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Characterizing Major and Trace Element Compositions in Fallout

Melt Glass from a Near-Surface Nuclear Test

Abstract

The chemical and isotopic compositions of fallout melt glasses from nuclear tests contain a range of
information constraining the physical conditions within the fireball and the mechanisms of fallout
formation but historic studies tended to exclude the behavior of stable major and trace elements. Here, we
present a large study specifically focused on major and trace element relationships within a population of
macroscale fallout samples from a single event. We interpret these data to better constrain how fallout
melt glass formation in near surface environments is influenced by that environment and demonstrate how
major and trace element abundances can provide useful insights into chemical processes within the
fireball.

Data confirm the uranium in the fallout glass population derives from two isotopically distinct
endmembers: isotopically enriched uranium (presumably from the weapon), and natural composition
uranium that may be a combination of anthropogenic and environmental materials from within the blast
zone. The similarity between major and trace element concentrations in fallout and corresponding local
soils from the event site confirm the local soils as the most probable source of entrained material into the
fireball and the source of carrier material into which the bomb vapor was incorporated. The lack of
correlation between major and trace element abundances with size indicates that volatility driven
processes, such as condensation from the fireball, do not control the composition of macroscale fallout

melt glass.

Although the fallout has major and trace element chemical characteristics broadly similar to those of the
local, associated soils, some systematic differences are observed between the two populations. Fallout
melt glass is depleted in volatile elements such as K, Na, Tl and Pb, consistent with heating to
temperatures above ~1000°C for 3-10 s. This is supported by the results of laser heating experiments
performed on rhyolitic soil at temperatures (1600-2200 °C) and timescales (1-120 s) that are broadly
relevant to fallout formation conditions. Relative enrichments of metals such as Cu and Co do not
correlate with the abundance of uranium, suggesting that fallout also records input of near field
anthropogenic materials. Our observations suggest that major chemical features can be related to

processing in the fireball and used to inform the thermal-chemical evolution of the system. Ultimately,
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these data are consistent with a fallout formation mechanism that involves rapid melting of surface
materials to form carrier material melts with minor incorporation of bomb vapor and a degree of
volumetric volatile loss due to heating.
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1. Introduction

Macroscale fallout melt glass is produced when a nuclear detonation entrains materials from a silicate-
rich environment. A form of radioactive debris and by-product of historical above-ground nuclear weapon
testing programs, fallout melt glass was first identified in the aftermath of the Trinity nuclear test of 1945.
Fallout from nuclear testing has been shown to contain fission products, activation products, residual
nuclear fuel, and can contain enrichments in elements derived from non-nuclear device components (e.g.,
Adams 1960, Heft 1970). Early chemical studies of fallout performed in the 1950’s and 60’s focused on
analyses of the relatively short lived radioactive fission products, their distribution within fallout particles
and how the behavior of these fission products is influenced by the type and size of a nuclear test (e.g.,,
Adams & O’Connor 1957, Adams 1960, Freiling 1961, Heft 1970). These studies showed that the relative
distributions of fission products within fallout can become fractionated from the overall fission product
population (e.g., Freiling 1961, Glasstone 1977) due to differences in volatility and half-life of the various
fission products and their precursors. However, historic studies tended to exclude the behavior of stable
major and trace elements. This exclusion ignores a wealth of information pertaining to the various source
components of macroscale fallout including the role of the near-field environment and its impact on the
physical and chemical evolution of the fireball and resultant fallout formation processes. Here, we provide
a large study specifically focused on major and trace element relationships within a population of

macroscale fallout samples from a single event.

Several recent studies have furthered understanding of the role of the near-field environment in fallout
formation and attending fireball conditions by analyzing the elemental and isotopic composition of
aerodynamic fallout melt glass collected from the near field of near-surface nuclear tests (Eppich et al.,
2014; Bellucci et al., 2014; Lewis et al., 2015; Weisz et al. 2017; Bonamici et al., 2017a, b; Weisz et al.,
2018; Wimpenny et al., 2019; 2020). Using major element data from fallout glass and soil from the near
field environment, most studies reach a common consensus that mm-scale fallout glasses from near
surface nuclear explosions are dominantly composed of entrained environmental material (Eppich et al.,
2014; Bellucci et al., 2014). This contrasts to fallout generated by historic tests in which the plume did
not interact with the surface (i.e., high airbursts). In the latter types of events, spheroidal fallout no larger
than ~20 pum in diameter (Freiling & Kay 1965) is dominantly comprised of oxides of Fe, Al, U and Pu,
indicating a high proportion of condensed bomb vapor (Freiling & Kay 1965; Crocker et al., 1965). In
fallout from near-surface blasts the volumetrically minor addition of device-derived materials can be
observed through actinide isotope analyses (e.g., Eppich et al., 2014; Lewis et al., 2015; Donohue et al.,
2015; Weisz et al., 2017; Bonamici et al., 2017b). For example, uranium isotope systematics in fallout

from a uranium-fueled test produce a clear two component mixing array between uranium with a natural
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isotopic composition (presumed to derive, at least in part, from local soils) and highly-enriched uranium,
characteristic of residual uranium fuel (Eppich et al., 2014; Lewis et al., 2015; Weisz et al., 2017). Trace
element analyses in Trinitite have also reported evidence of anthropogenic input from the device
peripherals. For example, Eby et al. (2015) describe melt droplets in red trinitite with high concentrations
of Cu, Pb and Fe, interpreted to derive from wiring, bricks and steel casing/tower material.

Although there exists convincing chemical evidence that mm-scale fallout melt glasses represent a
mixture of environmental and anthropogenic material entrained into the fireball and subsequently laced
with bomb-derived vapor, the physical mechanisms by which entrained materials interact with the
fireball, and how chemical relationships evolve as a result are more controversial. The similarity between
the major element composition of the near-field soil and fallout melt glass, together with identification of
relict mineral grains, has led some studies to favor an origin of melting and agglomeration (Eppich et al.,
2014; Lewis et al., 2015; Weisz et al., 2017; Fitzgerald et al., 2019). These studies suggest that mm-scale
fallout melt glass formed via the rapid melting of environmental materials in the fireball, incorporation of
residual uranium fuel, agglomeration of smaller melt droplets to form larger melt droplets, and rapid
quenching prior to deposition on the Earth’s surface. Although material from vapor condensation is
identified in surface layers and interior relict boundaries (Weisz et al., 2017), this condensate is a
volumetrically minor component of mm-scale fallout melt glass (Weisz et al., 2017; Fitzgerald et al.,
2019). Isotopic analyses of moderately volatile stable elements (MVEs) such as Zn and Ga are also
consistent with vapor condensation playing a relatively minor role in controlling the bulk chemistry of
macroscale fallout (Day et al., 2017; Wimpenny et al., 2019; 2020). Fallout melt glasses are both depleted
in MVEs and isotopically heavier than the local soil, opposite to what is expected from a vapor
condensate. Despite these observations, recent chemical and isotopic analyses of Trinitite suggest that the
most volumetrically important phase, a Ca-Mg-Fe glass, is formed by primary condensation from a vapor
(Bonamici et al., 2017a, 2017b). This hypothesis is postulated to explain the compositional variability of
this glass phase, together with its correspondence with higher regions of radioactivity. Indeed, Bonamici
and coauthors (2017a) suggest that the formation mechanism of the Ca-Mg-Fe glass is similar to that of
well-studied refractory inclusions in meteorites (calcium-aluminum inclusions or CAI’s), which are
primary condensates from the solar nebula. Although it has long been identified that vapor condensation
is an important process that operates in the fireball, resulting in the formation of particles <20 pm in
diameter (Stewart 1956; Freiling & Kay 1965; Heft 1970), it is not clear that pure condensates can grow
to mm-scales over relatively short residence times in the fireball (on the order of seconds, e.g. Cassata et
al., 2014).

The distinction between fallout forming dominantly as a melt product or vapor condensate is important to
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address. In a condensate model the link between the chemical composition of fallout and the near-field
environment material entrained into the fireball will become obscured, resulting in a fallout product that is
relatively insensitive to the environment of the nuclear event. Conversely, if incorporation of near-field
environment materials potentially affects the chemistry and physical properties of the fireball
environment, one can use these materials to better understand how changes to the near-field environment
might impact fallout formation and chemistry, and utilize this information to better predict, for example,
fallout characteristics and distributions in untested environments. While several recent studies have
reported major element concentrations in fallout (e.g., Fahey et al. 2010, Bellucci et al. 2014, Eppich et
al. 2014, Sharp et al. 2014, Lewis et al. 2015, Bonamici et al. 2016, Weisz et al. 2017), few have
examined trace element behaviors (Sharp et al. 2014, Bellucci et al. 2014), and none as a function of

fallout size.

Here, we present a new set of major and trace element data and associated uranium isotope data from a
population of 82 samples of aerodynamic fallout glass and six soil samples associated with the same
nuclear test studied by Eppich et al. (2014), Lewis et al. (2015), and Weisz et al. (2017). To inform our
interpretations of these data, particularly with respect to volatile loss, we also performed a series of lab-
based experiments to mimic the formation of fallout glass at temperatures between 1600-2200°C. We
utilize this new data set to address the following questions; i) the extent to which the chemistry of fallout
glass is representative of soils and other near-field materials, ii) whether thermal processing signatures
can be discerned in fallout samples, and iii) deduce the most likely mechanisms affecting resultant major
and trace element compositions of fallout. Ultimately, these data will have broader implications for our
understanding of how silicates react in extreme heating environments, including energetic events such as
melt glass formation (tektites) resulting from extra-terrestrial impacts, and can additionally be used to

understand the longer term availably and transport of radionuclides in the environment.

2. Samples and methods
2.1. Fallout samples

Samples containing a mixture of soil and fallout melt glass were collected from the top ~10 cm of the
surface near a historical near-surface nuclear event. The samples were separated on the basis of average
grain size using US standard mesh size sieves. Individual pieces of fallout glass were then isolated,
selected to represent variable size fractions from 0.3 to 6.3 mm in mean diameter. Examples of fallout

melt glass from the largest and smallest size fractions are presented in Fig. 1. Additional images can be
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seen in Eppich et al. (2014). These glassy samples were characterized with respect to sample mass, color,
vesiculation, and morphology. After sieving, individual pieces of melt glass were hand-picked from each
size fraction using an optical microscope. Photographs were collected of each fallout melt glass sample in
order to characterize morphology, physical dimensions, optical color, and to enable qualitative assessment
of vesicle features. A full compilation of fallout images is presented in Supplemental B1-B3.

Fallout size fractions examined for this study include six size separates, representing mesh sizes 6 through
50 (a range of 0.3 — 6.3 mm, see Table 1). In addition, we analyzed six separate aliquots of the local
rhyolitic soil. More details concerning the collection of these samples and their location relative to the
detonation site are provided in Eppich et al., (2014). The mineralogy of the soil mostly consists of K-

feldspar, quartz and plagioclase, with minor amounts of Fe-Ti-rich grains (Eppich et al., 2014).

