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Abstract 
 
Within the current project a methodology for separating actinide particles 
originating from the Thule 1968 accident has been developed. Particles 
were completely isolated in water using visual and radiometric methods. 
The particles were attached electrostatic to a plastic support and could 
easily be moved to any container for leaching studies or other type of 
studies. Leaching and dissolution studies performed within the project 
indicate that some particles are relatively easily destroyed or leached while 
others are more refractory. The results shows that even though the oxide 
particles are hard to completely dissolve they release material even when 
exposed to weak solvents like water and salt solutions. Exposures to lung 
simulant fluids show relatively slow dissolution rates comparable to what is 
found using only water. Sequential extraction of particles shows that 
variation between particles is very large; some dissolve easily while some 
does not. Of radiological importance is the disruption of particles when 
exposed to dissolution. 
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Experimental work 
 
Sequential extraction and isolation of the Thule actinide particles 
Two samples (coded as “3” and “4”), each consisting of a single Thule actinide particle in a 
droplet of water, were received in plastic vials. The particles were transferred from the vial 
with help of distilled water and isolated by dividing the solution into two portions and 
determining which portion contains 241Am using gamma spectrometry. This was repeated 
until the Thule particle was isolated into a water droplet of 30 μl. The 241Am activity of the 
Thule actinide particle in this water droplet was measured with high purity Ge-detector and 
results for the both samples are given in Table 5. 
The particle in the water droplet was then transferred into a 5 or 10 ml vial and 1 ml of the 
appropriate reagent at the specified concentration was added to the sample. The vial was 
placed in a water bath for the appropriate time and temperature as outlined in Table 4 .The 
procedure for adding the reagent is slightly different for the H2O2/HNO3 fraction.  Two 
reagents were used in this case, 0.05M HNO3 (0.35 mL) and 30% H2O2 (0.55 ml).  0.05 M 
nitric acid was first added to the sample together with the first portion of H2O2 (0.2 ml). The 
second portion of H2O2 was added one hour later and the third H2O2 portion 2 hours later. 
After each of the sequential extraction step, the Thule particle was isolated into a water 
droplet and the activity of 241Am in the water droplet was determined with Ge-detector. After 
the last extraction step (V) when the solution was divided into two portions and measured by 
gamma spectrometry it was obvious that the Thule actinide particles had disintegrated. The 
solutions were filtrated through 0.45 μm cellulose nitrate membrane filter and the membrane 
filters were measured with Ge-detector. 
The extracted solutions from the first four steps (I-IV) were acidified with nitric acid and all 
the solutions were filtrated through 0.45 μm cellulose nitrate membrane filters before 
radiochemical separations were carried out. 
 
Autoradiograph of the residual material  
The membrane filters containing residual material (step V) were also studied by 
autoradiograph. Figure 13 shows that both Thule actinide particles have been disintegrated 
into several smaller size particles. The residual from Thule particle “3” contained significant 
amount of 241Am (3.6 Bq based on gamma measurements, about half of the original activity) 
while the residual from Thule particle “4” contained only very small amount of activity (0.01 
Bq of 241Am and 0.07 Bq of 239Pu based on direct alpha counting, only 0.1 % of the original 
activity). The approximate size of the membrane filter is demonstrated as a red circle in 
Figure 13.  
 

       
a)          b)  
Figure 13. Autoradiograph of the membrane filters containing residual of the a) Thule particle “3” and b) Thule 
particle “4” 
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Autoradiograph of the membrane filters used in filtering the extracted solutions 
The extracted solutions were filtrated through 0.45 μm cellulose nitrate membrane filters 
before radiochemical separations. The membrane filters were measured shortly with Ge-
detector and no 241Am was detected. However, since the autoradiograph of the residual 
material from the Thule particle “4” (fig 13b) showed the presence of small particles even 
though the activity of radionuclides present in them was very small and below detection limit 
in gamma measurement, it was decided to measure these other membrane filters also by 
autoradiograph to see presence of any residual activity not detected by gamma measurements. 
The images from autoradiograph measurements of all the membrane filters that were used in 
filtration of the extracted solutions are given in Fig 14. The membrane filters 4II and 4IV 
showed few hot spots in autoradiograph while the rest of the filters didn’t show anything 
above background. The exposure time was 2-5 days for the autoradiograph measurements. 
The activity of these two membrane filters (4II, 4IV) is not yet determined by alpha counting 
but is assumed to be very low, since the gamma measurements didn’t show any 241Am. 
 
