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Abstract 

 

An environmentally recovered, mixed Pu-U hot particle from the Thule accident, 

Greenland has been analyzed by Scanning Electron Microscopy and a large-geometry Secondary 

Ion Mass Spectrometry based Scanning Ion Imaging (SII) method for simultaneous 235,236,238U and 

239,240Pu isotope compositions. This SII technique permits the visual assessment of the spatial 

distribution of the isotopes of U and Pu and can be used to obtain quantitative isotope ratios in any 

user-defined square region up to a few 100 µm in size. The particle measured here has two, 

resolvable U isotopic compositions with a single composition of weapons grade Pu. The bulk of 

the particle has enriched U and weapons grade Pu with 235U/238U, 236U/238U, and 240Pu/239Pu of 

1.12 ± 0.04, 0.006 ± 0.002, 0.054 ± 0.004, respectively (2). The Pu isotopic ratio was consistent 

across the sample but 239Pu/238Uraw decreased from 1.99 ± 0.07 to 0.11 ± 0.04 (2) corresponding 

to the area of the particle with a resolvably different U isotope composition.  This portion of the 

particle has 235U/238U, 236U/238U, and 240Pu/239Pu ratios of 0.11 ± 0.04, 0.001 ± 0.002, and 0.05 ± 

0.04, respectively (2). The origin of the less enriched U could be environmental that mixed with 

the particle or heterogeneously enriched U from the weapons. The heterogeneity of hot particles 

on a micrometer scale highlights the need for spatially resolved techniques to avoid mixing during 

a bulk or whole particle analysis, as the mixing end-members here would have been lost and the 

measured ratios would have been inaccurate.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 2 

1. Introduction 

 

During safety inspections, the interception of unlawful nuclear materials, or an unexpected 

nuclear detonation, nuclear forensic investigations on particle evidence derived from these 

scenarios are critical for accurate source attribution. Uranium (U) and plutonium (Pu) isotopic 

ratios of particles from intercepted materials, forensics materials, or post-detonation samples are, 

arguably the most valuable evidence in modern nuclear forensics. The critical ratios measured in 

particles simultaneously provide information regarding the time elapsed since last purification, 

actinide concentrations, and relevant enrichment values. Consequently, the isotope signatures of 

particles are invaluable in determining the origin, processing history, and intended purpose of 

any nuclear material. These particles can be easily obtained via swipes, dust collection, or 

atmospheric filtering, a process which could also add environmental contamination. Hence, a 

complication arising from the analysis of mixed actinide particles or those found in nature by 

traditional bulk solution analysis is mixing or dilution with actinides with a natural or 

environmental composition1. In situ techniques, by comparison, can analyze individual particles 

or areas thereof with high spatial resolution to determine accurately the actinide ratios of interest 

while avoiding environmental contamination2-7. 

Secondary Ion Mass Spectrometry (SIMS) is an in situ analytical technique highly suited to 

the analysis of heavy elements (U, Th, Pb) and Pu. However, a complication of SIMS analysis is 

the effect of both polyatomic species and isobaric interferences on the isotopes of interest. For 

example, in a mixed U-Pu particle where the isotope ratios of interest are 235U/238U and 240Pu/239Pu, 

any hydride interferences (e.g., 238U+1H = mass 239) would produce inaccurate ratios. However, 

hydride production can be also be monitored using mass 236 (235U+1H) in the absence of 236U. 

Environmental U has no 236U, due to it being produced in nuclear reactors by the neutron capture 
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on 235U or by the decay of 240Pu. An advantage of using a large geometry, multi-collector equipped 

SIMS instrument, like the one in this study, is both the ability to collect simultaneously the isotopes 

of interest, namely 235U, 238U, 239Pu, and 240Pu, as well as an internal monitor at mass 236 for 

potential hydride, assuming production of hydrides is consistent across an individual particle8.  The 

instrument employed here is equipped for Scanning Ion Imaging (SII). SII is a relatively non-

destructive technique, when compared to laser ablation ICP-MS or bulk sample dissolution follow 

by ICP-MS or TIMS analysis. The multi-collector SII technique used here provides isotopic 

imaging of e.g., 250 x 250 m areas for U and Pu, after which user-defined regions of interest 

(ROIs) can be assigned and full U and Pu isotope compositions can be obtained directly from the 

spatially resolved image data, post analysis. While SIMS has been used in particle analysis for 

over 10 years and is even capable of automatically searching for enriched particles9, there are no 

examples of a quantitative SII analysis of a mixed U-Pu particle present in the literature.  Here we 

present a novel SII investigation of a mixed U-Pu environmentally recovered hot particle from the 

Thule nuclear accident, Greenland.  