Fallout melt glass samples were weighed using a Mettler XP2U ultra-microbalance at Lawrence
Livermore National Laboratory (LLNL) prior to destructive analysis. The largest dissolved samples were
~205 mg and the smallest samples were ~30-50 xg. After weighing, all samples were dissolved in clean
Teflon vials using a mixture of "ultra-trace" grade HF and HNOs acids (Seastar BASELINE) in an
approximately 3:1 ratio. Samples were heated overnight at 150°C, then dried down, and 1 mL
concentrated HCIO4 was added to each sample. Samples were then again dried down overnight at ~200°C
to dissolve and drive off residual fluoride from the samples. Finally, samples were dissolved in 3 M HCI.
Dissolved samples were inspected at this point to ensure that no residual solid fraction of the sample
remained after the addition of HCI. The dissolved samples in 3 M HCI solutions are hereafter referred to

as sample solutions.

2.2. Major and trace element analysis

Major and trace element analyses were performed for elements from lithium to uranium using the Thermo
Scientific Element XR HR and iCAP-Q, two inductively coupled plasma mass spectrometers at LLNL.
Full details of the iCAP-Q analytical procedures are given in Eppich et al. (2014). The Element XR is a
magnetic sector ICP-MS instrument capable of high precision analyses and detection limits that can be in
the sub-ppt level. The high resolving power (m/Am ~ 10000) allows for the avoidance of interferences on
certain elements (e.g., transition metals, K, Ca, Mg). To prepare samples for analysis by HR-ICP-MS,
aliquots of sample solutions were weighed, dried down in Teflon beakers, and diluted in 2% HNOs spiked
with an internal standard consisting of a 1 ppb mixture of ®Li, °In, *8’Re, and 2®°Bi. Signal intensities of

the internal standard isotopes were used to correct for instrumental sensitivity changes throughout each
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analytical run. Concentrations were calculated by fitting the raw intensities to a calibration curve prepared
on the day of each analytical run using a set of serial dilutions of concentration standards (Inorganic
Ventures). To determine measurement accuracy and reproducibility, the USGS rock standard RGM-1 was
dissolved and analyzed along with each sample batch. RGM-1 was chosen because of its similarity in
major element chemical composition to the soil and fallout glass samples. Results of 4 separate analyses
of RGM-1 are presented in Supplemental Al.

A subset of samples measured using the iCAP-Q were also analyzed using the Element XR to assess
whether systematic differences in the major and trace element data are present. In most cases, the data
from the two instruments falls within a 10% difference, within the reproducibility of measurements of the
RGM-1 rock standard.

2.3. Uranium isotopic analysis

Uranium isotope measurements were made using the same technique previously described in Eppich et al.
(2014). In brief, aliquots of sample solutions were spiked with a calibrated 233U spike, equilibrated, dried

down, and dissolved in 4 M HNO3. The sample was then loaded onto a column containing ~1.8 mL of U-

TEVA resin. Matrix elements were washed through, while U remained sorbed to the resin. Uranium was
eluted from the resin using 0.1 M HCI, and the eluate was dried down and dissolved in 9 M HCI. Samples
were then loaded onto a column containing ~1.8 mL of BioRad AG-1 X8 resin. Matrix elements were
washed through, and U was eluted using 0.1 M HCI. The eluate containing U was dried down and

dissolved twice in ~20 uL of concentrated HNO3 before dissolving in 3 mL 3% HNO3. At this point,

samples were ready for analysis by ICP-MS.

Uranium isotopic analyses of samples from the sub-mm size fractions were performed using the Element
XR single collector ICP-MS at LLNL. Previous glass data and soils data (Eppich et al., 2014) were
obtained using the MicroMass IsoProbe MC-ICP-MS. Although the Element is a single-collector
instrument, it utilizes a magnet that can rapidly switch between masses (1 ms settling time) over a 10%
mass range, allowing for sub-equal isotopic measurement precision relative to the MicroMass IsoProbe.
An analytical routine was developed to measure the uranium isotopes 2%U, 24U, 25U, 2%U and #8U in
samples, isotopic standards, and blanks. Each analysis consisted of 100 measurements with 5 s integration
times. Samples were blank-corrected, and mass bias was corrected using the NBL U100 uranium isotopic
standard. To assess the accuracy of the measurements, the NBL standards U010 and U030, and the USGS

standard RGM-1 were also measured as unknowns. See Appendix B5 for compilation of U isotope data
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for U010 and U030.

2.4, Laser heating experiments

We undertook a series of high temperature melting experiments using a gas-mixing aerodynamic
levitation laser furnace at the Institut de physique du globe de Paris (IPGP). The method is explained in
detail in Wimpenny et al., (2019). In brief, synthetic silicate melt glasses were created using the
homogenized rhyolitic soil described in Section 2.1 as the starting material. Samples of soil powders were
pelletized using a Specac pellet die and hydraulic press and compressed to ~8 tons. The formed pellets
were cracked and a small portion (~5-40 mg) of material was introduced into the laser heating apparatus.
Soil pellet fragments were first heated and melted above their melting (liquidus) temperature over a
period of 20 to 60 seconds, then rapidly ramped up to target temperature (1600 - 2200°C) for a duration of
between 1 and 120 seconds. The temperature of the levitated soil was monitored and recorded during
heating using an external pyrometer. During the heating process, samples float freely on top of a stream
of Ar gas. As a result of the heating and aerodynamic rotations during heating, samples heated to >
1800°C take on a spherical shape (Wimpenny et al., 2019; Fig. 1) while degassing and convectively
mixing. Samples heated to temperatures <1800 °C frequently failed to form spheres, instead melting but
forming non-aerodynamic forms. The samples from this set of experiments formed spheres that range
from 0.8 to 3 mm in diameter with varying vesicularity. Throughout the manuscript the silicate melt glass
samples produced by laser levitation heating, both in aerodynamic and non-aerodynamic form, will be

referred to as laser-spheres.

3. Results

3.1. Physical characteristics

Fallout melt glass samples vary significantly in physical properties including mass, morphology, and
optical color. The properties associated with glasses for this study are illustrated in Fig. 1 and listed in
Table 2. A wider compilation of optical images of fallout samples analysed for this study are given in
Appendix B1-B3. While we did not attempt comprehensive characterization of the range and occurrence
of fallout preserved in this historical soil sample, a wide range of sizes and morphologies are preserved
and described here. The samples generally show a glassy luster with darker coloration and a tendency

towards aerodynamic shapes. Laser levitation-heating experiments resulted in the formation of
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morphologically similar spheres and other aerodynamic shapes, providing further evidence that this type
of aerodynamic morphology common to near-surface fallout is the result of rapid quenching in air from a
liquid state.

Fallout samples for this study range in mass from tens of micrograms to hundreds of milligrams (see
Section 2.1). This range, spanning 4 orders of magnitude, was deliberately chosen to enable
characterization of trends as a function of sample mass. All observed morphologies were also represented.
The fallout glass is typically spherical to sub-rounded aerodynamic shapes (e.g., FLD-2-30-3, FLD-2-30-
12, and FLD-2-50-3 in Fig. 1), although other, more irregular morphologies (elongate, rod-like materials
with twisted or aerodynamic shapes) occur (e.g., FLD-2-30-2, FLD-2-30-17, and FLD-15-10-13 in Fig. 1)
and several agglomerate samples are present, as well (e.g., FLD-2-30-1, FLD-2-50-7 in Fig. 1). The
smallest sized fallout studied here (mesh size 50, ~400 um) generally preserved highly spherical
morphology, while larger fallout samples (mesh sizes 6 and 8, ~2-6 mm) are often less regular in shape
and typically have much small spherical droplets attached to the surface (Fig. 1, and see also Weisz et al.,
2017). Whether or not there a systematic difference in fallout morphology with particle size is not
conclusive from this data set because we include only 8 samples from the smallest mesh size. Moreover,
the irregularity of the soil grains in the sample matrix means any highly spherical objects are easier to
spot, particularly in the smallest size fractions, so handpicking by eye may introduce a bias in favor of
spherical objects.

The fallout sample population is heterogeneous in terms of optical color (Fig. 1). Many of the larger (>1
mm) sized samples are opaque, and have smaller, quasi-spherical fallout grains attached to the outside.
The sub-mm sized samples range in opacity and color from transparent green with relatively few vesicles,
to semi-transparent/opaque glass, varying in color from green to brown, while the largest samples tend to
be dark brown. Vesicularity was not quantified prior to dissolution, however the images in Fig. 1 and
Appendix B1-B3 clearly show that the abundance of vesicles differ between samples. Voids appear to be
quasi-spherical, correlating with observations made on cross sections of these materials (see Lewis et al.,
2015 and Weisz et al., 2017 for other examples), and observations of vesicle size and shape in trinitite

samples (Donohue & Simonetti 2016).

3.2. Major and trace element analyses

3.2.1. Fallout samples

10
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All major and trace element concentrations in fallout samples (97 analyses of 82 samples) and laser
experiment glasses (18 samples) are normalized to the concentrations in the local soil, which we
hypothesize to be the source of the precursor material. Six soil samples were taken from the vicinity of
the tests to provide a basis for understanding relationships between the local environment and the
resultant glass composition. Previous analyses of fallout glass from the same event were published by
Eppich et al. (2014) and are also included here to provide better representation of the fallout glass
population across the range of masses and sizes. Normalized major element data for fallout are presented
in Table 2. Normalized trace element data for individual samples are presented in Appendices A2 to A5,

and a summary is provided in Table 4.

Data from laser levitation heating experiments are normalized to the average of 3 analyses of the
homogenized soil powder precursor used as the starting material in all laser heating experiments. This
material was created from a homogenized blend of soils proximate to the nuclear test soil and is therefore
directly analogous to the local soil for the fallout samples. Normalized major and trace element data for

the experimental samples are presented in Appendix A6.

As shown in Eppich et al. (2014), and illustrated in Fig. 2, fallout glasses share generally similar major
element compositions with that of soils collected from the site. Potassium and Na are often slightly
depleted in fallout samples compared to the local soil and their degree of depletion covary (Fig. 3),
although on average the fallout/soil ratios of the population are within uncertainty of 1, with values of
0.82 £ 0.24 and 0.91 + 0.21 respectively (2 standard deviations). Similarly, the average concentration of
Caand Al in fallout cannot be resolved from the soil, however the average concentrations of Fe and Mg
are relatively enriched in fallout, with Fe yielding a fallout/soil ratio of 1.32 + 0.23 and Mg a fallout/soil
ratio of 1.71 + 0.55.

Trace element concentrations in fallout glass are broadly consistent with concentrations in the local soil
(Fig. 4), although a wider range of relative enrichments and depletions are observed. Some element
concentrations are highly variable in the fallout glass and/or soil sample populations and hence it is
difficult to make robust statements about their relative enrichments or depletions. Cr and Cu, with
fallout/soil ratios of 2.77 + 2.12 and 2.70 + 2.01 respectively, illustrate these high standard deviations.
Select elements have more consistent concentrations in fallout and/or soil, and relative enrichments or
depletions in fallout that are resolvable outside of uncertainty from the average soil composition (Fig. 4).
Elements that are relatively enriched in the fallout population include Sr (fallout/soil ratio 1.88 + 0.29),
Co (1.65 + 0.45), Zr (1.47 £ 0.22), and Hf (1.55 £ 0.24). Elements that are relatively depleted include Zn
(0.58 £0.29), Pb (0.39 £ 0.17), T1 (0.22 £ 0.11) and As (0.09 + 0.08). Similar to the behaviour of Na and

11
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K, the relative depletions of volatile trace elements such as Pb and Tl also correlate (Fig. 3). The rare
earth elements (REEs) have fallout/soil ratios clustered about 1, although REE abundances are, on
average, slightly higher in fallout relative to the soil (see Fig. 4). One fallout sample (FLD-2-50-3) has an
anomalous trace element composition with significant enrichments in Cu, Zn and Cr (fallout/soil ratios of
362, 10.5 and 3.5 respectively). The implications of this anomalous sample will be considered further in

Section 4.