 a) 
 4I   4II        4III   4IV 

    
 
 
 b) 
 3I   3II   3III   3IV  

               
  
 
 
Figure 14. Autoradiograph of the membrane filters used in filtration of the extracted solutions obtained during 
the sequential extraction of a) Thule particle “4” and b) Thule particle “3”. I-IV refers to the steps in sequential 
extraction procedure that are described in Table 4. The approximate size of the membrane filter is demonstrated 
as red circles for those two autoradiograph measurements that showed hot spots. 
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Gamma measurements of the Thule actinide particles 
Am-241 activity content was measured from both Thule actinide particles between each 
extraction. Results are given in table 5. Thule particles were isolated into a single water 
droplet, size of about 30-50 μm, except in the step V where the particle had disintegrated and 
the sample solution was filtered through 0.45 μm cellulose nitrate membrane filters and the 
membrane filter was measured. The exact geometry varied somewhat between the steps 
because the container that was used in measurements of the first two steps (I, II) were 
unpractical for handling the particle and the container was changed into a closed Teflon vial 
for steps III and IV. In the last step (V) residuals of the Thule particles were measured on 
membrane filters that were placed inside a small plastic vial. 
 
Table 5. Am-241 content of Thule actinide particles (samples “3” and “4”) in the beginning and after each 
extraction step based on gamma spectrometry. Uncertainties are given at 1 sigma but the uncertainty related to 
changing geometry between the steps is not accounted. Percent of 241Am released in each step is also indicated. 
Extraction step 241Am in Thule 

particle ‘3’ 
(Bq) 

241Am in Thule 
particle ‘4’ 

(Bq) 

241Am released 
from the particle 

“3” (%) 

241Am released from the 
particle “4” (%) 

Thule particle in 
the beginning 7.6±0.5 13.4±0.9 

  

Step I 7.3±0.4 12.8±0.9 4.18 4.70 
Step II 6.5±0.5 11.5±0.8 10.29 9.40 
Step III 6.7±0.5 12.0±0.8 0.00 0.00 
Step IV 6.5±0.5 5.9±0.4 1.07 42.07 
Step V 3.9±0.3 <0.02 37.11 43.82 
Left in residual 3.9±0.47 <0.02 47.34 <0.002 
 
Liquid scintillation measurement from the solutions from sequential extraction procedure 
A small aliquot was taken from each solution and measured by liquid scintillation to 
determine total alpha activity present in solutions. This allowed estimating what size of 
aliquot was needed for Pu/Am analysis. Results are given in Table 6.  
 
Table 6. Total alpha content (Bq) in each extracted solution determined by liquid scintillation counting. 
Uncertainties are stated at 1 sigma. 
Extraction step Sample ‘3’ 

(Bq) 
Sample ‘4’ 

(Bq) 
Step I <0.003 0.08±0.01 
Step II 0.05±0.01 1.27±0.06 
Step III 0.13±0.01 7.58±0.38 
Step IV 1.87±0.09 31.3±1.6 
Step V 21.2±1.1 47.2±2.4 
 
Radiochemical separation and alpha measurements 
Based on the gross alpha results from liquid scintillation counting (Table 6), an aliquot was 
taken from the extracted solutions and spiked with 242Pu and 243Am tracers. A blank sample 
was also run together with the real samples to determine any possible contamination due to 
the reagents or glassware. Samples were boiled with HNO3 and treated with 0.5 ml H2O2. 
Samples were evaporated to dryness and dissolved into 10 ml 8 M HNO3. After treating the 
sample with NaNO2, sample was loaded into an anion exchange column (2 ml dowex 1x4, 
100-200 mesh) and the column was rinsed with 15 ml 8 M HNO3. These solutions were 
collected for 241Am determination. The column was then rinsed with 9M HCl and Pu eluted 
with NH4I+9M HCl. Samples was evaporated, dissolved into 2-5 ml 1 M HNO3. Am and Pu 
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isotopes were co precipitated by adding 50 μg Ce and 0.5 ml of HF. Solution was then 
filtrated through 0.1 μm membrane filter and measured with alpha detector for 3-5 days. 
Example of Pu and Am spectra are given in Figure 15. Co-precipitation of Am from two 
solutions (fraction I for both samples) did not turn out well. The precipitation in these samples 
was so large that alpha measurements could not be carried out. These samples contain Mg 
(MgCl2 was used as a reagent in step I) that probably precipitated with Am. These samples 
need to be further purified before alpha measurement. 
 
