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Abstract 21 

 22 

Post detonation nuclear forensic materials which resemble the size, color, elemental 23 
composition, and radionuclide content of real nuclear debris would be valuable for 24 
developing and validating new nuclear forensic techniques.  As nuclear fallout types vary 25 
significantly, the ability to tailor each of these parameters accurately is desired to produce 26 
materials capable of testing analytical methods under a wide array of forensic scenarios. 27 
Sol-gel synthesis techniques can provide tunability of size, shape and composition for 28 
producing a wide variety of solid nuclear forensics benchmarking materials.  The sol-gel 29 
process consists of forming a metal oxide material, often silica, through polymerization of 30 
a metal-alkoxy precursor.  In this work, we characterize the ability to load sol-gel particles 31 
with secondary elemental components such as iron, aluminum, and calcium toward 32 
producing benchmarking materials approximating the elemental composition of historic 33 
nuclear debris from the Nevada National Security Site.  We also demonstrate quantitative 34 
radionuclide encapsulation toward producing benchmarking materials with controllable 35 
radionuclide content.  Finally, we employ these techniques to produce nuclear debris 36 
benchmarking materials with controllable elemental matrix composition and radionuclide 37 
content and compare these samples with the composition of a historic fallout sample 38 
previously reported from the Nevada National Security Site.  39 
 40 
Keywords: Surrogate nuclear explosive debris, sol-gel, metal loading, nuclear forensics 41 

 42 
1. Introduction 43 
 44 
Post-detonation nuclear forensic analysis is a key capability for elucidating the 45 

origin of a nuclear device, the likelihood of additional devices or threats, and so forth.[1-46 
5] Each of these pieces of information are crucial to decision makers as they determine the 47 
national response to a nuclear attack.  48 

A large number of post-detonation nuclear forensic techniques are currently under 49 
development worldwide; such approaches include nuclear fallout collections, in-field 50 



Journal of Radioanalytical and Nuclear Chemistry 

 3 

analyses and screening techniques, and rigorous analytical laboratory analyses.[5-7] In 51 
order to evaluate and optimize new and emerging techniques, nuclear explosive debris that 52 
contains realistic particle sizes, colors, elemental compositions, and radiological signatures 53 
is needed. As debris from historic nuclear testing no longer contains the radiological 54 
activity consistent with a recent detonation, capabilities to synthesize realistic surrogate 55 
nuclear explosive debris (SNED) are required.  56 

The complex chemical and physical processes associated with nuclear debris 57 
formation make producing SNED a significant challenge. Upon detonation, a nuclear 58 
device vaporizes all materials in the immediate surrounding environment. Within 59 
milliseconds to seconds the fireball cools to temperatures below the melting point of most 60 
of the elemental constituents in the mixture. During this cooling process, different chemical 61 
species condense from the vapor phase as a function of their melting points. Differences in 62 
elemental and molecular condensation as a function of time results in a heterogeneous 63 
distribution of elements in a phenomena known as chemical fractionation[8-13]. During 64 
this complex heating and cooling process, a variety of different physical forms of nuclear 65 
debris are produced. Larger forms of nuclear debris (often called “fused earth” or 66 
“splatter”) are produced in the immediate vicinity of near-ground-level detonations. The 67 
size of these materials tends to be on the order of centimeters and larger, with a variety of 68 
amorphous physical shapes. On the other hand, particles that condense in the air (often 69 
called “aerodynamic fallout”) tend to be spherical in shape. These particles may range from 70 
millimeters to nanometers in size, and thus may be transported many kilometers from the 71 
detonation location (with smaller particles generally transported to farther distances).  72 

Historic nuclear detonations in a variety of different environments including the 73 
southern United States[14-16], Australia[17], Japan[18] and Russia[19] demonstrate that 74 
the bulk composition of nuclear debris of near-ground-level detonations is primarily driven 75 
by the composition of the surrounding environment, with silica, calcium, and iron being 76 
some of the most common elemental components of land-generated nuclear debris. On the 77 
other hand, heterogeneity within individual debris particles is commonly observed from all 78 
nuclear tests[14-19], with elemental incorporation driven by their differing chemistries and 79 
inclusion of different initial materials into the final debris[12,14,20,21]. Nevertheless, as 80 
the surrounding environment can vary substantially from different environments around 81 
the globe, the bulk composition of nuclear debris can be drastically different between 82 
different events. The extreme differences in nuclear debris composition requires the 83 
capability to tailor synthetic SNED to a wide variety of elemental compositions and 84 
radionuclide contents with a high degree of reproducibility.  85 