 

1.1 Thule accident and particles  

An American B52 airplane carrying four nuclear weapons crashed onto the sea ice 12 km west 

of the Thule air base, NW Greenland on the 21st of January 1968. Upon impact, traditional 

explosives within the weapons themselves and the ignition of the jet fuel contributed to the 

destruction and spread of fissile material. Most of the fissile material was scattered on the sea ice 

in an area of 1.6 x 4.8 square kilometers10. Some of the radioactive material from the warheads 

accumulated in the benthic marine environment beneath the ice afterwards, as the impact caused 

the ice to crack, as well as when the ice melted the following summer11-14. The particle analyzed 
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here was recovered from a soil sample in 2003. The sample location was close to the settlement 

Narssarssuk, situated about 10 km south of the point of impact where some wind-blown 

contamination from the accident landed. Thule particles have been previously analyzed by several 

analytical techniques including ICP-MS1,15-17, -pixie18, and small geometry SIMS19, and have the 

following range in enriched critical ratios: 235U/238U of 0.96 -1.4 and 240Pu/239Pu of 0.028 to 

0.05919.  

 

 

2. Analytical Methods 

 

The particle was isolated from the sediment using a previously described sample splitting 

technique11-14,20. No hot cell was used or necessary due to very low activities that can be handled 

without radiological concern. The particle was then pressed into an In metal holder.  Gamma 

radiation originating from the 241Pu decay daughter 241Am was measured before and after the SIMS 

analysis to estimate the amount of material of the particle that was consumed during SIMS 

analysis. The measurements were carried out at the Swedish Radiation Safety Authority using a 

calibrated low background, broad energy HPGe3. The particle was placed in the same geometry 

(distance about 10 mm from detector surface) as the calibration source. Due to slightly different 

size and chemical composition of the calibration source compared to the particle, the resulting 

activity determination has at most 10 % relative combined uncertainty. Scanning electron 

microscopy was performed to determine sample morphology and Electron Dispersive 

Spectroscopy (EDS) maps were made analysis to gain a semi-quantitative understanding of the 

particle’s chemical composition, both of which were performed using an FEI Quanta FEG 650 at 

the Swedish Museum of Natural History. The SEM was operated with an accelerating voltage of 

15 kV at a working distance of 10 mm.   
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Isotopic analyses presented here were performed using a CAMECA large geometry secondary 

ion mass spectrometer (IMS1280) at the Swedish Museum of Natural History. A gaussian tuned 

O+ primary beam of 100 nA and approximately 20 m diameter was used to analyze the particle. 

Following previously reported safeguard analysis protocols6,8, O+ was used for the primary beam. 

The particle and surrounding area was rastered over a 250 m x 250 m square area yielding a 64 

x 64 pixel image. Once sputtered from the surface of the particle by the primary ion beam, the 

secondary ions were processed using the dynamic transfer optical system (DTOS), which is a 

synchronized raster in the transfer section of the instrument that deflects the ions back onto the ion 

optic axis of the instrument regardless of their point of origin from the sample, allowing both image 

acquisition and collection of secondary ions at high mass resolution.  

Secondary ions of masses 235, 236, 238, 239, and 240 were measured simultaneously at a mass 

resolution of 2560 M/ΔM to resolve any potential polyatomic interferences. Ions were detected 

using the multi-collector array, which comprises five low-noise (typically <0.005 cps) discreet 

dynode Hamamatsu R4146-04 electron multipliers (L2, L1, C, H1, and H2, respectively). Since 

the IMS1280 magnet dispersion and multi-collector array was designed to separate unit masses of 

Pb (mass 204 to 208) with the detectors closest to each other,  an increase in mass dispersion in 

order to make the peak flats coincident is required, which was achieved using a stigmating octopole 

device located after the magnet. An NMR field sensor was used in regulation mode to control the 

stability of the magnetic field during the image analysis. In this configuration, hydride 

interferences, if present, will be encountered on 235U (234U1H), 236U (235U1H), 239Pu (238U1H) and 

