29600128666690662	0.29600128666690662	0.18	2.0720090066683463	Weapon Pu production, SCC, Tomsk (Gauthier-Lafaye et al., 2008)	0.05	1.162608695652174	Palomares soil (Gasco et al., 1997)	6.0491266878658002E-2	1.0274842547679248	PUNE, Telkem, Semipalatinsk	5.9200000000000003E-2	0.94135695005137732	Ground Zero, Semipalatinsk (Beasley et al., 1998)	1E-4	1E-4	4.0399760236082879E-3	4.0399760236082879E-3	4.3799999999999999E-2	0.41852834221095903	Thule sediments (low ratio group), (Mitchell et al., 1997)	3.3000000000000002E-2	0.28819680316661311	Kyshtym accident	1E-4	1E-4	1.	6648949536430427E-3	1.6648949536430427E-3	2.8299999999999999E-2	4.7033282440415956E-2	Thule (n=5; Eriksson et al., 2008)	8.0000000000000004E-4	8.0000000000000004E-4	0.10178120843101594	0.10178120843101594	5.5100000000000003E-2	0.69805119933983728	Yenisey, downstream Krasnoyarsk	



2.7699999999999999E-2	2.7699999999999999E-2	1.5319516479237425	1.5319516479237425	0.58295948290833177	82.339513960110892	Yenisey, downstream Krasnoyarsk	4.8090027145338216E-3	4.8090027145338216E-3	0.87692290061288458	0.87692290061288458	0.5181	23.887012934935068	Chernobyl (n=6)	



0.1492837488364579	0.1492837488364579	30.054858734344204	30.054858734344204	0.43181666666666668	69.423170669402907	Dounreay Material Testing Reactor	



1.5380649938906019E-2	1.5380649938906019E-2	3.4537185738113387	3.4537185738113387	0.11381728110952816	9.0089155485887709	Global weapons fallout (Kelley et al., 1999)	GF (Kelley et al., 1999)



1.4E-2	1.4E-2	0.29600128666690662	0.29600128666690662	0.18	2.0720090066683463	Weapon Pu production, SCC, Tomsk (Gauthier-Lafaye et al., 2008)	0.05	1.162608695652174	Palomares soil (Gasco et al., 1997)	6.0491266878658002E-2	1.0274842547679248	PUNE, Telkem, Semipalatinsk	5.9200000000000003E-2	0.94135695005137732	Ground Zero, Semipalatinsk (Beasley et al., 1998)	1E-4	1E-4	4.0399760236082879E-3	4.0399760236082879E-3	4.3799999999999999E-2	0.41852834221095903	Thule sediments (low ratio group), (Mitchell et al., 1997)	3.3000000000000002E-2	0.28819680316661311	Kyshtym accident	Kyshtym accident (Beasley et al., 1998)



1E-4	1E-4	1.6648949536430427E-3	1.6648949536430427E-3	2.8299999999999999E-2	4.7033282440415956E-2	Thule (n=5; Eriksson et al., 2008)	8.0000000000000004E-4	8.0000000000000004E-4	0.10178120843101594	0.10178120843101594	5.5100000000000003E-2	0.69805119933	983728	240Pu/239Pu atom ratio



241Pu/239Pu activity ratio







241Pu-239Pu (2)



Pu isotope ratios of radioactive particles and from literature data
Reference date: March 01, 2009