3.2.2. Laser levitation samples

In the laser levitation heating experiments the mass loss associated with heating could not be measured
directly because the amount of sample powder used to create each initial run was not accurately
guantified (see also Wimpenny et al., 2019). Thus, laser-sphere/soil ratios of >1 do not represent true
element enrichments, but instead are used to show the degree to which an element is conserved during
heating. There is no ambiguity regarding elements with laser-sphere/soil ratios <1. For such values,

element depletion must have occurred due to volatilization.

In experiments performed at lower heating temperatures (1600-1800°C), laser-sphere/soil ratios remain at
~1 for most major and trace elements. Notable exceptions include the volatile elements As, Tl, and Pb,
which were all relatively depleted in the laser-spheres. At 2000-2200°C the laser-spheres underwent
significant chemical fractionation from the composition of the starting soil. These differences
gualitatively scale with the temperature-time parameters with laser-spheres heated at higher temperatures
and for longer time periods being more depleted in elements such as Na, As, Tl, and Pb, and more
enriched in elements such as Al, Ca and REEs (see Appendix B5). For example, in sample Syn-12
(2200°C, 90 s) the laser-sphere/soil ratio for Al increased to >4 (i.e., a concentration of Al in the laser-
sphere that is 4 times higher than Al in the starting soil). In the same sample the laser-sphere/soil ratio for
Na decreased to 0.02 (i.e., the Na concentration decreased to ~2% of the concentration in the starting

soil).

3.3. Uranium concentration and isotopic composition

New data on fallout melt glass uranium concentration and isotopic composition are presented in Table 3
and illustrated in Figs. 5 and 6. Table 3 also includes data from Eppich et al. (2014) for fallout melt glass

and soil samples that are discussed in this study, and these data are included in Figs. 5 and 6. Five of the

12
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six soil samples have 2*°U/?*®8U ratios that overlap within uncertainty with the natural ratio (*5U/?8U =
0.00725). These samples have 24U/?®U ratios of 5.1 - 6.2 x 105, with 28U concentrations below the
detection limit. One reported soil sample had a non-natural 2**U/?®U ratio, ascribed to the presence of
micro-scale fallout that was not identified or removed prior to dissolution and analysis.

Fallout glass samples are relatively enriched in uranium content compared to the soil with a range of
fallout/soil ratios between 1.39 and 14.09. Overall, the average fallout/soil ratio is 6.70 + 2.27. The
235U/2%8U ratios vary from 0.0119 + 0.0003 in sample FLD-2-50-3 to 9.43 + 0.04 in sample FLD-2-30-15.
233Y/2%8U ratios are also considerably higher in fallout samples compared to that observed in the local soil
(by 3 orders of magnitude), and all fallout samples have measurable 2*%U/2%8U ratios. Samples with lower
U concentrations typically have correspondingly lower 24U/?38U, 2%U/%8U and 2*°U/%%U ratios.

The behavior of uranium in the laser-heating experiments is consistent with that of other trace elements in
those experiments (see section 3.2), maintaining laser-sphere/soil ratios of ~1 at 1600-1800°C. At
temperatures of 2000-2200°C the laser-sphere/soil ratios are typically between 0.70 — 0.96. However, at
the most extreme temperature/time conditions (2200°C, 90 s) the laser-sphere/soil ratio decreases to 0.01,

i.e., almost complete loss of uranium.

4. Discussion
4.1. Uranium elemental and isotopic systematics in fallout

Previous bulk analyses by Eppich et al. (2014) and in-situ analyses by Lewis et al. (2015) have
demonstrated that the isotopic composition of uranium in fallout melt glass from the same event can be
well explained by two-component mixing between uranium with a natural isotopic composition (#°U/?U
=0.00725) and highly-enriched uranium (the latter, attributed to the unburned device fuel). New uranium
isotopic data presented here, representing a greater range of size fractions, are consistent with these
previous observations. The positive correlation between U concentration and 2°U/?8U isotopic
composition previously shown in Eppich et al. (2014) is confirmed and extended by the new dataset (Fig.
5). Similarly, the linear relationship observed between 2*5U/238U and 24U/?*U, and between 2*°U/?%U and
236/2%8U continues to hold (Fig. 6), and no deviation is apparent as a function of sample mass or size
(Fig. 7). Of the 82 fallout samples analyzed, sample FLD-2-30-15 contains the highest U concentration
(fallout/soil ratio of 14.09) and the highest 2*U/?%8U ratio (9.43, or a U enrichment of 90.41%). Despite
being highly enriched in 2**U, this enrichment level is still below that of US produced highly enriched

uranium (*°U = 93%, Moody et al., 2014). Even in samples with high 25U enrichment levels, uranium
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added from the device is volumetrically insignificant, accounting for <0.005% by mass. This illustrates
that mm-scale fallout melt glass in near-surface tests is mostly comprised of environmental material from

the near-field rather than vaporized bomb material.

One fallout melt glass sample (FLD-2-50-3) was anomalous in terms of its uranium concentration and
isotopic composition. This sample is not significantly enriched in U (fallout/soil ~1.4) and has a 2**U/?%U
ratio (0.0119) that is much lower than any of the other fallout glasses identified here or analysed in situ by
Lewis et al. (2015). Clearly, sample FLD-2-50-3 is unusual but the fact that it is spherical in shape, has a
glassy lustre, and has a 225U/2%8U ratio that is well above natural values are all consistent with its
identification as fallout. Corresponding enrichments in 23U and 2*U are also consistent with
incorporation of uranium characteristic of the overall trends of the fallout population. A possible clue
regarding its origin and near-natural uranium characteristics comes from trace element analyses. Sample
FLD-2-50-3 has an unusually metal-rich trace element composition with high levels of Cu, Cr and Zn
(fallout/soil ratios of 370, 12.5 and 3.5 respectively). This level of enrichment is not observed in other
materials from this event, either fallout samples or in the soil, suggesting that this metal-rich sample

contains a unique source component. This will be discussed later in Section 4.2.

If we consider uranium systematics in fallout as a function of size (Fig. 7a, b), samples in the smallest size
fraction have the widest range of U concentrations and U-isotopic compositions, while larger fallout
glasses are more homogenous in their U systematics. For example, samples with masses <20 mg have
fallout/soil U concentrations of 7.1 + 4.8 and #°U/?*®U ratios of 5.56 + 3.70. In contrast, samples with
masses of >20 mg have fallout/soil U concentrations of 5.5 + 1.8 and 2°U/?*8U ratios of 4.94 + 1.23. The
most logical explanation for this behavior is that larger sized fallout analyzed in this study was more
strongly influenced by agglomeration processes, creating an averaging effect of the heterogeneous
individual particle compositions. The higher level of heterogeneity observed in smaller fallout particles
requires that the initial distribution of uranium within the debris cloud was temporally and/or spatially
heterogeneous, consistent with previous investigations of radioactivity within the debris cloud (e.g.,
Adams 1960, Lewis et al., 2015; Weisz et al., 2017; Glasstone 1977). We take these data as evidence
suggesting that in near-surface nuclear events an individual fallout melt parcel can grow significantly
through collision and agglomeration. As collision and agglomeration proceed, the uranium isotope ratio
of the resultant object will become more similar to the average isotopic composition of uranium in the
fireball.
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4.2. Major and trace element concentrations in fallout

In a surface-interacting fireball, entrained environmental material dominates the major and trace element
systematics in both the solid and vapor phases, with an estimated 5000 metric tons of solid material and
25-400 metric tons of vaporized material per kiloton of weapon yield (I1zrael 2002; Russell 1965). Thus,
contributions to major and trace element abundances from fission products or via activation are
insignificant, even in the vapor phase. For example, Cs and Eu concentrations are typically between 1-100
ug/g in rocks from the upper crust (Rudnick & Gao 2003), whereas fission products such as **’Cs or
activation products such as 1°Eu are present at the pg/g level in fallout from the Trinity test (e.g., Parekh
et al., 2006; Schlauf et al., 1997), approximately 6 orders of magnitude lower abundance. For this reason,
it is not surprising that the major and trace element geochemistry of fallout melt glass is relatively similar
to the composition of local soils (Fig. 2 and 4), consistent with the hypothesis that macroscale fallout melt
glass form predominantly by melting and agglomeration. Here we discuss two key observations from the

major and trace element data that provide support for this mechanism of fallout formation.

4.2.1. Elemental abundance as a function of size

In a system dominated purely by condensation processes we would expect to observe significant shifts in
elemental abundance as a function of size, as observed for micron-scale fallout generated by high air-
bursts (e.g., Freiling 1961). In such a system, larger fallout would be entrained in the fireball for a shorter
period of time and travel for shorter distances due to gravitational settling forces. In this case, the larger
fallout should be more enriched in the earliest condensing elements such as Ca, Al and Ti, that have 50%
condensation temperatures of >1200 °C (Lodders, 2003). By the time that the fireball has cooled below
~1200 °C, (3-10 s, Cassata et al. 2014) the particle size distribution in the fireball has changed, with a
higher proportion of small sized particles remaining airborne for longer. Accordingly, remaining (lofted)
smaller fallout glass population would be relatively depleted in refractory elements and relatively
enriched in moderately and highly volatile elements such as Zn, Cu, Pb and Tl compared to earlier formed

condensates.

However, even though the fallout studied here ranged in size from 50 pum to several mm in length, for
almost all elements there is no systematic relationship between size and elemental concentration (Fig. 7c,
d). This includes highly refractory elements such as Ca and Al, and highly volatile elements such as Tl
and Pb. Instead, there is a slightly wider range of elemental abundances in the sub-mm grain size fractions

compared to the mme-sized fallout. This is consistent with our observations of the behavior of uranium
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(Section 4.1), supporting the hypothesis that agglomeration of melt droplets in the fireball is a critical
process controlling the growth of mm-sized aerodynamic fallout. Only the abundance of Cr in fallout melt
glass appears to scale with particle size (Fig. 8), but it is unclear what drives this behaviour or why Cr is
the only element effected.

4.2.2. Rare earth element (REE) abundances

Relative concentrations of REEs can be chemically fractionated by processes such as magmatic
differentiation, metamorphism and surface weathering (e.g., Nesbitt, 1979; Henderson, 1984). This means
that REE patterns are highly diverse in the Earth’s crust and distinct crustal lithologies can impart unique
REE signatures. The REE budget in the fireball is controlled by the entrained environmental material, i.e.
the local soil. As REE’s are relatively refractory and, as a group, have very similar volatilities (Lodders
2003), the REE pattern of the entrained soil should be reflected in the REE pattern of the average fallout
melt glass (Fig. 9a), irrespective of whether it formed as a condensate or via melting and agglomeration.