240Pu (239Pu1H), which cannot be mass resolved, even using large geometry SIMS instruments like 

the one employed here. Gain differences between detectors, which are typically < 2%, were 

calibrated by a pre-analysis peak hopping routine. After correction, any residual drift is unlikely 
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at the low count rates obtained in this study (a few 1000 cps only). SIMS analysis generates 

negligible mass bias from heavy isotopes21, so a mass bias correction was not needed and would 

in any case be encompassed by the relatively large uncertainties produced in these isotopic 

measurements, which are in the 0.5 – 1.0 % (2) range. Further, using the same SII method for Pb 

isotopic measurements (a lower mass number) in post-detonation nuclear glass yielded no 

detectable mass bias effects22. The imaged area was measured for 42 cycles for a total collection 

time of ca. 6 minutes. With negligible mass bias and gains between detectors accounted for, all 

isotopic ratios in this study will be accurate. However, the Pu/U will not be accurate due to 

sputtering efficiency differences between U and Pu. To obtain an accurate Pu/U, future studies 

will need a matrix matched, known standards with a spectrum of Pu/U.  All reported Pu/U ratios 

are labelled as Pu/Uraw. Once acquired, the image was processed offline using the CAMECA 

WinImage2 software package. Regions of interest (ROIs) were selected in each of the images to 

calculate isotopic compositions of significance.  

 

3. Results 

 

Pre- and post-analysis gamma spectroscopy yielded 4 ± 0.4% Bq of 241Am, indicating no 

significant consumption of the particle, within the measurement uncertainty of the method, in 

agreement with conventional SIMS analyses19. SEM-EDS analysis illustrates that the soil particle 

has significant topography (Figure 1), is mostly comprised of clay minerals with a platy 

morphology, and has an extremely heterogeneous chemical composition (Figure 2). The x-ray 

spectrum revealed  variable abundances of major rock forming elements Na, Mg, Al, Si, K, Ca, 

Fe, O and minor trace elements, S, Cl, Ti, and U. Pu, U, and Al are coincident in the particle 

(Figure 2). 
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Results from the SII analyses for all isotopes measured are presented in Figure 3 and Table 1. 

The discrepancy of shape of the SII and EDS maps are a result of detection limit and spot size. 

SIMS has a much higher detection limit for U and Pu than SEM-EDS but the spot size utilized 

here was 5x larger, so the spatial resolution is not as precise. Isotopic variation maps for critical 

ratios 235U/238U and 240Pu/239Pu are presented in Figure 4. ROIs for this particle are presented in 

Figure 5. Isotopic ratios for 235U/238U, 236U/238U, and 239Pu/240Pu for ROIs determined in Figure 5 

are presented in Table 1 and illustrated in Figure 6.  From the SII of 238U (Figure 3), it is apparent 

that the upper left corner of the particle is of a different U isotope composition than the rest of the 

particle. This variation in U isotopic composition is also seen in the isotopic variation maps in 

Figure 3 and is absent in the 240Pu/239Pu map.  The composition of 235U/238U is resolvable across 

the particle and has a range from the upper left region of the SII to the bulk of the particle of 0.11 

± 0.04 to 1.12 ± 0.04 (2) (Table 1, ROIs determined in Figure 5, Figure 6). 236U/238U has a range 

from 0.001 ± 0.002 to 0.006 ± 0.002 (2) (Table 1), the former being contained in the less 235U/238U 

enriched portion of the particle, the latter being the bulk particle (Table 1, ROIs determined in 

Figure 5). As stated in the methods, without a matrix matched standard the 239Pu/238U ratio cannot 

be accurately calibrated and is reported here as “raw”. The 239Pu/238Uraw ratio decreases from the 

bulk of the particle to the less enriched 235U/238U part from 1.99 ± 0.07 to 0.11 ± 0.04 (2). 

However,  the Pu isotope composition is constant within uncertainty between the two ROIs (Figure 

6). Region of Interest 1, which is placed over the bulk particle yields a 240Pu/239Pu ratio of 0.054 ± 

0.004 (2) and  ROI2 placed over the less enriched 235U/238U corner yielded a 240Pu/239Pu of 0.05 

± 0.04 (2, Table 2, Figure 5, Figure 6). The difference in precision is related to the concentration 

of Pu across the particle, which is variable.  
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4. Discussion 

 

4.1 Particle morphology and elemental composition 

  

The particle morphology and EDS composition is characteristic of a largely geological material 

(Figure 1,2). The bulk particle composition is clearly a mixture between environmental materials 

from the soil at sampling site, the ice sheet (e.g., silicate dust), and materials from the nuclear 

weapons.  This is indicated by the presence of major rock forming elements (Si, Mg, O) and high 

concentrations of U, Pu, and Al in a discrete area (Figure 2).  