Activity in the residual material (material that was not dissolved during sequential extraction 
procedure) was measured directly from the membrane filter by alpha counting and the 
spectrum is shown in Figure 16. The residual from the Thule particle “3” has not yet been 
measured. Activities of Am and Pu isotopes released from the Thule actinide particles during 
sequential extractions as well as activities left in residuals are given in Table 7. 238Pu/239,240Pu 
ratio in solutions varied from 0.01 to 0.02 and 241Am/239,240Pu ratio from 0.10 to 0.24 
respectively. 
 

 
 

 
Figure 15. An example of an alpha spectrum of Am (top) and Pu (bottom) spectra after chemical separation. 
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Figure 16. Alpha spectrum of the residual from the Thule particle “4” after sequential extraction was finish, 
measured directly from the filter without chemical separation. 
 
 
Table 7. Activities (Bq) of Pu and Am isotopes released in each extraction step during sequential extraction 
procedure determined through alpha counting. The activity left in residual is also given when determined. 
Uncertainties are given at 1 sigma. 
Extraction 
step 

Sample ‘3’ 239Pu (Bq) Sample ‘3’ 238Pu (Bq) Sample ‘3’ 241Am (Bq) 

Step I 0.0039±0.0007 <0.001 0.0021±0.0001 
Step II 0.031±0.002 0.69±0.28)10-3 0.0078±0.0005 
Step III 0.086±0.004 0.0013±0.0002 0.019±0.001 
Step IV 1.40±0.10 Not determined 0.41±0.02 
Step V 17.5±0.7 0.23±0.04 3.5±0.2 
Residual  Not yet analyzed Not yet analyzed Not yet analyzed 
    
 Sample ‘4’ 239Pu (Bq) Sample ‘4’ 238Pu (Bq) Sample ‘4’ 241Am (Bq) 
Step I 0.055±0.003 0.00086±0.00021 0.024±0.001 
Step II 1.2±0.05 0.017±0.003 0.15±0.01 
Step III 6.5±0.3 0.083±0.013 1.26±0.09 
Step IV 26±1 0.28±0.04 6.3±0.4 
Step V 42±2 0.53±0.08 6.2±0.4 
Residual  0.074±0.003 Not determined 0.012±0.001 
 
Disintegration of the Thule actinide particles during sequential extraction procedure was 
evident from the autoradiography images collected after the procedure was accomplished 
(Figure 13). The two Thule particles studied behaved somewhat differently as compared to 
each other based on gamma measurements, liquid scintillation counting and alpha 
measurements. The Thule particle ‘3’ started only to dissolve significantly in the last step 
when the particle was treated with hot nitric acid (fig 17). The residual of the Thule particle 
‘3’ contained about half of the original activity. The Thule particle “4” appeared to be more 
soluble as demonstrated in figure 18.  Very small amount of Pu and Am (less than 0.1% for 
Pu and around 0.2% of Am) was easily exchangeable and released when the sample was 
treated with MgCl2. Less than 2 percent of plutonium and americium was released when 
treated with weak acid (fraction II) but already 9 percent of both elements were released under 
reducing conditions (fraction III). Considerable amount (34% of Pu and 45% of Am) was 

21 



released when treated with oxidizing agent, H2O2.  Most of Pu (56%) and considerable 
amount of Am (44%) were strongly bound to the particle and were released when treated with 
nitric acid. Very small amount (0.1% for both Pu and Am) was left in residual, which in the 
autoradiography pictures showed to have disintegrated into several small particles (Figure 
13). Americium and plutonium seemed to behave rather similarly in these experiments.  
 