Sol-gel synthesis techniques for SNED synthesis have previously been explored 86 
and have demonstrated the ability to encapsulate radionuclides for use in post-detonation 87 
nuclear forensics applications.  Specifically, radionuclides such as 82Br from activated KBr 88 
were incorporated as into sol-gel glass as a surrogate for 137CsCl.[22]  Fission products 89 
have also been incorporated into sol-gel glasses through preliminary doping of the glass 90 
with HEU followed by neutron irradiation[23], as well as by solidification of previously 91 
prepared fission product solutions[24].   92 

In this study, the elemental loading capacity of sol-gel particles was investigated to 93 
characterize the ability to use the sol-gel method to produce SNED with a wide variety of 94 
elemental compositions. The loading capacity for stable sodium, calcium, iron, and 95 
aluminum nitrates were chosen for investigation in this work as these elements are likely 96 
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to comprise nuclear debris from a variety of environments, including historic nuclear 97 
weapons testing debris collected from the Nevada National Security Site (NNSS).[15,25-98 
27] Systematic studies of single, binary, and quaternary component incorporation within 99 
sol-gels were performed in this work. Physical changes in the SNED particles as a function 100 
of stable element loading were monitored using optical microscopy and scanning electron 101 
microscopy (SEM). Energy dispersive X-ray spectroscopy (EDS) was also used to track 102 
the spatial distribution and stable element incorporation within particles as a function of 103 
the stable element concentration in the sol-gel precursor solution. Finally, we report the 104 
production of SNED that mirrors the elemental composition of the average composition in 105 
the Earth’s crust, as well as debris that contains the matrix composition and short-lived 106 
fission product content consistent with generic historic nuclear weapons test debris from 107 
the NNSS. 108 

2. Experimental 109 
 110 

2.1 Reagents 111 
Tetraethyl orthosilicate (TEOS), 98%, was purchased from ACROS Organics. 112 

Ethyl alcohol (200 proof HPLC grade), aluminum nitrate nonahydrate (98%, ACS reagent 113 
grade), iron (III) nitrate nonahydrate (98%, ACS reagent grade), calcium nitrate 114 
tetrahydrate (99%, ACS reagent grade), calcium chloride dihydrate (crystals, ACS grade), 115 
and sodium chloride (molecular biology grade) were purchased from Sigma Aldrich. Nitric 116 
acid (optima grade) and sodium nitrate (certified ACS crystal) were purchased from 117 
ThermoFisher Scientific. Iron (III) chloride hexahydrate (97-102%, ACS grade) was 118 
purchased from Alfa Aesar.  119 

 120 

2.2 Particle Synthesis 121 
Sol-gel particles were synthesized using an acid-catalyzed method. Briefly, 122 

separate aliquots of sodium, calcium, aluminum, and iron nitrate salts were dissolved in 3 123 
M nitric acid. Aliquots of metal-acid solutions were then combined with TEOS and ethanol 124 
in a 3.2:3:20 ratio of TEOS:ethanol:3 M HNO3, respectively. The amount of metal within 125 
each batch of particles was systematically varied from 2.5-80 mol % relative to the 126 
combined moles of Si from the TEOS and the added metal.  Multi-element doped particles 127 
were also produced from 5-75 mol %, representing the total added metal relative to the 128 
combined moles of Si and the metals, with each metal added in equal molar amounts.  After 129 
combining, each sample was agitated by hand for 2 minutes, following which 1-10 µL 130 
droplets were pipetted onto hydrophobic sheets and air dried for a minimum of 18 hours. 131 
Samples were then gently scraped from the sheets and subsequently analyzed.  132 

 133 

2.3 Sol-gel Thermal Treatment 134 
To investigate the impact of annealing upon the elemental composition at the 135 

micron scale within individual particles, a select number of samples containing stable 136 
elements were placed in a muffle furnace at 600°C for 2 hours, with the temperature 137 
ramped from ambient at a rate of 10°C/min. Following heat treatment, the oven was shut 138 
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off and the particles were allowed to gradually return to ambient temperature inside the 139 
oven over a 12-hour period prior to removal and subsequent analysis. 140 

 141 

2.4 Nonradioactive SNED Production 142 
 To demonstrate the capability to match a generic crustal metal abundance, a sol-gel 143 
solution was doped with appropriate amounts of aluminum, iron, calcium, and sodium 144 
nitrate to produce particles with a weight percent of each element that approximates the 145 
average composition of the Earth’s crust (which is similar to plagioclase and alkali 146 
feldspar).[28]  Following vitrification using the approach described in sections 2.2 and 2.3 147 
above, particles from this sample were analyzed for elemental composition via scanning 148 
electron microscopy with x-ray energy dispersive spectroscopy (SEM/EDS). Upon 149 
success, a second series of samples targeting reproducing the metal abundance reported for 150 
historic nuclear weapons debris from the NNSS[15]  were produced using this same 151 
approach.  152 