 

4.2 Evaluating the potential influence of hydrides 

 

It is impossible to mass resolve 238U+H from 239Pu and thus, critical Pu ratios can be 

affected by the presence of hydride (238U+H, 239Pu+H)19. Since hydride formation affects each 

species in a similar wat, a baseline calculation can be made using 236U to understand the hydride 

formation and possible interferences during the measurements of the particle here. Thus, two end-

member possibilities are calculated for determining 239Pu/238Uraw here: 1) all 236U is 235U hydride 

and when 239Pu/238Uraw is calculated the % of 238U+H is subtracted the from the 239Pu measurement 

and 2) all 236U is real and calculate the 239Pu/238Uraw without a correction. Assuming that 236U is 

all hydride yielded a 239Pu/238Uraw ratio of 2.01 and assuming 236U has no hydride interference 

yielded a 239Pu/238Uraw ratio of 1.99. Thus the actual value is this somewhere between 2.01 and 

1.99, which is unresolvable with the analytical precision achieved with the SII technique.  

Furthermore, the Pu isotopic ratio measured across the particle does not vary, despite a large, order 

of magnitude variation in Pu concentration, 239Pu/238Uraw, and highly variable 236U/238U (Table 1, 

Figure 7). If these ratios were strongly affected by hydride interferences, there would be a negative 
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correlation between 236U/238U v. 240Pu/239Pu but the Pu isotopic ratio is invariant within analytical 

uncertainty. Thus, hydrides are considered minimal and are excluded from any further discussion.  

 

 

4.3 Particle isotopic variability  

  

The area that is less enriched in 235U/238U is easily seen in the ion image of the particle (Figures 

4, 5) and in the 235U/238U isotope ratio map (Figure 5). The compositions of each of the particle’s 

isotopic end-members can be calculated using the ROIs presented in Figure 5, are given in Table 

1, and illustrated in Figure 6.  Within the particle there is clearly a heterogeneity in Pu/U and in 

the 235U/238U composition of the material, while 240Pu/239Pu remains constant (Figure 6, Table 1). 

The values for the bulk of the particle are generally in agreement with small geometry SIMS 

analysis (Grey fields in Figures 619). The origin of the less enriched U, however, remains 

ambiguous. There are two unresolvable hypotheses that account for the composition of the less 

enriched U: 1) the less enriched U is from the accident and the U used for the Thule fissile material 

was impure or 2) the less enriched U is a mixture of enriched U from the accident and from 

environmental U.  Regardless, if this particle were to be dissolved and analyzed with bulk methods 

or non-spatially resolved techniques, the less enriched U would have be mixed with the bulk of 

the particle, resulting in a U-isotope composition somewhere between the two end-members 

presented as the dotted line in Figure 6. The analytical approach was successful in this study 

because the heterogeneous part of the particle did not have 236U/238U significantly above 0, within 

analytical uncertainty. If a more complex particle or a 236U-enriched particle were to be analyzed, 

a series of standards containing 236U would need to be prepared and analyzed to monitor any 

potential interferences. Nonetheless, the SII presented here is an excellent demonstration of the 
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benefits to spatially resolved imaging techniques for the analysis of environmentally recovered, 

mixed U-Pu particles that are heterogeneous on the micrometer scale.  

 

5. Conclusions 

 

The method presented here is a relatively non-destructive, spatially resolved technique to both 

visually and quantitatively understand the variations in U and Pu isotope ratios in environmentally 

recovered particles. The presence of hydride interferences was monitored using 236U/238U and 

shown to be minimal for this particle, not affecting the critical ratios beyond analytical uncertainty. 

The region of the particle that contains less enriched U was easily detected and avoided during the 

image processing. The critical ratios 235U/238U and 240Pu/239Pu calculated here for the bulk particle 

are 1.12 ± 0.04 and 0.054 ± 0.004 (all 2), respectively, confirming the presence of highly enriched 

U and weapons grade Pu at the Thule site. Furthermore, these ratios are within uncertainty of those 

previously produced by traditional SIMS for the Thule particles with no measurable mass loss to 

the particle. Consequently, use of relatively non-destructive techniques, such as this, preserve the 

possibility for analyzing at a future time to verify the compositions measured here or to analyze 

for further isotopic (e.g., Pb22-23) or trace element systematics, which could contribute 

corroborating evidence for a forensic investigation.   