Thule particle "3"
Am-241

V
44.76 %

IV
5.19 %

I
0.03 %

II
0.10 %

residual
49.68 %

III
0.25 %

I
II
III
IV
V
residual

 
Figure 17. Release of 241Am (as percentages) from the Thule particle “3” during sequential extraction procedure 
based on alpha measurement except in residual where 241Am was determined by gamma. The reagents used in 
each step (I-V) are given in table 4.  
 

Thule particle "4"
Pu-239,240

IV
33.78 %

V
55.86 %

III
8.62 %

residual
0.10 %

II
1.57 %

I
0.07 %

I
II
III
IV
V
residual

Thule particle "4"
Am-241

IV
45.29 %

V
44.34 %

III
9.03 %

residual
0.09 %

II
1.08 %

I
0.17 %

I
II
III
IV
V
residual

 
Figure 18. Release of 239,240Pu (top) and 241Am (bottom) as percentages from the Thule particle “4” during 
sequential extraction procedure based on alpha measurement. The reagents used in each step (I-V) are given in 
Table 4.  
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5. Characterization of a Thule particle with respect to isotopic and elemental 
composition 
 
Gamma spectrometry 
The gamma spectrometric measurements were done using two different systems: a coaxial 
high-purity Ge (HPGe) low-energy photon detector (EG&G Ortec LOAX, USA) having a 
relative efficiency of about 15%, and a resolution of 0.65 keV at 60 keV, and a coaxial HPGe 
with an ultra-low-background design and Pb-shield (Canberra, Belgium) having a relative 
efficiency of about 80%, and a resolution of about 2 keV at 1332 keV. The following main 
peaks were observed: 59.5 keV from 241Am; 129.3 and 51.7 keV from 239Pu. Beside these 
peaks some additional peaks were observed: 38.8 keV, which at least to some part comes 
from 238Pu; 43.5 keV from 238Pu/241Am; and 45.3 keV to some part from 240Pu. Additional 
measurements will be carried out in order to further reveal the origin of the gamma peaks. The 
count rates of the 59.5 keV peak were in the same magnitude for both detectors. 
 
The LOAX (59.5 keV) was used to verify the presence of the particle in the continuing work 
of isolating and dissolving the particle. 
 
Location and isolation of a particle 
Particles were received completely isolated in small vials containing a few microliter of 
water. The transfer of a particle from one of the vials to a Petri dish was done by adding 100 
μl water to the vial, shaking the vial and pipetting the water onto the Petri dish. The particle 
could be located by using the microscope and transferred by pipette to a small graphite 
crucible containing 0.1 g LiBO2. The sample was fused at 1050 °C for 10 min. Each step of 
the transfer and fusion of the particle was controlled by measurements using gamma 
spectrometry. 
 
Chemical separation and ICP-SFMS measurement 
After fusion, the sample was dissolved in 10 ml 1.4 M HNO3. A fraction of the dissolved 
sample was diluted and a quick scan using ICP-SFMS was performed to assess the 
approximate concentrations of actinides in the sample.  
 
Two 1 ml fractions of the sample were then used for separations and subsequent 
measurements. One of the fractions was spiked with an internal standard actinide mix 
containing 233U, 242Pu and 243Am for quantitative determination of primarily 241Am and 241Pu 
for age determination of Pu. The separations were done using TEVA, UTEVA and DGA 
resins as described in Fig. 19. The obtained fractions containing Pu, U and Am were 
measured using ICP-SFMS (Element2, Thermo Finnigan) equipped with a conical nebuliser 
and a cyclonic spray chamber (“Twister” – both from GlassExpansion, Melbourne, Australia). 
The measurements were made in pulse counting mode and the reference material IRMM0731 
(IRMM, Geel, Belgium) was used for mass bias determination.  
 