However, when considered individually, the fallout melt glass samples preserve pronounced
heterogeneities in the relative abundances of REEs that derive from the source mineralogy (Fig. 9b). For
example, variations in the modal abundance of quartz, in which REEs are highly incompatible, can cause
systematic relative enrichments or depletions in REE abundances (Nash & Crecraft 1985). Anomalies in
the abundance of Eu (e.g. FLD-15-10-5 and FLD-2-50-3, Fig. 9b) are likely to be related to the
abundance of plagioclase, a mineral that is well known to preferentially sequester Eu (Nesbitt et al. 1981).
Positive Ce anomalies, as observed in FLD-2-30-7, often occur as a result of oxidation processes that
change Ce to the +IV state, either through biological oxidation or through scavenging and oxidation by
Mn and Fe- oxyhydroxides (Piper, 1974; Koeppenkastrop and DeCarlo, 1993; Davranche et al., 2005).
Positive cerium anomalies can also be derived from zircon, which is common in rhyolitic soils (e.g.,
Murali 1983; Hoskin and Schaltegger, 2003; Hinton and Upton, 1991; Trail et al., 2012). Negative Ce
anomalies such as that observed in FLD-15-10-5 (Fig. 9b), are often created when igneous rocks are
exposed to intense weathering (Harris, 1985; Class and LeRoex, 2008). The oxidation of Ce to the
immobile +1V state will result in a mobile phase with a Ce depletion which can then be imparted into
minerals from the fluid phase (Class and LeRoex, 2008). The negative Ce anomaly can be transmitted to

minerals that show little evidence of weathering, as is observed in the rhyolitic soil (Eppich et al., 2014).

Ultimately, the range of REE patterns in individual fallout melt glass samples reflects natural variability

in the entrained source material. Such variability in relative REE abundances cannot be driven by
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vaporization and condensation processes but are consistent with a formation by melting and
agglomeration. Because the REE concentrations do not appear to record perturbations resulting from the
bomb itself, they may be a reliable fingerprint for confirming carrier material identity in this type of
fallout.

4.3. Elemental fractionation by volatile loss during fallout formation

Despite broad similarities between the major and trace element compositions of macroscale fallout glass
and local soils, small systematic chemical differences exist that provide useful information about physical
and chemical processing within the fireball. Relative depletions in the more volatile major and trace
elements are a clear indicator of evaporative loss during heating, consistent with moderately volatile
element isotope data (e.g., Day et al., 2017; Wimpenny et al., 2019; 2020). Correspondingly, we would
also expect to observe relative enrichments in the concentration of refractory elements. To investigate the
role of melting and evaporation processes in the fireball, we examine heating-driven fractionation
processes via the behavior of major and trace elements during the experimental heating of powders
derived from co-located soils. We then use these data to inform our interpretation of elemental
fractionation during formation of fallout melt glass.

4.3.1. Volatile loss observed through experimental heating

Fallout melt glass represents a complicated mixture of inputs from the device, anthropogenic peripherals
and environmental material such as soil under conditions where temperatures of tens of millions of
degrees can be reached within the first microsecond of detonation (Glasstone 1977). While impossible to
replicate these conditions in the laboratory, controlled experiments can provide data on the behavior of
major and trace elements during rapid, intense heating. Such data provide information pertaining to the
extent of element fractionation during heating and understanding the timescales over which volatilization

can be important.

In the laser heated experiments conducted here, rhyolitic soil was variably heated to between 1600-2200 °C
for between 1-120 s (see Section 2.4). As one would expect, the chemical composition of the laser-spheres
became more fractionated from the starting soil as they were progressively heated to higher temperatures

and for longer time periods (Fig. 10). Hence, a laser-sphere heated to 2200 °C for 90 s is chemically
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fractionated from the composition of a laser-sphere heated to 2200 °C for 1 s (Fig. 10a). Similarly, a laser-
sphere heated at 2200 °C for 60 s has a very different chemistry to a laser-sphere heated to 1800 °C for 60
s (Fig. 10b).

The importance of volatilization during extreme heating can be illustrated if the degree of element
depletion is plotted versus the volatility of that element. The volatility of an element is commonly
assessed based upon its 50% condensation temperature (e.g., Lodders 2003). However, as already
discussed, neither the laser-spheres nor the fallout melt glass form purely via condensation. For this
reason, melting temperatures are a more useful proxy for volatility. Most elements will not be present in
their native form, so we use the melting temperature of the most common oxides (lithophile elements) or
sulfides (chalcophile elements) for each element (see Appendix A7 for oxide and sulfide melting
temperatures used in this study). Different oxide minerals may have different melting temperatures (e.g.,
UO; melts at 2800 °C while U30g melts at 950 °C, Thein & Bereolos 2000, Schneider 1963) and
identifying the exact oxide or sulfide form of each element is beyond the scope of our study. As such, the

melting temperatures used here should only be considered as approximate indicators of element volatility.

The extent of volatile depletion during extreme heating is illustrated by sample Syn-12 (2200 °C, 90 s) in
Fig. 11a. The heating time is far longer than is expected for the residence of mm-cm scale fallout within
the debris cloud but shows that highly volatile elements such as Tl and Pb can be almost entirely lost
(>99%) and the abundance of refractory elements can be highly enriched by mass loss (in this case by up
to ~350%). It is interesting to note that, in this case, all elements with oxide melting temperatures above
~2000 °C have similar apparent enrichment factors of ~3.5, i.e., that elements with oxide melting
temperature above the maximum heating temperature are all enriched to the same degree (Fig. 11a). An
apparent enrichment factor of ~3.5 for the refractory elements suggests that ~66% of the initial mass has
been lost from Syn-12 during experimental heating to 2200 °C for 90 s. Similarly, after heating at 2200 °C
for 10 s and 60 s the apparent enrichment factors for refractory elements are ~1.13 and 1.35, which

correspond to mass loss of ~11% and 26% respectively.

Element volatilization is a less important process over the lower temperatures (i.e., 1600-1800 °C) and
shorter timescales (1-10 s) that are more relevant to fallout formation (Cassata et al., 2014, Bonamici et
al., 2017a) although depletions are still observed for the most volatile elements. At temperatures between
1600-1800 °C the laser-sphere/soil ratios for Tl and Pb reach a minimum of ~0.45 and 0.75 respectively,
over a heating period of 90 - 120 s. Similarly, both Tl and Pb are depleted in the laser-spheres after
heating for <5 s at 2000 and 2200 °C, with laser-sphere/soil ratios of <0.6 and 0.8 respectively. Isotopic
analyses of Zn and Ga in the laser spheres are also consistent with evaporative loss taking place over a

range of temperatures and heating durations (Wimpenny et al., 2019; 2020). Fundamental physical and
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chemical differences between the heating experiments and fallout formation means that the elemental and
isotopic data cannot be used to constrain temperature-time conditions within the fireball. However, our
data illustrate that significant volatile loss can be expected in systems exposed to temperatures between
1600-2200 °C over timescales on the order of seconds to tens of seconds.

4.3.2.  Uranium behavior during rapid heating

Understanding the behavior of uranium during rapid heating is important because U, in this case a
combination of both natural and anthropogenic sources, is a key signature of bomb vapor in fallout melt
glass. At temperatures between 1600-1800 °C the laser-sphere/soil U ratios remain close to 1 suggesting
that uranium loss from the soil is minimal. At temperatures between 2000-2200 °C, significant loss of
uranium occurs, with 10 - 30% of initial U lost after 1-60 s of heating, and up to ~99% loss after 90 s
heating at 2200 °C. In contrast, Th, usually considered similarly refractory to U (e.g., Lodders 2003), is
not depleted in any of the experiments. The loss of uranium from the laser-spheres reflects that uranium
can exist in multiple oxidation states with very different volatilities (e.g., Koroglu et al., 2020). Whereas
UO; has a melting temperature of 2860 °C (Schneider 1963), UsOs will vaporize at temperatures between
800 - 1000 °C (e.g., Hoekstra et al. 1954, Abrefah et al. 1994, Williams et al. 1959, Thein & Bereolos
2000, and references within). Significant loss of uranium from the laser-spheres only occurs at
temperatures above 2000 °C but does not confirm a specific uranium-species or oxidation state. It is
plausible that the kinetics of uranium-oxidation and vaporization could be too slow at temperatures below
2000 °C for U loss to be measurable on timescales of <120 s. Alternatively, the oxidation state of uranium
could have been affected by the composition of the soil. Previous studies investigating the volatility of
uranium have focused on relatively simple systems such as pure uranium-oxides. Here, the uranium is a
trace metal within a more complicated silicate matrix containing other redox sensitive elements such as
iron. Oxidation reactions will be more complicated than a simple mono-elemental system and

consequently more difficult to model (e.g. Koroglu et al., 2018).

Regardless of mechanism, the observation that uranium is volatilized at temperatures between 2000-2200
°C is consistent with the decoupling of uranium and refractory actinides and fission products in fallout
melt glass (Moody et al., 2014). It is also consistent with experimental observations of uranium volatility
during rapid vapor condensation processes (Koroglu et al., 2020). The volatility of uranium influences the
residence time and distribution of uranium derived from initially vaporized bomb material within the
fireball, as well as the resultant distribution of uranium in fallout. For example, in situ analyses of fallout

from same event studied here (Weisz et al., 2017; 2018) show that uranium is distributed
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heterogeneously, with distinct enrichments in boundary layers within and upon fallout melt glass samples.
This suggests that vapor phase uranium is deposited on melt droplets prior to and, presumably, during the
agglomeration process.

4.3.3. Volatile loss observed in fallout melt glass

The relationship between element volatility and relative enrichment or depletion in fallout glass is
illustrated in Fig. 12a. With the exclusion of uranium, which is added to the fireball from the device, and
Cu and Cr, which have anomalously high fallout/soil ratios of >2, the major and trace elements form a
rough array between oxide melting temperature and fallout/soil ratio. In general, more refractory elements
have higher fallout/soil ratios with most having fallout/soil ratios of 1.1 - 1.2. Five elements (Sr, Co, Mg,
Hf and Zr) have fallout/soil ratios of >1.5 (Fig. 12b), which could simply reflect slightly higher oxide
melting temperatures, in line with the general volatility trend. Alternatively, such elevated fallout/soil
ratios could reflect the input of anthropogenic material or mineralogical heterogeneities that bias the
results. As performed for the laser-heating experiments we can estimate the degree of volatile loss from
fallout melt glass using the abundance of refractory elements such as the REE’s, which are unlikely to
have a significant anthropogenic source. The REE’s in the current suite of fallout sample have enrichment
factors between 1.0 and 1.2, from which we would estimate a maximum mass loss of 20 % due to
evaporation. Of course, this assumes that no REE’s were added to the soil from other sources and that
REE’s were not inhibited from evaporating due to physical and chemical properties of the debris cloud. A
mass loss of 10-20 % during heating is of a similar magnitude to estimates for volatile loss from fallout
based on fallout/soil ratios of Na and K which average 0.91 + 0.21 and 0.82 + 0.24 respectively (Fig.
12a).