 

 

6. Acknowledgements 

 

This work was funded by a grant from the Swedish Radiation Safety Authority grant 

SSM2017-1378-1 to MJW. The NordSIMS ion microprobe facility operates as part of the Swedish 

national infrastructure NordSIMS-Vegacenter funded by the Swedish Research Council (grant 

number 2017-00617. This is NordSIMS publication #600. 

 



 11 

7. References   

 

1. Eriksson, M.; Lindahl, P.; Roos, P.; Dahlgaard, H.; Holm, E. U, Pu, and Am Nuclear Signatures 

of the Thule Hydrogen Bomb Debris. Environ. Sci. & Tech. 2008,  42(13), 4717-4722. 

 

2. Bellucci, J. J.; Simonetti, A.; Wallace, C.; Koeman, E. C.; Burns, P. C. Isotopic Fingerprinting 

of the World’s First Nuclear Device Using Post-Detonation Materials. Anal. Chem. 2013,  85(8), 

4195-4198. 

 

3. Eriksson, M.; Osán, J.; Jernström, J.; Wegrzynek, D.; Simon, R.; Chinea-Cano, E.; Markowicz, 

A.; Bamford, S.; Tamborini, G.; Török, S.; Falkenberg, G.; Alsecz, A.; Dahlgaard, H.; 

Wobrauschek, P.; Streli, C.; Zoeger, N.; Betti, M. Spectrochim. Source term identification of 

environmental radioactive Pu/U particles by their characterization with non-destructive spectro- 

chemical analytical techniques. Act. Part B: Atom. Spectro., 2005, 60(4), 455-469. 

 

4. Esaka, F.; Lee, C. G.; Magara, M.;  Kimura, T. Fission track–secondary ion mass spectrometry 

as a tool for detecting the isotopic signature of individual uranium containing particles. Analy. 

Chimi. Act. 2012, 721, 122-128. 

 

5. Hedberg, P. M. L.; Peres, P.; Fernandes, F.; Albert, N.;  Vincent, C. Multiple ion counting 

measurement strategies by SIMS–a case study from nuclear safeguards and forensics. J. of Vac. 

Sci. & Tech. B, Nanotech. and Microelectron.: Materials, Processing, Measurement, and 

Phenomena. 2018, 36(3), 03F108. 

 

6. Ranebo, Y.; Hedberg, P. M. L.; Whitehouse, M. J.; Ingeneri, K.; Littmann, S. Improved isotopic 

SIMS measurements of uranium particles for nuclear safeguard purposes. Analytic. Atom. Spectr. 

2009, 24(3), 277-287. 

 

7. Willingham, D.; Naes, B. E.; Burns, K. A.; Reid, B. D. Secondary ion mass spectrometry 

signatures for verifying declarations of fissile‐material production. App. Radiat. and Iso. 2015, 97, 

125-129. 

 

8. Hedberg, P. M. L.; Peres, P.; Fernandes, F.; Renaud, L. Multiple ion counting measurement 

strategies by SIMS–a case study from nuclear safeguards and forensics. J. of Analyt. Atom. Spectr. 

2015, 30(12), 2516-2524. 

 

9. Peres, P.; Hedberg, P. M. L.; Walton, S.; Montgomery, N.; Cliff, J. B.; Rabemananjara, F.; 

Schuhmacher, M. Nuclear safeguards applications using LG‐SIMS with automated screening 

capabilities Surf. and Interf. Analy. 2013, 45(1), 561-565. 

 

10. USAF Nuclear Safety, Project Crested Ice, AFRP 122-1 Jan/Feb/Mar 1970, No.1 ,65. 

 

11. Aarkrog, A. Radioecological investigation of plutonium in an arctic marine environment. 

Health Phys. 1971, 20, 31–47. 

 



 12 

12. Aarkrog, A. Environmental behavior of plutonium accidentally released at Thule, Greenland. 

Health Phys. 1977, 32, 271–284. 

 

13. Aarkrog, A.; Dahlgaard, H.; Nilsson, K, Holm, E. Further studies of plutonium and americium 

at Thule, Greenland. Health Phys. 1984, 46, 29–44 

 

14. Eriksson, M. On Weapons Plutonium in the Arctic Environment (Thule, Greenland). Risø 

National Laboratory, Roskilde, Denmark, Ph.D., 2002.  