Yenisey, downstream Krasnoyarsk	2.76999999999999	99E-2	2.7699999999999999E-2	1.5319516479237425	1.5319516479237425	0.58295948290833177	82.339513960110892	Yenisey, downstream Krasnoyarsk	4.8090027145338216E-3	4.8090027145338216E-3	0.87692290061288458	0.87692290061288458	0.5181	23.887012934935068	Chernobyl (n=6)	0.1492837488364579	0.1492837488364579	30.054858734344204	30.054858734344204	0.43181666666666668	69.423170669402907	Dounreay Material Testing Reactor	1.5380649938906019E-2	1.5380649938906019E-2	3.4537185738113387	3.4537185738113387	0.11381728110952816	9.0089155485887709	Global weapons fallout (Kelley et al., 1999)	1.4E-2	1.4E-2	0.29600128666690662	0.29600128666690662	0.18	2.0720090066683463	Weapon Pu production, SCC, Tomsk (Gauthier-Lafaye et al., 2008)	0.05	1.162608695652174	Palomares soil (Gasco et al., 1997)	6.0491266878658002E-2	1.0274842547679248	PUNE, Telkem, Semipalatinsk	5.9200000000000003E-2	0.94135695005137732	Ground Zero, Semipalatinsk (Beasley et al., 1998)	1E-4	1E-4	4.0399760236082879E-3	4.0399760236082879E-3	4.3799999999999999E-2	0.41852834221095903	Thule sediments (low ratio group), (Mitchell et al., 1997)	3.3000000000000002E-2	0.28819680316661311	Kyshtym accident	1E-4	1E-4	1.	6648949536430427E-3	1.6648949536430427E-3	2.8299999999999999E-2	4.7033282440415956E-2	Thule (n=5; Eriksson et al., 2008)	8.0000000000000004E-4	8.0000000000000004E-4	0.10178120843101594	0.10178120843101594	5.5100000000000003E-2	0.69805119933983728	Yenisey, downstream Krasnoyarsk	



2.7699999999999999E-2	2.7699999999999999E-2	1.5319516479237425	1.5319516479237425	0.58295948290833177	82.339513960110892	Yenisey, downstream Krasnoyarsk	4.8090027145338216E-3	4.8090027145338216E-3	0.87692290061288458	0.87692290061288458	0.5181	23.887012934935068	Chernobyl (n=6)	



0.1492837488364579	0.1492837488364579	30.054858734344204	30.054858734344204	0.43181666666666668	69.423170669402907	Dounreay Material Testing Reactor	



1.5380649938906019E-2	1.5380649938906019E-2	3.4537185738113387	3.4537185738113387	0.11381728110952816	9.0089155485887709	Global weapons fallout (Kelley et al., 1999)	GF (Kelley et al., 1999)



1.4E-2	1.4E-2	0.29600128666690662	0.29600128666690662	0.18	2.0720090066683463	Weapon Pu production, SCC, Tomsk (Gauthier-Lafaye et al., 2008)	0.05	1.162608695652174	Palomares soil (Gasco et al., 1997)	6.0491266878658002E-2	1.0274842547679248	PUNE, Telkem, Semipalatinsk	5.9200000000000003E-2	0.94135695005137732	Ground Zero, Semipalatinsk (Beasley et al., 1998)	1E-4	1E-4	4.0399760236082879E-3	4.0399760236082879E-3	4.3799999999999999E-2	0.41852834221095903	Thule sediments (low ratio group), (Mitchell et al., 1997)	3.3000000000000002E-2	0.28819680316661311	Kyshtym accident	Kyshtym accident (Beasley et al., 1998)



1E-4	1E-4	1.6648949536430427E-3	1.6648949536430427E-3	2.8299999999999999E-2	4.7033282440415956E-2	Thule (n=5; Eriksson et al., 2008)	8.0000000000000004E-4	8.0000000000000004E-4	0.10178120843101594	0.10178120843101594	5.5100000000000003E-2	0.69805119933	983728	240Pu/239Pu atom ratio



241Pu/239Pu activity ratio







242Pu-239Pu



Pu isotope ratios of radioactive particles and from literature data

Balchug, downstream KMCIC	2.7699999999999999E-2	2.7699999999999999E-2	2.7815707282496824E-4	2.7815707282496824E-4	0.58295948290833177	8.5042183208731734E-2	Beriozovi Is., downstream KMCIC	4.8090027145338216E-3	4.8090027145338216E-3	8.5174744911299487E-4	8.5174744911299487E-4	0.5181	2.7772416310280424E-2	Chernobyl (n=6)	0.1492837488364579	0.1492837488364579	2.3212612338786021E-2	2.3212612338786021E-2	0.43181666666666668	3.335593335391434E-2	Dounreay Material Testing Reactor (n=1)	2.2516202001051106E-3	2.2516202001051106E-3	3.3032217596671616E-5	3.3032217596671616E-5	0.12147919616594179	3.2980807909342778E-3	Global weapons fallout (Kelley et al., 1999)	1.4E-2	1.4E-2	6.9999999999999999E-4	6.9999999999999999E-4	0.18	3.8999999999999998E-3	PUNE, Telkem, Semipalatinsk	8.2767868033191652E-7	8.2767868033191652E-7	5.9200000000000003E-2	8.2639052273123228E-5	PUNE, Telkem at 10 m, Semipalatinsk	4.99E-2	1.4138131291729236E-4	Ground Zero, Semipalatinsk (Beasley et al., 1998)	1E-4	1E-4	2.6000000000000001E-6	2.6000000000000001E-6	4.3799999999999999E-2	7.8899999999999993E-5	Kyshtym accident, MAYAK PA (Beasley et al., 1998)	1E-4	1E-4	8.3000000000000002E-6	8.3000000000000002E-6	2.8299999999999999E-2	7.1500000000000003E-5	240Pu/239Pu atom ratio