 153 

2.5 Nevada National Security Site SNED Production 154 
Realistic SNED must contain both the major stable element composition of the 155 

environment in which the detonation occurred and short-lived radioactive fission products 156 
present within a few hours of a recent fission event. To demonstrate the ability to meet 157 
these requirements, a sample containing both the major elemental composition reported for 158 
debris from historic nuclear weapons tests at the NNSS and short-lived fission products 159 
was synthesized. 160 

Fission products were produced via the photofission process. A 1-gram depleted 161 
uranium target was irradiated using 38 MeV end-point bremsstrahlung photons produced 162 
at the Idaho State University’s high-power S-band electron linear accelerator. Following 163 
irradiation and overnight cooling, the target was shipped to Idaho National Laboratory 164 
where the depleted uranium was dissolved and the uranium was removed using a UTEVA 165 
column separation. An aliquot of the fission product fraction, consisting of 1.16x1013 total 166 
fissions (based on 99Mo) was obtained and added to an acid solution containing Al, Fe, Ca, 167 
and Na at concentrations consistent with those reported for historic NNSS debris [10]. 168 
Solid particles were then synthesized according to the procedure reported in sections 2.2 169 
and 2.3 above. Following synthesis, particles were analyzed via SEM/EDS and gamma 170 
spectrometry. 171 

 172 

2.6 Microscopy 173 
Following vitrification, particles were transferred to carbon SEM tape adhered to 174 

SEM stub mounts. SEM stub mounts were then transferred into a JEOL JCM-7000 175 
Benchtop SEM for SEM and EDS analyses. EDS analysis was done with the following 176 
SEM settings; signal: BED-S, landing voltage: 15 kV, probe current mode: high-pc, 177 
vacuum mode: high vac. For EDS maps, the EDS was set to auto-detect. For point analysis, 178 
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the standardless quantitative method was used, where a ZAF (atomic number, absorption, 179 
fluorescence) correction is applied using a standard spectrum pre-registered in the JEOL 180 
analysis software.  All analyses were performed without a standard with the result type set 181 
to metal. EDS quantitation is expressed in atom % relative to all detected atoms.  This is in 182 
contrast to the loading mol % which is expressed relative to the moles of Si and added 183 
metal in the original precursor solution. 184 

For particle size measurements, particles from each sample were placed in a 185 
polystyrene petri dish (Fisher Scientific) and analyzed using a ZEISS SteREO Discovery 186 
V12 optical microscope. Microscope calibrations were performed using a 0.1 mm 187 
resolution microscope calibration slide (Fisher Scientific).  188 

 189 

2.6 Gamma Spectrometry 190 
For radioactive SNED samples, the fission products were quantified using an Ortec 191 

IDM-200-V High Purity Germanium gamma spectrometer (HPGe). Detector efficiency 192 
curves were constructed through the use of calibration sources (137Cs, 60Co, and 152Eu) at 193 
10, 20, and 50 cm.  Simulations were then performed to extrapolate the detector efficiency 194 
curves to the specific source geometry and measurement distance used.  Samples were 195 
placed at 200 cm from the face of the detector and measured for 14 h. 196 

 197 

3. Results and Discussion 198 

 199 

3.1 Particle Size 200 
The ability to tailor the particle size of SNED is important to mimic the fallout size 201 

variation found at various distances from ground zero. 202 
Figure SI-1 shows the particle size of blank sol-gel particles as a function of the 203 

volume of the sol-gel precursor droplet. Blank sol-gel particles have a high degree of size 204 
tunability with the particles’ size being linearly dependent on the volume of the sol-gel 205 
precursor droplet deposited (and thus the number of moles of TEOS per droplet).  206 

The addition of stable element dopant to the sol-gel, shown in Figure 1, results in 207 
several interesting trends. The first region of interest is the region from 0-20 mol %, where 208 
the trends for Na and Ca glasses result in shallowly sloped lines (Ca) or curves (Na) as 209 
opposed to the steeper sloped linear trends observed for higher valent Fe and Al. At these 210 
concentrations several phenomena are likely occurring. 211 
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212 