The most depleted elements in fallout are the highly volatile trace elements TI, Pb, Zn, and As, similar to
observations from the laser-heating experiments (Fig. 12b). These depletions exceed any chemical
heterogeneities in the soil; the fallout glass has lost approximately 90% of the initial As, 80 % of the TI,
62 % of the Pb and 44 % of the Zn. Isotopic analyses of Zn and Ga in fallout samples from this test are
consistent with volatile loss; the fallout has 3°Zn values that are up to 0.40 %o enriched in heavy Zn and
0.38 %o enriched in heavy Ga compared to the starting soil (Wimpenny et al., 2019; 2020). The positive
correlation between 6%Zn and 3"*Ga is indicative of variable extents of volatile loss from the fallout melt
glass and coincides with a similar positive correlation derived from analyses of the laser-heating samples
(see Fig. 7 in Wimpenny et al., 2020). Similar stable isotope fractionations caused by evaporative loss

have also been observed in Trinitite samples (Day et al., 2017; 2020).
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4.3.4. Inferences from volatile element loss

Based on the combination of volatile element depletions and REE enrichments we estimate that entrained
soil lost approximately 10-20 % of its initial mass during melting and heating in the debris cloud. The fate
of these volatilized elements is unclear. To satisfy mass balance, the loss of volatiles from fallout glass
requires a corresponding volatile enrichment in the vapor phase. However, no fallout samples analysed
here contain relative enrichments in highly volatile species such as As, Tl and Pb. Recent in situ analyses
of fallout melt glass samples provided some evidence that volatile elements such as Na and K may
condense as micron-scale rims on some aerodynamic fallout melt glass (Weisz et al., 2017). However,
even accounting for a minor condensate phase, mass balance still requires an as yet unidentified reservoir
with high concentrations of volatile elements to exist. It is likely this reflects a sampling bias, with the
volatile rich elements concentrated in micron scale fallout samples that are not analyzed here. As
described in Glasstone and Dolan (1977), these smaller particles are likely to be airborne for many hours
and could be carried over hundreds of miles by prevailing winds. The very finest sized particles may
simply remain airborne, only reaching the ground through precipitation. Extreme depletions of highly
volatile elements such as As, Tl, and Pb can be explained if they are discovered to be more abundant in

fine particulates (~10 um), such as those typical of those recovered air filter samples (Heft 1970).

The degree of volatile element loss from fallout can bound the physical conditions (i.e., temperature-time)
that materials experienced within the fireball. Noble gas isotope systematics have been applied to
calculate that fallout from a Pu-fueled device spent less than 3 seconds at temperatures above 1200 °C
(Cassata et al., 2014). Similarly, diffusion data for samples from the Trinity test suggest fallout cools
from 1750 °C to 600 °C over <10 s (Bonamici et al. 2017a). In samples from silicate environments, the
temperature-time history within the fireball must be hot enough for a length of time sufficient to cause
silicate melting. Based on our laser heating experiments, temperatures of at least 1800°C are required to
melt the rhyolitic soil into aerodynamic form on a timeframe of seconds, which presumably would be
sufficient to drive the volatilization of elements such as Na and K (50% condensation temperatures
~700°C, Lodders 2003). However, Tsuchiyama et al. (1981) showed that no loss of Na occurred during
heating of silicate spheres on a sub-minute timescale at temperatures of between 1500-1600 °C, even at
low pO, where loss of Na is enhanced. In fact, the loss of volatiles from silicate melts is dependent on a
wide range of parameters including the temperature, time, pO and chemical composition of the silicate
material (e.g., Tsuchiyama et al., 1981; Yu & Hewins, 1998). While elemental loss attributed to

volatilization in fallout informs the composition of the evolving vapor term and generally bounds the
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conditions and processes that took place, it is difficult if not impossible to link a depletion in volatile

element abundance to quantitative constraints on the temperature-time history of the fireball.

4.4, Incorporation of anthropogenic/device material

Not all relative elemental enrichments can be explained by processes related to evaporative loss. Clearly,
a significant proportion of uranium in the fallout melt glass derived from the device. In addition to
uranium, several other major and trace elements are consistently enriched in fallout compared to the soil
(Figs. 2 and 4). These include Fe, Zr, Hf, Cu, and Co, all of which have fallout/soil ratios >1.5. The most
obvious source of anthropogenic contributions is the device and device fuel, as evidenced by the uranium
isotope systematics, which form a two-component mixing line between bomb-derived and natural
uranium (Fig. 6). However, because no clear relationships exist between the major and trace element
concentrations and uranium systematics, an anthropogenic source other than device fuel is required. Other
possible sources include peripherals from the near-field such as casing, wiring, asphalt, cement, and steel

structures.

The addition of a metal rich component could potentially explain enrichments in Cu, which is
heterogeneously distributed within the sample population including several samples with fallout/soil
ratios between 4 and 9 and sample FLD-2-50-3 with a fallout/soil ratio of ~370. Covariation of Cu and Co
(Fig. 13) suggests that the incorporated material may have contained both elements, consistent with their
co-occurrence in ore bodies (e.g., Cailteux et al., 2005) and use in copper-cobalt alloys (e.g., Threadgill &
Wilshire 1972). The source of Fe-enrichment is less clear. Unlike Cu, the fallout/soil ratios are relatively
homogenous throughout the fallout population. Although relative enrichment of Fe may be expected,
given the likelihood of steel construction material in proximal device peripherals, such material is
unlikely to be evenly distributed within the fallout sample population. The conspicuous lack of
anomalously Fe-rich samples, such as those derived from the Trinity test (Eby et al., 2015), implies that
the source of Fe enrichment differs to that of Cu. One potential explanation is that the concentration of Fe
in the local soil samples was not representative of the concentration of Fe in soil entrained into the debris

cloud.

Relative enrichments in Zr and Hf could simply reflect their high oxide melting temperatures of 2700 —
2800 °C (Opeka et al., 2004), but an alternative explanation is that the relative enrichments are analytical
in origin. Zircons are common in rhyolitic rocks and soils and are likely to control the abundances of Zr
and Hf. Because zircons are resistant to acid digestion using standard hot-plate dissolution techniques it’s

likely that the concentrations of both elements are underestimated in the soil. In contrast, if zircons were
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melted into glass during the formation of fallout then the hot-plate dissolution procedure may have been
more effective, which would explain the systematic relative enrichments of Zr and Hf in fallout melt
glass.

5. Implications

The major and trace element compositions of mm-scale fallout melt glasses represent a two-component
mixture of device-related and environmental materials, with entrained soil and sediment the dominant
volumetric component. The chemical and isotopic data confirm that mm-scale fallout melt glass forms via
melting, mixing and agglomeration of this source material, as illustrated by a decrease in chemical and
isotopic heterogeneity of fallout as size increases (Fig. 7). Direct nucleation and condensation of material
from the vapor phase remains an important process, particularly in generating fine micron- scale particles
that remain airborne for significant periods of time (e.g. Miller 1960; Heft 1970). This condensate phase
is likely significantly chemically fractionated from the entrained soil, and the composition may change
depending on the relative timing of condensation from the fireball (Weisz et al., 2017). However,
nucleation theory suggests that pure vapor condensates are unlikely to grow larger than ~20 pum in
diameter (Stewart 1956; Freiling & Kay 1965; Heft 1970). Thus, in macroscale materials (>100 pum) the
addition of vapor condensate appears to be confined to the surfaces of fallout glass and narrow internal
boundaries that represent surfaces joined by agglomerative growth (e.g., Weisz et al., 2017). This
interpretation is consistent with that of several previous studies of fallout melt glass (Eppich et al., 2014;
Lewis et al., 2015; Weisz et al., 2017; Donohue et al., 2015).

The hypothesis that macroscale materials dominantly represent entrained carrier materials interacting with
bomb vapor and incorporating condensates by agglomeration directly contrasts with conclusions by
Bonamici et al., (2017a, b) who hypothesized that the dominant component of aerodynamic fallout from
the Trinity test derived as a pure vapor condensate. The hypothesis of Bonamici et al., (2017a, 2017b)
hinges on their interpreted origins for a Ca-Fe-Mg rich glass phase in trinitite, which is volumetrically
important (30-50%) and has a composition not directly represented in local soil mineralogy. Because Ca
is highly refractory (e.g., Lodders 2003) and the Ca-Mg-Fe glass is compositionally heterogeneous,
Bonamici et al., (2017a, 2017b) hypothesize it formed through large scale evaporation of local sediment,
followed by volatility controlled condensation from a plasma, analogous to the formation of calcium-

aluminume-rich inclusions (CAls) in chondritic meteorites.
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However, there are several problems with this hypothesis. Relative enrichments in the heavy isotopes of
Ga and Zn in bulk fallout melt glass are indicative of evaporative loss rather than condensation (Day et al.
2017; Wimpenny et al., 2019; 2020). Vapor condensates have relatively light stable isotope ratios
compared to the vapor, reflecting kinetic fractionation during the condensation process. For example,
rocks from the lunar crust that contain abundant impact melt glass contain Zn with 6%Zn values that are
over 12%o lighter than Zn in silicate rocks (Day et al., 2017). Similarly, CAls, which are refractory
condensates from the solar nebula, have 8%Zn and 5" Ga values that are isotopically lighter than bulk
chondritic meteorites (Kato et al., 2017) and several %o lighter than their composition in nuclear fallout
melt glass (Wimpenny et al., 2019; 2020). Although the small-scale addition of vapor condensates onto
fallout from this test has been observed, as shown by the presence of micron scale boundary layers within
and upon mm-sized fallout agglomerates (Weisz et al., 2017), this addition is a minor component relative

to the bulk sample.

If the Ca-Fe-Mg glass phase observed in trinitite formed directly from the vapor phase we would expect it
to be highly enriched in refractory elements including Al and Ti, however, in situ analyses show this not
to be the case (Donohue et al., 2015; Bonamici et al., 2017a) similar to bulk analyses of the current fallout
sample suite (see also Eppich et al., 2014). Although Bonamici et al. (2017a), point out that some
individual electron microprobe measurements contain very high Al compared to average bulk soil, it is
well established that fallout melt glass can preserve relict grains and internal heterogeneities (e.g., Lewis
et al., 2015; Weisz et al., 2017). Hence one would predict that in situ sampling should find more
compositional heterogeneity in fallout melt glass than analyses at the bulk level. Taking an average of the
Ca-Fe-Mg glass data in Bonamici et al. (2017a) provides a more informative comparison with bulk
analyses of near-field soils. In this case, all major elements have Ca-Fe-Mg glass/soil ratios between 0.6
and 1.6 (Fig. 14a), similar to the range of fallout/soil ratios from samples in the current study (Fig. 14b).
Moreover, if the average Ca-enriched glass is normalized to the estimated composition of the high-calcite
phase (Bonamici et al. 2017a, Table 1) the element ratios for most elements, barring K, approach 1 (Fig.
14a). It is difficult to explain fallout/soil ratios of ~1 with a mechanism of formation that involves vapor

condensation.

Instead, we hypothesize that the Ca-enriched glass in Trinitite formed through melting of a mineral
assemblage that contains high amounts of calcite, and possibly hydrated minerals such as amphibole,
hornblende and biotite, which comprise the mafic fraction of the soil (Bonamici et al. 20173, Table 1).
This is consistent with in-situ analyses of Ca and Fe-rich glasses in Trinitite by Eby et al., (2015), who
concluded that the high Ca-glass must require a carbonate component, in addition to the dominant mineral

phases found in arksosic sands. Similarly, recent multivariate analyses of trinitite data by Fitzgerald et al.,
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(2019) concluded that 3 component mixing of a Si-rich, feldspathic and Ca-rich assemblage could
account for the wide range of chemical compositions, with the Ca-Fe-Mg glass dominantly deriving from
an as yet unidentified Ca-rich precursor. Carbonate-rich, hydrated melts have lower liquidus temperatures
(500-600 °C, Osinski & Spray 2001) than silicate melts, particularly high Si-melts such as granite or
rhyolite that have liquidus temperature of ~1200 °C (e.g., Jones et al. 2013, McKenzie 1985). We
hypothesize that a carbonate rich melt would less efficiently assimilate silicate inclusions than a silicate
melt (Osinski & Spray 2001), and it follows the coexistence of relict silica grains with Ca-enriched glass
in Trinitite would not necessarily require vapor condensation as a formation mechanism for the glass
phase. Bonamici et al. (2017a) also observe a large range in compositions of the Ca-enriched glass that is
ascribed to a protracted condensation history, however, similar features are also observed in carbonate
rich tektites (Osinski & Spray 2001) and are interpreted to be caused by immiscibility of Ca-rich and Si-
rich melts. While the formation origins of refractory-rich compositions observed in silicate melt glass
require further study, there appears to good cause to invoke a melting origin for Ca-enriched glass
compositions, such as those constituting a large proportion of fallout melt glass from the Trinity test.
Resolving the evolving composition of the vapor phase as a surface interacting nuclear explosion
proceeds (adding in some amount of vaporized local materials in addition to the bomb vapor term), and
subsequent modeling of how condensation and radionuclide partitioning into fallout proceeds will be
fundamental to improvement of models of the distribution and transport of fallout and their potential
effects on local populations and persistence in the environment.