242Pu/239Pu activity ratio









235U-238U



Pu isotope ratios of radioactive particles and from literature data

Balchug, downstream KMCIC	2.7699999999999999E-2	2.7699999999999999E-2	2.7815707282496824E-4	2.7815707282496824E-4	0.58295948290833177	4.3581130896742067E-3	Beriozovi Is., downstream KMCIC	4.8090027145338216E-3	4.8090027145338216E-3	3.6356306432564801E-4	3.6356306432564801E-4	0.5181	3.4422751020384418E-3	Chernobyl (n=6)	0.1492837488364579	0.1492837488364579	3.4779628371278989E-3	3.4779628371278989E-3	0.43181666666666668	9.7168601190031362E-3	PUNE, Telkem, Semipalatinsk	2.2764E-2	2.2764E-2	5.9200000000000003E-2	0.24346000000000001	PUNE, Telkem at 10 m, Semipalatinsk	1.15E-2	1.15E-2	2.8027E-2	2.8027E-2	4.99E-2	0.66354000000000002	Thule (n=5; Eriksson et al., 2008)	8.0000000000000004E-4	8.0000000000000004E-4	0.16134324590256685	0.16134324590256685	5.5100000000000003E-2	1.0316719850057534	Global fallout Pu (Kelley et al., 1999) + natural U	1.4E-2	1.4E-2	0.18	7.2500000000000004E-3	240Pu/239Pu atom ratio



235U/238U atom ratio









235U-236-238U



U isotope ratios of radioactive particles and from literature data

Chernobyl (n=6)	



9.7168601190031362E-3	29.73080549006071	Natural Uranium, low neutron capture	



7.2500000000000004E-3	7250000000.000001	Natural Uranium in ores	



7.2500000000000004E-3	7250000	Depleted uranium particles, Kuwait	



2E-3	103.09278350515464	Dounreay Material Testing Reactor	



10.42	10.95	235U/238U atom ratio



235U/236U atom ratio







Ark1

				235-U/238-U		sd		235-U/236-U		sd		236-U/238-U		sd		240-Pu/239-Pu		sd		241-Pu/240-Pu		sd		241-Pu/242-Pu		sd		242-Pu/240-Pu		sd		241-Pu/239-Pu activity		sd		241/239 atom ratio		sd		242Pu/239Pu		sd		236-U/239-Pu		sd		239-Pu/235-U		sd

		Krasnoyarsk

		OPuA7 Ham 181, Beriozovy Is														0.521		0.038		No data				No data				No data

		OPuA7 Ham 181, Beriozovy Is, ICPMS Trheim		5.05E-03		4.19E-04										0.394		0.067

		OPuA8 Ham182, Beriozovy Is		4.36E-03		3.64E-04		8.62E+00		5.38E-01						0.583		0.005		0.085		0.001		0.583		0.005		0.146		0.001		82.34		0.8769229006		0.050		0.0005279902		0.085		0.0008517474

		OPuA9 Ham182, Balchug, ICPMS Trheim		3.91E-03		2.67E-04										0.790		0.047

		OPuA9 Ham184, Balchug														0.630		0.014		No data				No data				No data

		OPuA9 Ham184, Balchug, ICPMS Trheim		5.37E-03		8.28E-04										0.724		0.369

		OPuA10 Ham185, Balchug														0.639		0.027		No data				No data				No data

		OPuA10 Ham185, Balchug, ICPMS Trheim		6.32E-03		1.19E-03										0.653		0.190

		OPuB1 Ham186, Balchug		3.44E-03		0.00009		5.87E+00		3.86E-01										0.028		0.001		0.518		0.023		0.054		0.002		23.89		1.5319516479		0.014		0.0009223793		0.028		0.0002781571