 213 
 214 
As the tetraethyl orthosilicate transitions from solution to sol-gel to glass, the 215 

addition of metal ions likely impacts the resulting silicate condensation and hydrolysis 216 
reactions, resulting in changes to the internal cross linking and thus the density of the final 217 
glass produced. These alterations are almost certainly dependent on several factors 218 
including the ionic charge and the size of the metal ion. Observations to this effect have 219 
been made in the literature previously, including inhibition of densification of sol-gels as 220 
a function of the multivalency of the dopant cations, [29] and an increase in the specific 221 
surface area of loaded versus blank sol-gels via nitrogen adsorption analysis.[30,31] As the 222 
specific mechanisms and structural changes resulting from metal additions to sol-gels has 223 
not yet been rigorously characterized in the literature, such a study in the future is likely 224 
warranted. The second region of interest is the range beyond 20 mol % metal ion 225 
concentrations. At these concentrations a linear increase in size is observed as a function 226 
of the metal concentration for all metal cations. As is shown in the following sections, this 227 
linearity is likely due primarily to the increasing mass of metal ion added and not a complex 228 
structural phenomenon. In other words, at concentrations above 20 mol % the total mass 229 
of metal ion exceeds the quantity able to be incorporated within the silicate structure. At 230 
higher metal concentration (50-80 mol %) the structural integrity of the particles also 231 
became increasingly compromised; for example, at 80 mol %, Al and Fe particles did not 232 
dry into hemispherical particles, rather they dried into shattered pieces (Figure 2), while 233 
Na and Ca particles were likewise extremely brittle.  234 

 235 

3.2 Optical Microscopy 236 
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Figure 1. The diameter of the flat, smooth side of the particles as a function of 
metal mol %. Error bars represent a standard deviation in particles measured 
(6 ≤ n ≥ 22). 
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Optical microscopy showed that the blank sol-gel particles were hemispherical and 237 
translucent (Figure S2). These observations are consistent with expectations for acid 238 
catalyzed sol-gel glasses due to the predominance of condensation reactions over 239 
hydrolysis reactions for acid catalyzed glasses, as opposed to the more optically opaque 240 
structures produced via base catalyzed glasses where hydrolysis reactions are 241 
preferred.[32]  242 

Figure 2 shows optical microscope pictures of sol-gel particles as a function of 243 
stable element loading. All sol-gel particles maintained their translucent nature at metal 244 
loading concentrations below 20 mol %. Between 20 and 40 mol %, a noticeable increase 245 
in opacity is observed. Sodium, calcium, and aluminum loaded particles gradually became 246 
whiter, consistent with the color of their respective nitrate salts or potentially their solid 247 
oxide form. With Fe, the color was noticeable at 10 mol % concentrations, gradually 248 
transitioning from a light yellow to a dark orange (Figure 2). The Fe coloration points to 249 
the likely formation of Fe(III) oxide following the room temperature decomposition of the 250 
nitric acid.   251 

The increased opacity seems to stem from loaded salt or oxide precipitate 252 
depositing on the exterior and interior pore surfaces of the particles (as demonstrated with 253 
later SEM/EDS  254 

 255 

 256 
Figure 2. Optical microscopy image of synthesized sol-gel SNED as a function of metal 257 
loading. 258 

 259 

 260 
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 261 

Figure 3. Five mol % Na doped sol-gel particle. (Top left) SEM image.  (Top right) EDS 262 
map of Na and Si distribution in sol-gel particle.  (Bottom left and right) EDS map of Na 263 
distribution.  (Bottom right) EDS map of Si distribution. 264 

 265 
analyses), with the precipitate quantity increasing with the mole percent of the metal. This 266 
implies that a limit to the incorporation of the stable metal salts in the interior of the 267 
particles (when synthesized under the conditions of this experiment) is reached at roughly 268 
20 mol % of the metal, with any further increases in metal salt in the initial sol-gel solution 269 
simply resulting in precipitate formation on the particle surface. Multi-element loaded 270 
particles showed a similar trend in color and opacity to their single-element loaded 271 
counterparts, with particles remaining translucent until surpassing a total loading level of 272 
20 mol %, after which precipitate features were seen forming on the surface (Figures S3 & 273 
S4). Not surprisingly, the color of the particles seemed to be dominated by the reddish Fe 274 
component when present as opposed to the lighter colored Na, Ca and Al salts. 275 

 276 

3.3 SEM and EDS Analysis of Blank and Single Metal Sol-Gel Samples 277 
SEM analysis of blank glasses showed a smooth surface at the micron scale. EDS 278 

analyses of the surfaces of these blank glasses detected only Si and O which were 279 
homogenously distributed throughout the blank particles (Figure S2).  EDS did not detect 280 
nitrogen from nitric acid, likely due to the appreciable decomposition and/or evaporation 281 
rate of nitric acid.[33]  282 