All results were evaluated in accordance with the “Guide to the expression of uncertainty in 
measurement” (International Organisation for Standardisation, Genève, 1995) and the 
uncertainties are expressed as the combined uncertainty, Uc, with k=2. 
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Figure. 19 Chemical separation of U, Pu and Am 
 
Results and discussion of isotopic and elemental measurements 
The results of the ICP-SFMS measurements of the particle are shown in Tables 8 and 9. The 
isotopic ratios of U and Pu are shown in table 8, and it can be seen from the results that the 
particle consisted of weapons grade Pu and highly enriched uranium. The ratio of 241Am and 
241Pu was also determined, and from this ratio the age of the Pu in the particle was calculated. 
The obtained age was 50 y (Uc = 1), which is realistic considering that the accident took place 
42 years ago. It should however be kept in mind that this value can be biased due to, e.g., 
insufficient Pu/Am separation in the production of the Pu and eventual fractionation of the 
two isotopes during and in the time after the release. It was not possible to verify the obtained 
age by using another ratio (e.g., 236U/240Pu) due to the content of U in the particle. 
 
Table 9 shows the obtained masses of the actinides in the particles. The major actinides in the 
particle were 239Pu (24%), 235U (42%) and 238U (32%). In the determination of small amounts 
of U there is always a risk of contamination from environmental U. In the analyses of this 
particle, the levels of U in the blank was about 26 times lower that in the sample after the 
whole procedure with dissolution and chemical separation. Hence, the blank levels were not a 
problem with these analyses. However, the major part of the U blank contribution was from 
the separation procedure and if lower blank levels are required the volumes used in the 
separation can be scaled down.  
 
Table 8. Isotopic ratios of actinides in the Thule particle 

240Pu/239Pu 241Pu/239Pu 234U/238U 235U/238U 236U/238U 241Am/241Pu

ratio (n/n) 5.53E-02 3.83E-04 1.47E-02 1.37E+00 5.20E-03 9.68
Uc (k=2) 1.9E-04 1.2E-05 3.7E-05 8.5E-04 2.1E-05 0.44
rel Uc % 0.34 1.5 0.25 0.06 0.41 0.41
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Table 9. Mass of actinides in the Thule particle 
241Am 239Pu 240Pu 241Pu 234U 235U 236U 238U

m (g) 9.15E-11 2.44E-08 1.35E-09 9.45E-12 4.69E-10 4.36E-08 1.66E-10 3.31E-08
Uc (k=2) 3.6E-12 8.3E-10 4.6E-11 4.5E-13 1.5E-11 1.4E-09 5.4E-12 1.0E-09
rel Uc % 3.9 3.4 3.4 4.8 3.2 3.2 3.2 3.0

 
 
 
6. Overall Conclusion 
 
This work has been a valuable experience for all parties involved. Techniques in isolating and 
handling of individual hot particles in the laboratory as well as designing methods for 
different kind of studies is a challenging subject for material of this kind and the current 
project has improved these techniques significantly. This has been an important part of the 
project. 
 
Initial results on leaching of the Thule actinide particles shows that studies using weak 
solvents are possible to perform on single particles. Experimental setup, blank levels and 
analytical techniques can be designed so that not only Pu-isotopes and Am may be analysed 
but also U-isotopes in the particles may be analysed with a minimum of disturbance from 
environmental material. This means that dissolution of the particle Pu-U matrix can be studied 
which is a fundamental requirement for understanding particle erosion mechanisms.  
 
The results show that even though the oxide particles are hard to completely dissolve they 
release material even when exposed to weak solvents like water and salt solutions. Exposures 
to lung stimulant fluids show relatively slow dissolution rates comparable to what is found 
using only water. The reason for this is unclear but the answer could be the formation of a 
secondary surface layer, which is stabilised in the lung stimulant solution.  Sequential 
extraction of particles shows that variation between particles is considerable, some dissolve 
more easily than the others. Of radiological importance is the disruption of particles when 
exposed to dissolution as was shown using stomach stimulant solution and sequential 
leaching. The implication of particle disruption in the environment is an increased surface to 
volume exposure and thus an increased rate of particle size transfer to smaller particles. If this 
transformation means a greater abundance of resuspendable particles and if the risk of 
inhalation of small respirable particles changes due to this is far too early to speculate about. 
At present lung-dose models incorporating a dynamic change in size (and morphology) of 
already inhaled particles does not exist but hopefully further studies on these particles will 
generate data which could stimulate models of this kind. 
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