		OPuB1 Ham186, Balchug, ICPMS Trheim		4.17E-03		1.85E-04										0.518		0.028



		Dounreay

		OPu 192 - Fast Breeder		ICP-MS								No data				0.402		0.067

		OPu 197 - Fast Breeder		ICP-MS								No data				0.060		0.009

		OPuB6b DFR HAM180		1.35E-01		8.05E-03						5.94E-03		1.41E-03		ICP-MS				No data				No data				No data

		OPu 201 - Materials Test Reactor		ICP-MS								No data				0.121		0.002		0.033		0.004		1.199		0.199		0.027		0.003		6.57		0.7669795109		0.004		0.0002535709		0.003		0.0000330322

		OPu 207 - Materials Test Reactor		ICP-MS								No data				0.096		0.004

		OPu B5b DMTR Ham179		1.19E-01		6.44E-03						No data				0.124		0.005		0.056		0.012		1.274		0.380		0.044		0.010		11.45		2.4995521389		0.007		0.0004421743		0.005		0.0000541997

		DMTR average														0.114		0.0153806499		0.044		0.0163458001		1.236		0.0532012779		0.035		0.0116960082		9.009		3.4537185738		0.005		0.0020794641		0.004		0.0014944362



		TELKEM

		OPu B2b Telkem1, Semipalatinsk Ham176		2.43E-01		2.28E-02		1.47E+04		1.53E+03		1.66E-05		7.74E-07		0.059		0.012		0.010		0.001		6.859		1.770		0.001		0.000		0.94		0.0603722757		5.67E-04		0.0000363498		8.26E-05		0.0000008277

		OPu B3b Telkem1 at 10m, Semipalatinsk Ham178		6.64E-01		2.80E-02		4.89E+04		3.51E+03		1.36E-05		7.88E-07		0.050		0.012		0.009		0.000		3.330		0.255		0.003		0.000		0.78		0.0501415658		4.71E-04		0.0000301899		1.41E-04		0.000001416



		Ground zero, Semipalatinsk

		Ground zero, Semipalatinsk						2.78E+03		3.09E+02						0.039		0.009



		Palomares														0.061		0.006		0.008		4.39E-04		1.827		0.144		0.005		0.000		0.83		0.0534784431		5.02E-04		0.0000321991

		Thule														0.055		0.007		0.009		0.001		1.945		0.280		0.004		0.000		0.79		0.0507624211		4.77E-04		0.0000305638



		Ravenglass particle

		OPu B4b Ravenglass		ICP-MS								No data				0.422		0.025		0.046		0.010		0.634		0.165		0.072		0.013		32.01		2.0528318405		0.019		0.0012359982		0.030		0.0003046827



		ChNPP

		West1 OUA1		7.05E-03		6.32E-04		3.43E+00		1.19E-01		6.97E-04		4.00E-05		0.582		0.065		0.101		0.001		0.992		0.009		0.102		0.001		98.08		6.290067176		0.059		0.0037872132		0.060		0.0005961137

		West2 OUA2		7.19E-03		1.71E-03										0.556		0.060		0.095		0.002		1.028		0.028		0.093		0.002		87.89		5.6364977408		0.053		0.0033937028		0.051		0.0005157505

		West3 OUA3		1.34E-02		9.70E-03		5.42E+01		3.99E+01		2.48E-04		3.38E-05		0.263		0.083		0.078		0.003		3.517		0.279		0.022		0.002		34.22		2.1946184386		0.021		0.0013213671		0.006		0.0000586781

		North1 OUA4		8.87E-03		6.98E-04		4.09E+00		1.06E-01		5.66E-04		2.32E-05		0.497		0.051		0.109		0.002		1.219		0.027		0.090		0.002		90.15		5.7815666115		0.054		0.003481048		0.045		0.0004460641

		North2 OUA5		1.47E-02		1.19E-03		1.31E+01		5.49E-01		4.66E-04		1.36E-05		0.232		0.021		0.075		0.001		3.447		0.135		0.022		0.001		29.09		1.865862421		0.018		0.001123425		0.005		0.0000508974

		North3 OUA6		7.02E-03		1.81E-03		7.39E+01		1.87E+01		2.19E-04		1.42E-05		0.461		0.041		0.101		0.001		1.380		0.028		0.073		0.001		77.11		4.9453868051		0.046		0.0029775889		0.034		0.0003369718