SEM-EDS analyses also shed insights into the surface topography and elemental 283 
distribution of the loaded sol-gel particles.  Similar trends were observed between all stable 284 
elements in this work. To simplify the discussion, sodium nitrate doped particles are 285 
described in detail in this section, with the data for other elements provided in the 286 
Supporting Information Section (see Figures S5, S6 and Table S1).  As shown in Figure 3, 287 
particles with low amounts of stable metal added (< ~20%) were predominantly smooth, 288 
with the loaded element being homogenously distributed across the particle and co-located 289 
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with the Si from the silica sol-gel. As the loading level increased, rough features were 290 
observed forming on each particle’s surface (Figure S5).  291 

Elemental analysis of the surface features produced at stable element loading 292 
concentrations above 15-20% showed high concentrations of the metal with little Si present 293 
(Figure 4). The abrupt decrease in detected Si on the surface of particles at 15-20 mol %, 294 
correlated with an increase in Na, is a clear indication of a change in the chemical 295 
composition of surface versus interior at this concentration. Figure 4 also shows an SEM 296 
backscatter image, and EDS map of a representative sol-gel particle fragment loaded at 40 297 
mol % with Na(NO3). The SEM image shows a topologically rough shell surrounding a 298 
smoother interior core. The EDS map shows that the rough shell is predominately 299 
comprised of Na and N, indicating that it is likely a Na(NO3) precipitate, while the smooth 300 
interior core is predominately Si with fairly evenly distributed Na and N as minor 301 
components.  302 

 303 

 304 
 305 

EDS analysis results of the fractured NaNO3 doped sol-gel particle’s surface and interior 306 
(Figure 4), are summarized in Table 1 (note that EDS quantitation is expressed in atom % 307 
relative to all detected atoms while loading mol % Na is relative to mols Si  and added 308 
metal in the original solution).  The amount of Na found in the Si interior for a 40 mol % 309 
loaded particle was measured to be approximately 4 atom %. This is roughly equivalent to 310 
the quantity measured for a particle loaded to the 15 mol % Na level (see Figure 4). This 311 
further lends credence to the hypothesis that the sol-gel silica reaches an Na incorporation 312 
limit at approximately the 15 mol % level and any further increase in loading level results 313 
in precipitate formation on the surface of the particle.  314 

 315 

Figure 2.  (Left) EDS measured atom % Na and Si on the surface of particles as a 
function of mol % doped Na.  (Right) SEM and EDS analysis of 40% Na doped particle, 
showing the smooth silica interior with an exterior shell enriched in Na(NO3). 
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Table 1. Point analysis of 40 and 15 mol % Na loaded particles with EDS. Points were 316 
analyzed on the smooth interior or on the surface features for the 40 mol % particles and 317 
as an averaged over the entirety of the particle for the 15 mol %.  (Detected C, O and N not 318 
shown). 319 

Location Si (atom %) Na (atom %) 
40 mol % Na (particle Interior)  16 ± 4.6 4.0 ± 1.7 
40 mol % Na (surface feature) 0.0 ± 0.0 14.0 ± 3.2 

15 mol % Na (whole particle aggregate) 17.81 ± 0.04 4.42 ± 0.03 
 320 

3.3 SEM and EDS Analysis of Multi-Element Sol-Gel Samples 321 
As with the single element loaded particles, multi-element loaded particles showed 322 

a continuous distribution of metals and Si across the particle for metal loading levels below 323 
20 % (Figure S7). Additionally, EDS mapping showed that at higher loading levels, surface 324 
precipitate features were enriched in the loaded elements. However, surface features were 325 
found to be concentrated in a single loaded component rather than multiple loaded elements 326 
simultaneously (Figure 5). As the dopant levels increase, precipitate features dominated 327 
the surface and the metals remained largely phase segregated with little to no Si present. 328 
Where the interior core of the particle was exposed (and thus the surface of particles were 329 
easily interrogatable by EDS), Si was the dominant composition with much lower metal 330 
levels relative to the surface shell. 331 

 332 

 333 
Figure 3. Zoomed in EDS analysis of surface features on a Na + Ca sol-gel particle. 20 334 

total mol %. 335 
 336 

 337 
A quaternary loaded sol-gel was also produced where Na, Ca, Fe, and Al nitrate 338 

salts were all added to the sol-gel particles together. The behavior of these were similar to 339 
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that of the singly and doubly loaded particles, where at high loading levels rough features 340 
enriched in the loaded elements covered a smooth Si rich interior. (Figure 6). As in the 341 
binary mixture, EDS analysis showed phase segregation occurring in the elemental 342 
distribution of surface precipitates. Ca and Fe seemed to have lower propensities to form 343 
highly enriched surface features when compared to Na and Al. This is evident from the 344 
intensity scale in Figure 6 showing highly enriched surface features for Na and Al relative 345 
to the concentration co-located with the Si background, while the surface features for Ca 346 
and Fe are much lower in concentration relative to its Si core concentration. The relative 347 
distributions of each dopant do not seem to trend with any discernable physical property 348 
such as ionic radius, ionic valency, charge density, or water solubility, though additional 349 
analyses are likely needed to definitively evaluate these correlations statistically.  Similar 350 
difficulty in discerning the mechanism of the association of stable-elements with the silica 351 
matrix has been found in the literature [31,30] and this is recommended to be the subject 352 
of future investigations. 353 