In summary, the elemental and isotopic data from mm-scale nuclear fallout glass, including elemental
fractionation behaviors, are most consistent with a formation model involving melting and agglomeration
of entrained material. In situ elemental mapping has shown the presence of chemically distinct vapor
condensate layers (Weisz et al., 2017), but current data suggests that these zones are relatively
unimportant at the bulk level. It follows that bulk chemical and isotopic compositions of mm-scale fallout
melt glass are broadly representative of the environmental source material and incorporated bomb debris.
Thus, fallout melt glass can provide important forensic information about both the source material and

chemical and physical processes that take place within the fireball.

6. Conclusions

Characterization across a large population of macroscopic fallout melt glasses from an historic near
surface nuclear test confirm that major and trace element compositions reflect, to a first order, mixing of

material from two components; environmental material (i.e., soil and/or sediment) proximal to the test-
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site and material derived from the device itself. The addition of residual nuclear fuel from the device, as
previously shown by Eppich et al. (2014) and Lewis et al. (2015), confirms a positive correlation between
U concentration and 2*U/?*8U ratio. This is consistent with a two-component mixing model with a low U,
natural 25U/2%8U component from the soil and a high U, high 2*°U/®®U component from the device. The
similarity between major and trace element compositions in fallout and the local soils confirms that
macroscale fallout is predominantly composed of entrained, melted soil. This is supported by the lack of
systematic relationships between chemical composition and fallout melt glass size in the current sample
population. Smaller and less massive fallout melt glass samples are typically more chemically and
isotopically heterogeneous than larger samples, which is consistent with an agglomerative model of
fallout formation. Although vapor condensates are likely present on macroscopic fallout on surfaces and
in boundary layers resulting from agglomerative growth (e.g. Weisz et al., 2017) it is unlikely that
condensates are a volumetrically important component of these samples. Instead, pure condensates are
likely to form a significant component of micron scale samples, such as those recovered on air filters (e.g.
Heft 1970).

While macroscopic fallout melt glass generally resembles the environmental materials from which it
forms, there is evidence of systematic chemical differences between fallout and soil that reflect
evaporative loss of volatiles from the melt phase. Laser heating experiments performed on an
homogenized sample of the test-site soil show that rapid heating on a timescale of 1-10s at 1600-2200 °C
can cause significant loss of volatile elements including Na, K, Tl and Pb. Similar relative depletions in in
fallout melt glass is consistent with fallout being heated to temperatures of >1200 °C for 3 seconds
(Cassata et al. 2014). This evaporative loss of volatiles is also consistent with isotopic fractionation of Zn
and Ga in the laser spheres and fallout melt glass (Wimpenny et al., 2019; 2020). The absence of fallout
melt glass samples with comparable enrichments in volatile elements suggests that these elements may
become incorporated in a sample population not studied here, most likely zm-scale fallout melt glasses
that are carried away from the site of the test by prevailing winds. Ultimately, these data can be explained
by a fallout formation mechanism involving rapid melting of surface materials, incorporation of residual
nuclear fuel originating from the device, loss of volatiles, agglomeration of smaller droplets to form larger

droplets, mixing through convection and diffusion, and rapid quenching prior to deposition.

26



777

778
779
780
781
782
783
784

785

786

787
788

789
790

791
792

793
794

795
796
797

798
799
800

801
802
803

804
805

806
807

808
809
810

811
812

813
814

Acknowledgements

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract DE-AC52- 07NA27344 and was supported by the LLNL-LDRD
Program under Project No. 20-SI-006. We also thank the U.S. Department of Energy's National Nuclear
Security Administration, Office of Defense Nuclear Nonproliferation Research and Development, for
financial support. FR acknowledges the financial support of the UnivEarthS Labex program at Sorbonne
Paris Cité (ANR-10-LABX-0023 and ANR-11-IDEX-0005-02) and IPGP program PARI/Paris—IdF
region SESAME Grant no. 12015908. LLNL-JRNL-818995.

References

Abrefah, J., de Aguiar Braid, A., Wang, W., Khalil, Y., & Olander, D. R. (1994). High temperature oxidation of
UO2 in steam-hydrogen mixtures. Journal of Nuclear materials, 208(1-2), 98-110.

Adams, C. E., & O'Connor, J. D. (1957). The Nature of Individual Radioactive Particles. VI Fallout Particles from a
Tower Shot, Operation Redwing (No. USNRDL-TR-208). Naval Radiological Defense Lab., San Francisco.
Adams, C. E., Farlow, N. H., & Schell, W. R. (1960). The compositions, structures and origins of radioactive fall-
out particles. Geochimica et Cosmochimica Acta, 18(1), 42-56.

Arletti, R., Dalconi, M. C., Quartieri, S., Triscari, M., & Vezzalini, G. (2006). Roman coloured and opaque glass: a
chemical and spectroscopic study. Applied Physics A, 83(2), 239-245.

Bellucci, J. J., Simonetti, A., Koeman, E. C., Wallace, C., & Burns, P. C. (2014). A detailed geochemical
investigation of post-nuclear detonation trinitite glass at high spatial resolution: delineating anthropogenic vs.
natural components. Chemical Geology, 365, 69-86.

Bodinier, J. I., Merlet, C., Bedini, R. M., Simien, F., Remaidi, M., & Garrido, C. J. (1996). Distribution of niobium,
tantalum, and other highly incompatible trace elements in the lithospheric mantle: the spinel paradox. Geochimica et
Cosmochimica Acta, 60(3), 545-550.

Bonamici, C. E., Kinman, W. S., Fournelle, J. H., Zimmer, M. M., Pollington, A. D., & Rector, K. D. (2017). A
geochemical approach to constraining the formation of glassy fallout debris from nuclear tests. Contributions to
Mineralogy and Petrology, 172(1), 2.

Bonamici, C. E., Hervig, R. L., & Kinman, W. S. (2017). Tracking radionuclide fractionation in the first atomic
explosion using stable elements. Analytical chemistry, 89(18), 9877-9883.

Cailteux, J. L. H., Kampunzu, A. B., Lerouge, C., Kaputo, A. K., & Milesi, J. P. (2005). Genesis of sediment-hosted
stratiform copper—cobalt deposits, central African Copperbelt. Journal of African Earth Sciences, 42(1-5), 134-158.
Cassata, W. S., Prussin, S. G., Knight, K. B., Hutcheon, I. D., Isselhardt, B. H., & Renne, P. R. (2014). When the
dust settles: stable xenon isotope constraints on the formation of nuclear fallout. Journal of environmental
radioactivity, 137, 88-95.

Class, C., & le Roex, A. P. (2008). Ce anomalies in Gough Island lavas—trace element characteristics of a recycled
sediment component. Earth and Planetary Science Letters, 265(3), 475-486.

Crocker, G. R., O'Connor, J. D., & Freiling, E. C. (1965). Physical and radiochemical properties of fallout particles
(No. USNRDL-TR-899). Naval Radiological Defense Lab., San Francisco, Calif..

27



815
816
817

818
819

820
821
822

823
824
825

826
827

828
829

830
831
832

833
834

835
836

837

838
839

840
841

842
843

844
845

846
847

848
849

850
851

852
853

854
855

856
857

858

Davranche, M., Pourret, O., Gruau, G., Dia, A., & Le Coz-Bouhnik, M. (2005). Adsorption of REE (l11)-humate
complexes onto MnO 2: experimental evidence for cerium anomaly and lanthanide tetrad effect suppression.
Geochimica et Cosmochimica Acta, 69(20), 4825-4835.

Day, J. M., Moynier, F., Meshik, A. P., Pradivtseva, O. V., & Petit, D. R. (2017). Evaporative fractionation of zinc
during the first nuclear detonation. Science advances, 3(2), €1602668.

Day, J. M. D., Moynier, F., Sossi, P. A., Wang, K., Meshik, A. P., Pravdivtseva, O. V., & Pettit, D. R. (2020).
Moderately volatile element behaviour at high temperature determined from nuclear detonation. Geochemical
Perspectives Letters, 13, 54-60.

Donohue, P. H., Simonetti, A., Koeman, E. C., Mana, S., & Burns, P. C. (2015). Nuclear forensic applications
involving high spatial resolution analysis of Trinitite cross-sections. Journal of Radioanalytical and Nuclear
Chemistry, 306(2), 457-467.

Donohue, P. H., & Simonetti, A. (2016). Vesicle Size Distribution as a Novel Nuclear Forensics Tool. PloS one,
11(9), e0163516.

Eby, G. N., Charnley, N., Pirrie, D., Hermes, R., Smoliga, J., & Rollinson, G. (2015). Trinitite redux: Mineralogy
and petrology. American Mineralogist, 100(2-3), 427-441.

Eppich, G. R., Knight, K. B., Jacomb-Hood, T. W., Spriggs, G. D., & Hutcheon, I. D. (2014). Constraints on fallout
melt glass formation from a near-surface nuclear test. Journal of Radioanalytical and Nuclear Chemistry, 302(1),
593-609.

Fahey, A. J., Zeissler, C. J., Newbury, D. E., Davis, J., & Lindstrom, R. M. (2010). Postdetonation nuclear debris for
attribution. Proceedings of the National Academy of Sciences, 107(47), 20207-20212.

Fitzgerald, M. A., Knight, K. B., Matzel, J. E., & Czerwinski, K. R. (2019). Interpreting mixing relationships in
energetic melts to estimate vapor contribution and composition. Chemical Geology, 507, 96-119.

Freiling, E. C. (1961). Radionuclide Fractionation in Bomb Debris. Science, 133, 1991-1998.

Freiling, E. C., & Kay, M. A. (1965). Radionuclide fractionation in air-burst debris (Vol. 933). US Naval
Radiological Defense Laboratory.

Glasstone, S., & Dolan, P. J. (1977). The Effects of Nuclear Weapons: Compiled and Edited by Samuel Glasstone
and Philip J. Dolan. US Dept. of Defense.

Grossman, L. (1972). Condensation in the primitive solar nebula. Geochimica et Cosmochimica Acta, 36(5), 597-
619.

Harris, C. (1985). Guano-derived rare earth-rich phosphatic amygdales in gabbroic inclusions from Ascension
Island. Earth and planetary science letters, 72(1), 141-148.

Haskin, L. A, Frey, F. A., Schmitt, R. A., & Smith, R. H. (1966). Meteoritic, solar and terrestrial rare-earth
distributions. Physics and Chemistry of the Earth, 7, 167-321.