 

15. Lind, O. C.; Salbu, B.; Janssens, K.; Proost, K.; Garcia-León, M.; Garcia-Tenorio, R. 

Characterization of U/Pu particles originating from the nuclear weapon accidents at Palomares, 

Spain, 1966 and Thule, Greenland, 1968. Sci. Total Environ. 2007, 376(1-3), 294-305. 

 

16. Mitchell, P.I.; Leon Vintro, L.; Dahlgaard, H.; Gasc, C.; Sanchez- Cabeza, J. A. Sci. Total 

Environ. 1997, 202, 147–153. 

 

17. Stürup, S.; Dahlgaard, H.; Nielsen, S. C High resolution inductively coupled plasma mass 

spectrometry for the trace determination of plutonium isotopes and isotope ratios in environmental 

samples. J. Anal. Atom. Spectrom. 1998, 13, 1321– 1326. 

 

18. Jimenez-Ramos, M. C.; Eriksson, M.; Garcia-Lopez, J.; Ranebo, Y.; Garcia-Tenorio, R.; Betti, 

M.; Holm, E. A comparison of two micro-beam X-ray emission techniques for actinide elemental 

distribution in microscopic particles originating from the hydrogen bombs involved in the 

Palomares (Spain) and Thule (Greenland) accidents. Spectrochim. Acta Part B: Atom. Spectro. 

2010, 65(9-10), 823-829. 

 

19. Ranebo, Y.; Eriksson, M.; Tamborini, G.; Niagolova, N.; Bildstein, O.;  Betti, M. The use of 

SIMS and SEM for the characterization of individual particles with a matrix originating from a 

nuclear weapon. microscopy and microanalysis. Microso. Microanal. 2007, 13(3), 179-190. 

 

20. Eriksson, M.; Ljunggren, K.; Hindorf, C. Plutonium hot particle separation techniques using 

Real-Time Digital Image Systems. Nucl. Instrum. Methods A, 2002, 488, 375–380. 

 

21. Shimizu, N.; Hart, S.R. Isotope fractionation in secondary ion mass spectrometry. J. Appl. 

Phys., 1982, 53(3), 1303-1311. 

 

22. Bellucci, J. J.; Snape, J. F.; Whitehouse, M. J.; Nemchin, A. A. Direct Pb Isotopic Analysis of 

a Nuclear Fallout Debris Particle from the Trinity Nuclear Test. Anal. Chem. 2017 89(3), 1887-

1891. 

 

23. Bellucci, J. J.; Simonetti, A.; Wallace, C.; Koeman, E. C.; Burns, P. C. Lead isotopic 

composition of trinitite melt glass: evidence for the presence of Canadian industrial lead in the first 

atomic weapon test. Anal. Chem. 2013, 85, 7588−7593. 

 

 
 

 



 13 

 

 
 

 

 

Figure 1. Scanning electron image of the mixed Pu-U Thule environmentally recovered hot  

particle embedded in In. Inset is a closeup of the particle’s surface, dominated by minerals 

with a platy morphology. 
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Figure 2. EDS maps of the mixed Pu-U Thule environmentally recovered hot particle 

embedded in In, which is has an interference in the EDS energy peaks with U and Pu outside 

of the particle. The brightness of EDS maps are relative in scale. 
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Figure 3. Scanning ion images of 235U, 236U, 238U, 239Pu, and 240Pu for a Thule mixed U-Pu 

environmentally recovered hot particle. 

 

 
 

Figure 4. Scanning ion image isotope ratio map of 235U/238U and 240Pu/239Pu for a Thule mixed 

U-Pu environmentally recovered hot particle. The blue outline was obtained using the 

intensity maps for 238U presented in Figure 3.  
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Figure 5. ROIs used for the assessment of the Pu and U isotopic composition of the bulk 

particle and the U of unknown origin.  

 

 

 
Figure 6. Determination of critical ratios 235U/238U, 236U/238U, and 240Pu/239Pu in the low 

enriched U portion of the particle (ROI2, Figure 5) and the bulk portion of the particle 
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(ROI1, Figure 5). The grey field represent previously determined values for several Thule 

particles by traditional SIMS19. Dotted line represents what a mixture between the two end-

members, which is the predicted composition if the particle was measured by a bulk or 

larger-beam method.  

 

 

 
 

  

Table 1. U iand Pu sotopic ratios determined by ROIs in Figure 5. 
235

U/
238
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240
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239
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ROI-1 1.12 0.04 0.006 0.002 1.99 0.07 0.054 0.004

ROI-2 0.11 0.04 0.001 0.002 0.11 0.04 0.05 0.04
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