 354 

 355 

Figure 6. Right: EDS analysis of 40% doped particle (10% for Na, Ca, Fe, and Al each). 356 

 357 
3.4 Thermal Treatment  358 

Thermal treatment of sol-gel is standard practice to drive off excess water and to 359 
strengthen the gel by promoting cross-linking and conversion of remaining silanol groups 360 
to siloxane bonds. A rigorous investigation of the effects of thermal treatment on the 361 
distribution of loaded elements within sol-gel particles is the subject of future publication, 362 
however here the effect of a standard sol-gel thermal treatment for particles of this nature 363 
(600 ℃ for 2 hr) was explored briefly.   364 
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 365 

 366 

Figure 7. EDS analysis of a particle doped with 60% Al before (left) and after (right) 367 
annealing. 368 

 369 
Thermal treatment of particles with low metal loading content had very little effect 370 

on their appearance observable by SEM or metal distribution by EDS analysis. However, 371 
at higher loading levels, where an enriched surface shell was present, thermal treatment 372 
resulted in the disappearance of most of these features (Figure 7). It is unlikely that metal 373 
was lost from the particles as the temperature used to treat the particles was well below the 374 
melting points for each element. Rather, the data supports the hypothesis that during heat 375 
treatment of the particles at higher temperatures the glass softens sufficiently to enable re-376 
ordering of the silicate structure and reincorporation of the metals within the structure. In 377 
other words, it appears that it may be feasible to incorporate metal concentrations higher 378 
than 15-20 mol % if a thermal treatment is performed. Additional, focused investigations 379 
on the structural changes that occur with annealing are needed to verify this hypothesis and 380 
have been included in future funding proposals.  Nitrogen was found to be completely 381 
removed in all thermally treated particles, likely to the decomposition of nitrate and its loss 382 
as NO2.   383 
3.5 Nevada Test Site Matrix Sol-gel Surrogate Nuclear Debris 384 

The ultimate application for this work was to produce sol-gel based SNED with 385 
stable elemental loading levels simulating that of actual nuclear fallout from specific 386 
environments.   With that goal in mind, Table 2 shows the elemental composition of a glass 387 
containing the stable elemental composition reported for average earth crustal abundance. 388 
Specifically, this composition was similar to plagioclase feldspar, the major components 389 
of the earth’s crust.[28]  In general, good agreement between the targeted elemental 390 
composition and the composition in the crustal abundance glass sample is observed. 391 
Importantly, the approximate total mol % of dopant for this sample is 18% which is 392 
approximately the point where we have found surface precipitates begin to form. 393 
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  Table 2.  Results of sol-gel doped with constituents resembling the composition of 394 
earth’s crust. 395 

Element Target      Wt. % Wt. % Mol % to SiO2 
Al 6.69 6.6 ± 0.1 8.93 
Fe 4.47 4.0 ± 0.1 4.94 
Ca 2.82 2.0 ± 0.1 2.71 
Na 5.24 5.0 ± 0.1 10.03 

 396 
After thermal treatment, particles from the crustal abundance sample took on a 397 

reddish-brown color, suggesting the transition of the iron nitrate to iron oxide (Figure S8).  398 
Furthermore, no nitrogen was detected via EDS indicating the conversion of all or most of 399 
the nitrate dopants to their oxide forms.   At first glance, the SEM and EDS analysis show 400 
a mostly smooth particle with dopants distributed across the entirety of the particle (Figure 401 
8). 402 

 403 
 404 

Figure 8. SEM and EDS of soil matrix sol-gel particles. 405 
 406 

However, upon closer inspection, there is a small amount of heterogeneity in the 407 
distribution of each element with what appears to be surface precipitate shells that are 408 
enriched in certain dopants over a smooth shell containing Si. Aluminum has a 409 
heterogenous distribution, appearing with a higher concentration in the precipitate shell, 410 
than co-located with the Si. Calcium appears to mirror the behavior of Al, but with a less 411 
pronounced difference in concentration between the Si core and shell as with Al.   Fe, on 412 
the other hand, skews toward higher relative concentrations, co-localized with the silica 413 
core regions.  The behavior of Al and Fe relative to Si are consistent with the previous 414 
multi-element doped particles, but Ca’s behavior differs as Figure 8 shows Ca co-located 415 
with Fe and Si.  416 