		Average, stdav		9.72E-03		0.00348		29.731		32.29062		4.39E-04		2.05E-04		4.32E-01		1.49E-01		9.34E-02		1.36E-02		1.93E+00		1.21E+00		6.69E-02		3.60E-02		6.94E+01		3.01E+01		4.18E-02		1.81E-02		3.34E-02		2.32E-02

												%sd=		46.75		%sd=		34.57

												min		max		min		max

												2.19E-04		6.97E-04		2.32E-01		5.82E-01

				235-U/238-U		sd		235-U/236-U		sd		236-U/238-U		sd		240-Pu/239-Pu		sd		241-Pu/240-Pu		sd		241-Pu/242-Pu		sd		242-Pu/240-Pu		sd		241-Pu/239-Pu activity		sd		241/239 atom ratio		sd		242Pu/239Pu		sd		236-U/239-Pu

		Ground zero, Semipalatinsk, Beasley, 1998														0.0438		0.000										7.89E-05		2.60E-06		0.42		0.004						7.89E-05		2.60E-06		0,0244±0,0009		Beasley

		Ground zero, Semipalatinsk, Yamamoto, 1996														0,04-0,07

		Telkem, Semipalatinsk (Kadyrzhanov, 2005)														0.052		0.003

		Chernobyl (Oughton,2000)		0,00968-0.01001		Boulyuga		9.90E+00		Boulyuga		0.0009596-0.0010365		Boulyuga		0.38-0.52												0.044

		Global weapons fallout (Kelley et al., 1999)		7.25E-03												0.180		0.014												Oughton		2.07		0.2960012867						0.004		0.001

		spent fuel from civil reactors														0,2-0.8		Warneke

		tropospheric fallout														0.040		Kelley

		upper reaches of the Ob River system suspended sediments														0.12–0.18		Cochran/Kenna

		upper reaches of the Ob River system sediment cores														0.016–0.21		Cochran/Kenna

		Sediment Upper Yenisey														0.05-0.12		Skipperud

		Sediment Yenisey Estuary														0.09-0.13		Skipperud

		>0.45 um Yenisey														0,077-0,297		Lind

		LMM Yenisey														0.112± 0.015		Lind

		>0.45 um Ob														0,12-0,265		Lind

		LMM Ob														0.052±0.023		Lind

		Mayak Asanov														0.012-0.024		Oughton

		Mayak EURT (Oughton, 2000)														0.026		0.001

		Mayak EURT (Beasley, 1998)														0.028		0.000														0.05		0.002						7.150E-05		8.300E-06		0.31

		Sellafield										5E-06–27E-06		Marsden		0.05 - 0.25		Oughton										0.00041-0.0084		Oughton

		Dounreay DFR

		Dounreay DMTR		1.04E+01		Potter		1.10E+01		Potter		9.20E-01		Potter		0,167±0,08		Tamborini

		Weapon grade (U weapon)		>10		Warneke										0,01-0.07		Warneke														5.8–13		Varga

		Weapon grade (Pu weapon)

		Natural U		7.25E-03		Warneke

		Reactor before burn-up		0,031-0,067		Warneke

		RBMK reactor after fuel burn-up														0.670		Warneke

		PWR reactor														0.430		Warneke

		BWR reactor														0.400		Warneke

		MAGNOX reactor														0.230		Warneke

		Tomsk SCC releases														0.050		Gauthier-Lafaye		0.014		Gauthier-Lafaye										1.16		Gauthier-Lafaye

		Reactor grade Pu																														>130		Varga

		Palomares, Chamizo 2006														0.0657		6.00E-04																														0.78±0.14		Lind,2007

		Thule sediments (low ratio group), (Mitchell et al., 1997)														0.033		0.004														0.29		0.1127726621

		Palomares soil (Gasco et al., 1997)														0.060		0.003														1.03		0.10

		Thule														0.03-0.055		Eriksson,2008																														0.26–0.88		Eriksson,2008/Lind,2007

		Thule particles (Eriksson et al., 2008)		1.03E+00		0.16134										0.055		0.001														0.70		0.1017812084