Heft, R. E. (1970). Characterization of Radioactive Particles from Nuclear Weapons Tests. Univ. of California,
Livermore.

Henderson, P. A. U. L. (1984). General geochemical properties and abundances of the rare earth elements. Rare
earth element geochemistry, 2(1), 32.

Hinton, R. W., & Upton, B. G. J. (1991). The chemistry of zircon: variations within and between large crystals from
syenite and alkali basalt xenoliths. Geochimica et Cosmochimica Acta, 55(11), 3287-3302.

Hoekstra, H. R., Siegel, S., Fuchs, L. H., & Katz, J. J. (1955). The uranium—oxygen system: UO2. 5 to U308. The
Journal of Physical Chemistry, 59(2), 136-138.

Hoskin, P. W., & Schaltegger, U. (2003). The composition of zircon and igneous and metamorphic petrogenesis.
Reviews in mineralogy and geochemistry, 53(1), 27-62.

Izrael, Y. A. (2002). Radioactive fallout after nuclear explosions and accidents. Elsevier.

28



859
860

861
862

863
864

865
866

867
868
869

870
871
872

873
874
875

876
877

878
879
880

881
882

883
884

885
886

887

888
889

890
891

892
893

894
895

896

897
898

899
900

901
902

Jones, A. P., Genge, M., & Carmody, L. (2013). Carbonate melts and carbonatites. Rev Mineral Geochem, 75(1),
289-322.

Kato, C., & Moynier, F. (2017). Gallium isotopic evidence for the fate of moderately volatile elements in planetary
bodies and refractory inclusions. Earth and Planetary Science Letters, 479, 330-339.

Koeppenkastrop, D., & De Carlo, E. H. (1993). Uptake of rare earth elements from solution by metal oxides.
Environmental science & technology, 27(9), 1796-1802.

Koroglu, B., Wagnon, S., Dai, Z., Crowhurst, J. C., Armstrong, M. R., Weisz, D., ... & Rose, T. P. (2018). Gas
phase chemical evolution of uranium, aluminum, and iron oxides. Scientific reports, 8(1), 1-15.

Koroglu, B., Dai, Z., Finko, M., Armstrong, M. R., Crowhurst, J. C., Curreli, D., ... & Rose, T. P. (2020).
Experimental Investigation of Uranium Volatility during Vapor Condensation. Analytical chemistry, 92(9), 6437-
6445.

Lamoreaux, R. H., Hildenbrand, D. L., & Brewer, L. (1987). High-Temperature Vaporization Behavior of Oxides II.
Oxides of Be, Mg, Ca, Sr, Ba, B, Al, Ga, In, Tl, Si, Ge, Sn, Pb, Zn, Cd, and Hg. Journal of physical and chemical
reference data, 16(3), 419-443.

Lewis, L. A., Knight, K. B., Matzel, J. E., Prussin, S. G., Zimmer, M. M., Kinman, W. S., ... & Hutcheon, I. D.
(2015). Spatially-resolved analyses of aerodynamic fallout from a uranium-fueled nuclear test. Journal of
environmental radioactivity, 148, 183-195.

Lodders, K. (2003). Solar system abundances and condensation temperatures of the elements. The Astrophysical
Journal, 591(2), 1220.

Murali, A. V., Parthasarathy, R., Mahadevan, T. M., & Das, M. S. (1983). Trace element characteristics, REE
patterns and partition coefficients of zircons from different geological environments—a case study on Indian
zircons. Geochimica et Cosmochimica Acta, 47(11), 2047-2052.

McKenzie, D. (1985). The extraction of magma from the crust and mantle. Earth and Planetary Science Letters,
74(1), 81-91.

McLennan, S. M., Nance, W. B., & Taylor, S. R. (1980). Rare earth elemeFLD-thorium correlations in sedimentary
rocks, and the composition of the continental crust. Geochimica et Cosmochimica Acta, 44(11), 1833-18309.

McLennan, S. M., & Taylor, S. R. (2012). Geology, geochemistry, and natural abundances of the rare earth
elements. The rare earth elements—fundamentals and applications. Wiley, New York, 1-19.

Moody, K. J., Grant, P. M., & Hutcheon, I. D. (2014). Nuclear forensic analysis. CRC Press.

Nesbitt, H. W. (1979). Mobility and fractionation of rare earth elements during weathering of a granodiorite. Nature,
279, 206-210.

Opeka, M. M., Talmy, I. G., & Zaykoski, J. A. (2004). Oxidation-based materials selection for 2000 C+ hypersonic
aerosurfaces: theoretical considerations and historical experience. Journal of materials science, 39(19), 5887-5904.

Osinski, G. R., & Spray, J. G. (2001). Impact-generated carbonate melts: evidence from the Haughton structure,
Canada. Earth and Planetary Science Letters, 194(1), 17-29.

Parekh, P. P., Semkow, T. M., Torres, M. A., Haines, D. K., Cooper, J. M., Rosenberg, P. M., & Kitto, M. E. (2006).
Radioactivity in Trinitite six decades later. Journal of environmental radioactivity, 85(1), 103-120.

Piper, D. Z. (1974). Rare earth elements in the sedimentary cycle: a summary. Chemical Geology, 14(4), 285-304.

Richter, S., & Goldberg, S. A. (2003). Improved techniques for high accuracy isotope ratio measurements of nuclear
materials using thermal ionization mass spectrometry. International Journal of Mass Spectrometry, 229(3), 181-197.

Rudnick, R. L., Gao, S., Holland, H. D., & Turekian, K. K. (2003). Composition of the continental crust. The crust,
3,1-64.

Russell, 1. J. (1965). Radioisotope Fractionation and Particle Size Characteristics of a Low-Yield Surface Nuclear
Detonation. AIR FORCE WEAPONS LAB KIRTLAND AFB NM.

29



903
904
905

906
907
908

909
910
911

912
913
914

915
916
917
918
919
920

921
922
923
924
925
926
927
928
929
930

931
932
933

934
935

936

937
938

939

Schlauf, D., Siemon, K., Weber, R., Esterlund, R. A., Molzahn, D., & Patzelt, P. (1997). Trinitite redux: Comment
on “Determining the yield of the Trinity nuclear device via gamma-ray spectroscopy,” by David Atkatz and
Christopher Bragg [Am. J. Phys. 63 (5), 411-413 (1995)]. American Journal of Physics, 65(11), 1110-1112.

Sharp, N., McDonough, W. F., Ticknor, B. W., Ash, R. D., Piccoli, P. M., & Borg, D. T. (2014). Rapid analysis of
trinitite with nuclear forensic applications for post-detonation material analyses. Journal of Radioanalytical and
Nuclear Chemistry, 302(1), 57-67.

Stewart, N. G., Crooks, R. N., & Fisher, E. M. (1956). The radiological dose to persons in the UK due to debris from
nuclear test explosions prior to January 1956 (No. AERE-HP/R-2017). Gt. Brit. Atomic Energy Research
Establishment, Harwell, Berks, England.

Taylor, S. R., McLennan, S. M., Armstrong, R. L., & Tarney, J. (1981). The composition and evolution of the
continental crust: rare earth element evidence from sedimentary rocks [and discussion]. Philosophical Transactions
of the Royal Society of London A: Mathematical, Physical and Engineering Sciences, 301(1461), 381-399.

Thein, S. M., & Bereolos, P. J. (2000). Thermal Stabilization of 233U02, 233U0O3, and 233U308. ORNL/TM-
2000/82.

Threadgill, P. L., & Wilshire, B. (1974). The effect of particle size and spacing on creep of two-phase copper—cobalt
alloys. Metal Science, 8(1), 117-124.

Trail, D., Watson, E. B., & Tailby, N. D. (2012). Ce and Eu anomalies in zircon as proxies for the oxidation state of
magmas. Geochimica et Cosmochimica Acta, 97, 70-87.

Tsuchiyama, A., Nagahara, H., & Kushiro, 1. (1981). Volatilization of sodium from silicate melt spheres and its
application to the formation of chondrules. Geochimica et Cosmochimica Acta, 45(8), 1357-1367.

Weisz, D. G., Jacobsen, B., Marks, N. E., Knight, K. B., Isselhardt, B. H., Matzel, J. E., ... & Hutcheon, I. D. (2017).
Deposition of vaporized species onto glassy fallout from a near-surface nuclear test. Geochimica et Cosmochimica
Acta, 201, 410-426.

Weisz, D. G., Jacobsen, B., Marks, N. E., Knight, K. B., Isselhardt, B. H., & Matzel, J. E. (2018). Diffusive mass
transport in agglomerated glassy fallout from a near-surface nuclear test. Geochimica et Cosmochimica Acta, 223,
377-388.

Williams, J., Barnes, E., Scott, R., & Hall, A. (1959). Sintering of uranium oxides of composition UO2 to U308 in
various atmospheres. Journal of Nuclear Materials, 1(1), 28-38.

Wimpenny, J., Marks, N., Knight, K., Rolison, J. M., Borg, L., Eppich, G., ... & Yin, Q. Z. (2019). Experimental
determination of Zn isotope fractionation during evaporative loss at extreme temperatures. Geochimica et
Cosmochimica Acta, 259, 391-411.

Wimpenny, J., Marks, N., Knight, K., Borg, L., Badro, J., & Ryerson, F. (2020). Constraining the behavior of
gallium isotopes during evaporation at extreme temperatures. Geochimica et Cosmochimica Acta, 286, 54-71.

Winter, J. D. (2010). Principles of igneous and metamorphic petrology (Vol. 2). New York: Prentice Hall.

Yu, Y., & Hewins, R. H. (1998). Transient heating and chondrule formation: Evidence from sodium loss in flash
heating simulation experiments. Geochimica et Cosmochimica Acta, 62(1), 159-172.

30



Figure Captions

Fig. 1: Optical images of representative fallout glass morphologies and sizes characterized in this study.
See Supplemental for additional optical images all fallout melt glass samples.

Fig. 2 — Major element concentrations in fallout, normalized to the average concentration in the test-site
soil. Uncertainties (2c) capture the variation preserved in both the fallout population and in the average
local soil values.

Fig. 3 — Normalized concentrations of the volatile major elements Na and K (a) and trace elements Pb and
TI (b) in fallout melt glass.

Fig. 4 — Trace element concentrations in fallout, normalized to the average concentration in the local soil.
Uncertainties (2o) include errors related to the heterogeneity of both the fallout and the average local soil
values. Uranium is highly enriched in the fallout relative to the soil (fallout/soil = 6.77+£2.27) and is omitted
for clarity.

Fig. 5: Uranium concentration (fallout/average soil) versus 23°U/238U ratio in fallout melt glass (74
samples). Sample data are colored based on their average grain size. Fallout melt glass sample FLD-2-50-
3, a composite sample with the lowest relative values, is highlighted. All uncertainties are 2c.
Uncertainties on 25U/2%8U ratios are smaller than symbols.

Fig. 6: 234U/238U ratio versus 23°U/238U ratio (a) and 236U/238U ratio versus 235U/238U ratio (b) in
fallout melt glass (74 samples) and local soil (5 samples, all of which plot at or near the origin in this
case). Sample data are colored based on their grain size. Fallout melt glass sample FLD-2-50-3, a
composite sample with the lowest relative values, is highlighted. Uncertainties (20) are smaller than
symbols.