The observation of heterogeneous distribution of metals within sol-gel samples is 417 
consistent with observations made on real aerodynamic nuclear debris particles.[15,26] For 418 
example, Weisz et al. analyzed agglomerated fallout glasses from a uranium-fueled, near 419 
surface nuclear test and found the interior of the particles to vary in terms of chemical 420 
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homogeneity; some being relatively homogenous, and other distinctly heterogenous with 421 
concentrated regions of metal, and even nearly pure pockets of SiO2. Additionally, they 422 
found that Fe, Ca, Mg, Mn, and 235U were consistently enriched in the interface layer 423 
between particles relative to the particles’ interiors, while Ti and Al were consistently 424 
depleted. On the other hand, the behavior of Na and K differed between particles, being 425 
enriched in the interface in 5 and 3 of the 9 particles studied, respectively. While the 426 
behavior of specific elements may be challenging to match between SNED and real debris, 427 
the data in this work indicates that SNED synthesized via the sol-gel method can be tailored 428 
to show either a high degree of metal homogeneity or heterogeneity throughout the particle, 429 
which may be beneficial in simulating the microstructural composition observed in 430 
aerodynamic nuclear debris.  431 

Finally, SNED was produced from a quaternary loaded silica sol-gel which 432 
incorporated major elemental matrix components from documented NNSS nuclear debris.  433 
The targeted and measured weight % of each element along with a comparison to NNSS 434 
elemental compositions are shown in Table 3. 435 

 436 

Table 3.  Target and measured wt% of NNSS like radiological sol-gel surrogate nuclear 437 
debris. 438 

Element Target  NNSS    
Wt. % 

Measured Wt. % 

Al 7.28 9.0 ± 0.2 
Fe 2.06 2.0 ± 0.2 
Ca 1.34 1.4 ± 0.1 
Mg 0.328 0.33 ± 0.04 

 439 
The measured composition of the NNSS matrix debris correlated closely with the 440 

targeted documented composition of existing NNSS debris.[15,26,25]  All metal 441 
components were measured to be within 4% of the target value with aluminum as the 442 
outlier yet still only being a factor 1.2x high.  The spatial distribution of the loaded elements 443 
agreed with our previous observations of the quaternary loaded and soil matrix particles 444 
(Figure S9).  445 
These particles were additionally doped with fission product radionuclides with a target 446 
level of approximately 1.16 x 1013 fissions per gram.  The radionuclide content of the 447 
dopant solution and particles was analyzed via gamma spectrometry and the gamma 448 
spectrum is shown in Figure 9 (See Table S2 for radionuclides). 449 
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 450 

   451 
Figure 9. Gamma Spectrum showing fallout relevant fission product incorporation into 452 

sol-gel SNED. 453 

 454 

Gamma spectroscopy analysis confirmed the quantitative encapsulation of the fission 455 
products resulting in an encapsulation of 1.16 ± 0.04 x 1013 fissions per gram of sol-gel and 456 
a measured contact dose rate of approximately 350 mrem/h/g.  This radionuclide content 457 
and dose rate approaches what is expected from actual aerodynamic fallout collected 458 
following a detonation and to our knowledge is the first sol-gel production of aerodynamic 459 
surrogate nuclear debris with realistic radionuclide content, dose rate and elemental matrix 460 
composition. 461 

 462 

4. Conclusion 463 
 464 
The loading capacity of silica sol-gel particles loaded with the nitrate salts of Al, 465 

Fe, Na and Ca was investigated via SEM and EDS analysis. At concentrations below 20 466 
mol % metal ions are found to be homogeneously distributed throughout particles. Upon 467 
higher loading levels surface precipitation of the metals is observed, with thermal treatment 468 
found able to drive metals back into the matrix and increase loading concentrations above 469 
20 mol %. Binary- and quaternary metal study results agreed with those of single elements, 470 
in that quantitative inclusion of the elements within particles at concentrations < 20 mol % 471 
total metal loading is observed, with the ability to drive the metals toward either 472 
homogeneous or heterogeneous inclusion within particles based upon the specific 473 
chemical/thermal process employed during synthesis. As heterogeneous distribution of 474 
elements is routinely observed in real debris, these observations suggest sol-gel synthesized 475 
SNED may potentially be employed and tuned to simulate both the bulk and micro 476 
composition of nuclear debris for certain conditions and scenarios.  477 

Finally, the ability to produce realistic SNED samples was demonstrated via 478 
production of a sample containing the major elemental composition reported for historic 479 
nuclear debris from a near surface nuclear test at the NNSS. In addition to replicating the 480 
major elemental composition of this test, the SNED sample produced in this work 481 