		Depleted uranium particles, Kuwait		2.00E-03				1.03E+02

		Natural Uranium in ores		7.25E-03				7.25E+06				1.00E-09

		Natural Uranium, low neutron capture		7.25E-03				7.25E+09				1.00E-12





















Labels

		PUNE, Telkem, Semipalatinsk

		PUNE, Telkem at 10 m, Semipalatinsk

		Ground Zero, Semipalatinsk (Beasley et al., 1998)

		Balchug, downstream KMCIC

		Beriozovi Is., downstream KMCIC

		Chernobyl (n=6)

		Dounreay Fast Breeder Reactor

		Dounreay Material Testing Reactor (n=2)

		Dounreay Material Testing Reactor (n=1)

		Dounreay Material Testing Reactor

		Global fallout 

		Weapon Pu production, SCC, Tomsk (Gauthier-Lafaye et al., 2008)

		Kyshtym accident, MAYAK PA (Beasley et al., 1998)

		Palomares soil (Gasco et al., 1997)

		Thule (n=5; Eriksson et al., 2008)

		Global fallout Pu (Kelley et al., 1999) + natural U





Ark3







Source: air filters collected in Norway in October 1962 (Wendel et al, 2013). 
INFO: Autoradiography  images - Pu and U isotope ratios (AMS)
Hot spots still visible by autoradiography

Bo432 – 12.11.62 742 mBq m-3

Å365 – 11.11.62 15468 mBq m-3

Ro1496 – 09.11.62 11572 mBq m-3

B2214 – 11.11.62 6327 mBq m-3

V1437 – 19.10.61 176 mBq m-3Ve1562 – 08.10.61 171 mBq m-3

B1913 – 14.01.62 290 mBq m-3

Ro1706 – 08.06.63 817 mBq m-3



Source identification of Pu and 236U deposited on 
Norwegian territories
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Looking for the releasing source: Pu isotope ratio, air transport

2 potential
sources:
Novaya Zemlya
or STS?????



Source identification of Pu and 236U deposited on 
Norwegian territories
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During 1949 -1989:
456 nuclear tests:
116 atmospheric  tests
and
•340 underground tests were 
conducted 

•At Degelen Mountain 
nuclear test underground 
facility  224 tests were 
conducted (1961-1989)

x 456

Source: Particles from underground nuclear weapon tests at 
Semipalatinsk Test Site (STS)

x 224

http://www.lanl.gov/orgs/ees/ees11/geophysics/gnem/Kaz/images/Tunnel2.jpg
http://www.lanl.gov/orgs/ees/ees11/geophysics/gnem/Kaz/images/Tunnel2.jpg


Mayak PA field work 1994, 1996,
Evaluation of potential accidents 
2000



Contaminated Mayak water 
reservoirs in the river Techa



Nuclear forensic: identifying sources from 
fingerprints: Isotope ratios  for Pu-isotopes 
reflect military and civil sources
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Balchug, downstream KMCIC

Beriozovi Is., downstream KMCIC

Chernobyl (n=6)

Dounreay Material Testing Reactor (n=3)

Global weapons fallout (Kelley et al., 1999)

Weapon Pu production, SCC, Tomsk
(Gauthier-Lafaye et al., 2008)
Palomares soil (Gasco et al., 1997)

PUNE, Telkem, Semipalatinsk

PUNE, Telkem at 10 m, Semipalatinsk

Ground Zero, Semipalatinsk (Beasley et al.,
1998)
Thule sediments (low ratio group), (Mitchell
et al., 1997)
Kyshtym accident, MAYAK PA (Beasley et
al., 1998)
Thule (n=5; Eriksson et al., 2008)

Weapon grade

civil



CHERNOBYL FUEL PARTICLES

XANES AND XRD results:
• West (explosion): non-oxidised or even 

reduced forms of U
• North (fire): UO2 core surrounded by 

oxidised U (U2O5/U3O8 layer)

Oxidation state
+4 ± 0.5

Oxidation state
+5 ± 0.5

North

Lateral position, μm

West

Same source – different release conditions



CASE: The Chernobyl accident: 3-4 tons of U fuel released

Initial explosion

West North

Slow weathering rate Rapid weathering rate
Particle weathering constant 0.02 y-1 Particle weathering constant 0.7 y-1 
Delayed ecosystem transfer Rapid ecosystem transfer

Subsequent fire

oxidation 
state +4 ±0.5

oxidation 
state +5±0.5

The image part with relationship ID rId4 was not found in the file.

oxidation 
state +2.5±0.5

Explosion – no oxygen Fire - oxygen
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Particles from Chernobyl

• At least 5 different types of particles:
– Inert U-O-Zr, U- O-cabide
– UO2

– Oxidized U: e.g., U3O8

– Single element particles (e.g.Ru)
– Condennsed particles: volitiles deposited on surfaces of non-nuclear 

meterisl (fly ash)
• Particle characteristics vary according to composition, size distribution, 

crystallographic structure, porosity, oxidation state of the carrying paticle
matrix (U)

• Particle weathering and remobilization of associated radionuclides depend on 
soil pH and abiotic and biotic oxidation (microbial activity)

• Particles represent a delay in the ecosystem transfer
• Particles may act as a diffuse source in the future



Bioerosion by hyphens: increased particle weathering and 
mobilisation of associated radionuclides - kinetics

Hypha of Piloderma croceum attached to a crystalline nuclear fuel 
particle collected within the 30 km exclusion zone around ChNPP, bar 
5 µm



Norm particles

Soil from Kadji-say, Kyrgyzstan

Soil from Kurday, Kazakhstan

U contamination, Kadji-say, Kyrgyzstan



Pb

Fe

Ca

K

U

UO2

Na- zippeite

μ-XRF-mapping μ-XRD-mapping

Heterogeneous TENORM particles from U mining in Kadji-say – XRD 

uraninite (UO2 with 
U(IV)) coexisting with 
Na-zippeite 
(Na4(UO2)6[(OH)10(SO4)3]·4H
2O)

•Solubility of Na-zippeite 
(log Ksp= -116.5) < 
uraninite (UO2; log Ksp= -
60.6)
•Na-zippeite: secondary 
alteration product of 
uraninite in oxidized zone 
of U-rich deposits (mines)



Challenges in radioecology: Linking radionuclide species in 
releases from sources to impact and risk assessment

Transport in different ecosystems

Processes in soil / water / sediments

Bioavailability

Exposure

Biological 
membrane

Uptake/effect

Impact/risks

Climate
conditions

Sources Sources Sources

Pathogens/virus



RADIOACTIVE PARTICLES point sources of potential short- and 
long-term radioecological and analytical impact

 Transformation prosesses f(t)
• Weathering rates and remobilisation
• Underestimation of transfer factors for ecosystems and environmental 

effects in particle contaminated areas (change in speciation, Kd and CF)



DESTRUCTIVE TECHNIQUES

LEACHING EXPERIMENTS to estimate potential mobility and bioavailability 
– Solubility in biologically relevant fluids (e.g. stomach juice)
– Solubility in rain water, sea water etc
– Sequential extractions

SOURCE IDENTIFICATION by radiometric methods and mass spectrometry
– Full dissolution/acid leaching
– Radiochemical separations 
– Determination of activity concentrations and isotopic ratios in individual 

particles
– Information on isotope ratios which can be used as fingerprints for 

different sources
– MS techniques: ICP-MS, SIMS, AMS



Linking particle characteristics to potential bioavailability

• Low and moderate temperature events relatively high solubility 
• Low solubility for particles from:

– High temperature events under reducing conditions 
(non-oxidised or reduced U)

– Oxidation of the Pu matrix to refractory oxides during fire
– Vitrified soil or crystalline conglomerates of soil produced at extremely 

high temperatures (nuclear detonations)



Brit Salbu 

Source: nm - µm sized particles
Impact: Retention of µm-nm particles
Underestimated transport – retention pathways

Dounrey particles given to Blue 
Mussels as food, retained in the 
gut and deposited in tissues

Severe skin dose 
about 30 mGy/hr, 
unevenly distributed
Microdosimetry
challenge

Radioactive particles retained in grazing 
goats, Incorporated in GI tissues

60Co NPs  uptake in 
reproductive organs 
of eathwurm
Coutris et al, 2012

1 mm

I

D

V B

AutoradiographyTOF-SIMS



Take home messages

• When refractory radionuclides (U, Pu) are released during nuclear event, 
particles ranging from submicrons to fragments should be expected

• The source determines the composition, the release scenarios dictate particle 
properties

• Radioactive particles can act as point sources

• Ignoring particles, the overall uncertainties in impact and risk assessments 
are significant

• Advanced techniques needed to characterise particles



Brit Salbu

Questions???
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