Journal of Radioanalytical and Nuclear Chemistry 

 17 

contained a total of 1.16 x 1013 total fissions, with the fission product composition 482 
consistent with unfractionated photofission product distribution at 48 hours following the 483 
original fission event. To our knowledge this represents the first study to simulate the 484 
fission product content, dose rate, and elemental matrix composition simultaneously for 485 
real debris collected shortly after a nuclear event.  486 

 487 
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 603 
Figure S1. Diameter of non-doped sol-gel particles as a function of droplet volume. 604 
Uncertainty is expressed as 1𝜎𝜎. 605 

 606 
Figure S2. Top left: Microscope image of translucent, non-doped sol-gel particles. Top 607 
right: SEM images of non-doped sol-gel particles showing the smooth surface of the top 608 
(left particle) and the bottom (right two particles). Bottom: EDS of a non-doped sol-gel 609 
particle. 610 
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 611 
Figure S3. Microscope images of sol-gel particles loaded with Na and Ca nitrates as a 612 
function of total metal mol %, with each metal representing an equal portion of the total. 613 

 614 
Figure S4. Microscope images showing sol gel particles doped with Na, Ca, Fe, and Al as 615 
a function of total metal mol %, with each metal representing an equal portion of the 616 
total.  617 

618 
Figure S5. Matrix of metal nitrate loaded sol-gel particle SEM photos as a function of 619 
metal mol %. 620 
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 621 
Figure S6. SEM images of the 20 mol % Al particles that the EDS point analysis reported 622 
in Table S1 was done.  623 

 624 

Table S1. EDS point analysis of the 20 mol % Al particles shown in Figure S6. 625 
Uncertainty is reported as one standard deviation.  626 
Location Si (atom 

%) 
O (atom 
%) 

Al (atom 
%) 

N (atom 
%) 

Smooth surface or interior (n=19) 17.0 ± 3.7 67.6 ± 7.8 4.0 ± 0.7 0.0 ± 0.0 
Surface feature (n=19) 0.1 ± 0.2 69.3 ± 5.7 7.5 ± 3.1 13.5 ± 3.4 

 627 
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 628 
Figure S7. EDS analysis of sol-gel particle doped with Na, Al, Ca, and Fe (20 metal mol 629 
% in total).  630 

 631 

 632 
Figure S8. Color change of crustal abundance sample after air drying for 24 hours and 633 
then baking for 1 hour at 500ºC.   634 
 635 

 636 

 637 

 638 
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 639 

 640 

Table S2.  Quantitative results of gamma spectral analysis of NNSS SNED 641 

Isotope Activity at 
EOI (Bq) 

Unc 
(1σ) 

Estimated 
Activity at 
Shipment 

(Bq) 

Unc 
(1σ) 

Number of 
Effective 

Fissions at 
EOI 

Unc 
(1σ) 

Tc99m 2.62E+06 1.29E+05 1.28E+06 6.32E+04 1.47E+13 7.53E+11 

U237 < MDA  < MDA    

Te132 
(Np239) 1.66E+06 7.34E+04 8.97E+05 3.97E+04 1.54E+13 7.20E+11 

Np239 3.04E+05 7.68E+03 1.32E+05 3.33E+03   

Ce143 3.11E+06 6.94E+04 7.47E+05 1.67E+04 8.96E+12 2.36E+11 

Nd147 
(Rh105) 6.93E+06 1.48E+05 5.79E+06 1.24E+05 4.22E+14 1.08E+13 

Ru103 9.50E+04 2.34E+03 9.04E+04 2.22E+03 1.53E+13 4.34E+11 

Nd147 
(I133) 1.57E+05 1.32E+04 1.63E+04 1.37E+03 2.53E+11 2.16E+10 

Ba140 3.99E+05 8.99E+03 3.42E+05 7.71E+03 1.02E+13 2.52E+11 

Mo99 2.10E+06 5.66E+04 1.03E+06 2.77E+04 1.18E+13 3.58E+11 

Zr97 5.52E+06 1.11E+05 3.31E+05 6.67E+03 8.03E+12 2.28E+11 

Sr91 7.71E+06 3.45E+05 5.77E+04 2.33E+03 6.62E+12 3.05E+11 

Zr95 6.66E+04 1.47E+03 6.46E+04 1.42E+03 8.18E+12 2.14E+11 

I132 1.41E+06 3.72E+04 7.66E+05 2.01E+04 1.31E+13 8.39E+12 
 642 
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 643 
Figure S9.  SEM/EDS images of NNSS SNED. 644 