Fig. 7 - Relationship between sample mass in fallout melt glass samples with a) U concentration, b) U
isotopic composition, ¢) Al concentration and d) Na concentration as given in Table 2 and Table 3. All
concentrations are normalized to the average local soil values. Uncertainties include errors related to the
heterogeneity of the soil.

Fig. 8 - Relationship between sample mass and Cr concentration in fallout melt glass samples (for full data
see the Supplemental).

Fig. 9 — Rare earth element (REE) plots showing a) Average REE concentrations in fallout from 97
analyses of 81 samples normalised to average concentrations in the average soil value, b) individual REE
patterns for three fallout melt glass samples. Uncertainties on average fallout composition include errors
related to the heterogeneity of both the fallout and the local soil. Uncertainties on REE concentrations in
individual fallout samples are provided in Appendix A2-Ab5.

Fig. 10 — Relationship between element enrichment factor and oxide melting temperature in laser heated
soil experiments. In a) we show the effect of heating time on element fractionation, using two experiments
performed at 2200°C. In b) we show the effect of temperature on element fractionation, using two
experiments performed for 60 s. For clarity the uncertainties have been omitted, but can be found in
Appendix A6. Oxide melting temperatures used in this figure are given in Appendix A7.
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Fig. 11 — Relationship between element-oxide melting temperatures and relative element enrichments
during laser heating experiments of soils. In a) we show data from synthetic sample Syn-12 (2200°C, 90 s),
highlighting that only elements with melting temperatures above ~2000°C are enriched by a factor of ~3.5.
In b) we show data for elements with oxide melting temperatures of >2000°C, based on a set of five
experiments heated at 2200°C for 1-90 s. For clarity the uncertainties have been omitted, but can be found
in Appendix A6. Oxide melting temperatures used in this figure are given in Appendix A7.

Fig. 12 a) Graph showing the relationship between relative enrichment or depletion of an element in
fallout melt glass as a function of its volatility. Data are taken from Table 4 and uncertainties are omitted
for clarity. Oxide melting temperatures shown are given, along with respective references, in Appendix
AT. Trace elements that are highly enriched in fallout relative to the local soil (fallout/soil ratio >2) are
plotted in red. b) Enlargement of (a) showing the relationship between enrichment factor and oxide
melting temperature in more detail, with elements labeled that are highly enriched and highly depleted.

Fig. 13 — Covariation between Cu and Co systematics in fallout melt glass. Uncertainties are provided in
Appendix A2-Ab5.

Fig. 14 — Fallout/soil data from Bonamici et al. (2017) showing a) comparison between fallout/soil ratios
for major elements in the Ca-enriched glass when normalised to the average soil and a high calcite
component, b) comparison between fallout/soil ratios for Ca-enriched glass in Trinitite and average bulk
fallout from the present study.
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Table 1 — Mesh size used to separate fallout samples, and typical grain size of each size fraction.

Range of average grain sizes

Mesh size represented in collect
6 3.35-6.30 mm
8 2.36 — 3.35 mm
12 1.70 - 2.00 mm
16 1.18 - 1.40 mm
30 0.60-0.71 mm

50 0.30-0.36 mm




Table 2 — Major element concentrations from 97 analyses of 81 fallout samples normalized to average concentrations in the test-

site soil. All analyses were made on single pieces of glass, with the exception of FLD-2-30-comp, which was a set of multiple

pieces of glass. Quad ICP-MS measurements for FLD-2-12 series and the FLD-2-16 series are as reported in Eppich et al. (2014),
with the exception of *samples, which denotes repeat measurements of fallout and soil aliquots made on the Element XR.
Provided uncertainties incorporate heterogeneities in the average soil composition (n=6). Sample mass uncertainties are ~0.5%.

Ssample ID nigg;p(';) '\gfzseh Morphology Af?{i'%‘(')ga' N 26 Mg 20 Al 2 K % Ca 26 Fe 2
FLD-15-10-3 0163033 6  aerodynamic  HR-ICP-MS 073 005 186 054 101 005 063 006 095 074 127 027
FLD-15-10-4 0120367 6  aerodynamic ~ HR-ICP-MS 083 005 227 066 108 005 076 009 139 108 139 0.30
FLD-15-105 0080133 6  aerodynamic ~ HR-ICP-MS 089 005 125 037 097 005 074 012 079 062 122 026
FLD-15-10-6 0205633 6  aerodynamic ~ HR-ICP-MS 080 005 159 046 094 005 065 007 122 095 119 025
FLD-15-10-7 0109800 6 sphere HRICP-MS 099 006 139 041 095 005 081 009 098 076 123 026
FLD-15-10-8 0052283 8 notimaged  HR-ICP-MS  0.80 005 143 042 099 005 051 005 087 068 129 027
FLD-15-109 0057967 8  aerodynamic ~ HR-ICP-MS 083 005 151 044 095 005 064 007 145 113 121 026

FLD-15-10-10 0032450 8 sphere HRICP-MS 081 005 240 070 101 005 069 009 104 081 144 031
FLD-15-10-11 0057950 8  aerodynamic  HR-ICP-MS 098 006 152 045 091 005 076 007 099 077 121 026
FLD-15-10-12 0047883 8 sphere HRICP-MS 085 005 149 044 08 004 073 010 110 08 117 025
FLD-15-10-13  0.049750 8 elongate HR-ICP-MS 084 005 167 049 097 004 071 006 108 084 130 0.28
FLD-2-12-0 0021116 12 fragment  Quad ICP-MS 098 006 175 052 109 006 090 008 110 086 140 031
FLD-2-12-P 0017437 12 fragment  Quad ICP-MS 083 005 178 052 118 007 081 007 106 082 143 0.30
FLD-2-12-P* 0017437 12 fragment HR-ICP-MS 090 008 190 056 082 008 110 085 142 031
FLD-2-12-Q 0020327 12 fragment  Quad ICP-MS 093 006 180 053 110 005 086 007 124 096 143 031
FLD-2-12-R 0017022 12 fragment  Quad ICP-MS 098 006 157 046 111 005 089 008 087 068 142 031
FLD-2-12-S 0015143 12 fragment  Quad ICP-MS 091 006 177 052 110 005 087 007 112 087 139 0.30
FLD-2-12-5* 0015143 12 fragment HR-ICP-MS 101 006 197 058 089 009 117 091 142 031
FLD-2-12-T 0018902 12 fragment  Quad ICP-MS 097 006 162 047 103 005 087 007 18 144 130 0.28
FLD-2-12-T* 0018902 12 fragment HR-ICP-MS 105 007 174 051 093 010 188 147 127 028
FLD-2-12-U 0023776 12 fragment  Quad ICP-MS 093 006 155 045 102 005 084 007 145 113 133 029
FLD-2-12-V 0019379 12 fragment  Quad ICP-MS 089 006 147 043 104 005 083 007 122 095 132 028
FLD-2-12-W 0009058 12  aerodynamic  Quad ICP-MS 086 006 186 054 110 005 090 007 099 077 141  0.30
FLD-2-12-W* 0009058 12 aerodynamic  HR-ICP-MS 094 007 195 057 085 007 103 080 138 030
FLD-2-12-X 0008650 12  aerodynamic ~ Quad ICP-MS 095 006 146 043 108 005 094 008 064 050 148 032
FLD-2-12-X* 0008650 ~ 12  aerodynamic  HR-ICP-MS  1.03 008 157 0.46 087 008 070 055 144 031
FLD-2-12-Y 0017236 12 fragment  Quad ICP-MS 087 007 172 050 113 005 084 007 122 095 138 0.29
FLD-2-12-Z 0018805 12 fragment  Quad ICP-MS 099 006 187 055 108 005 090 007 109 085 144 031
FLD-2-12-Al 0007086 12  aerodynamic ~ Quad ICP-MS 095 007 175 051 108 005 103 009 114 089 140 030
FLD-2-12-Al* 0007086 12  aerodynamic ~ HR-ICP-MS 104 006 190  0.56 092 010 122 095 137 029
FLD-2-12-A] 0010145 12 fragment  Quad ICP-MS 098 006 146 043 107 006 095 008 079 061 141 0.30
FLD-2-12-AJ 0010145 12 fragment HRICP-MS 107 006 161 047 092 008 08 068 140 030
FLD-2-12-AK  0.009069 12 aerodynamic  Quad ICP-MS 086 005 142 041 108 005 103 009 073 057 135 029
FLD-2-12-AL 0011855 12 fragment  Quad ICP-MS 095 006 163 048 106 006 108 009 099 077 127 028
FLD-2-12-AM 0007955 12  aerodynamic  Quad ICP-MS  0.88 006 175 051 117 006 109 009 108 084 136 029
FLD-2-12-AN  0.007408 12 aerodynamic  Quad ICP-MS 089 006 188 055 113 006 113 010 092 072 136 029
FLD-2-1-AN*  0.007408 12  aerodynamic  HR-ICP-MS 098 006 213 0.2 091 008 091 071 146 031
FLD-2-12-A0 0012177 12 fragment  Quad ICP-MS 093 006 153 045 108 005 099 008 091 071 133 028
FLD-2-12-AP 0007856 12 aerodynamic  Quad ICP-MS 096 007 121 036 103 005 111 009 111 087 121 026
FLD-2-12-AQ 0010257 12 fragment  Quad ICP-MS 086 006 189 056 112 006 101 009 106 082 137 029
FLD-2-12-AR 0011988 12 fragment  Quad ICP-MS 087 005 148 044 109 006 096 008 069 054 137 0.30
FLD-2-16-A 0003410 16  aerodynamic ~ Quad ICP-MS 104 006 178 053 104 006 087 009 134 111 136 031
FLD-2-16-B 0002475 16  aerodynamic  Quad ICP-MS 079 006 192 058 134 007 067 011 150 117 145 031
FLD-2-16-C 0003091 16  aerodynamic  Quad ICP-MS 102 013 182 055 105 007 082 008 134 108 139 0.30
FLD-2-16-D 0003717 16  aerodynamic ~ Quad ICP-MS 090 006 182 053 110 007 079 008 090 070 130 028
FLD-2-16-D* 0003717 16  aerodynamic  HR-ICP-MS 096 006 187 055 088 008 102 080 137 030
FLD-2-16-E 0004488 16  aerodynamic  Quad ICP-MS 095 006 157 046 103 005 081 007 095 074 126 0.27
FLD-2-16-E* 0004488 16  aerodynamic  HR-ICP-MS 104 009 166  0.49 092 009 111 08 136 029
FLD-2-16-F 0003095 16  aerodynamic  Quad ICP-MS 093 006 157 046 101 005 080 007 060 047 120 027
FLD-2-16-G 0003927 16  aerodynamic ~ Quad ICP-MS 098 006 193 057 107 005 088 007 088 068 135 029
FLD-2-16-H 0004607 16  aerodynamic ~ Quad ICP-MS 097 007 169 049 104 007 08 008 112 087 112 027

FLD-2-16-1 0002687 16  aerodynamic  Quad ICP-MS 089 006 211 062 111 005 081 008 085 066 141 031
FLD-2-16-1* 0002687 16  aerodynamic  Quad ICP-MS 096 007 215 0.63 087 008 092 072 149 032

FLD-2-16-J 0002740 16  aerodynamic  Quad ICP-MS 100 007 177 052 103 005 080 007 081 063 131 028
FLD-2-16-K 0004204 16  aerodynamic ~ Quad ICP-MS  0.88 006 206 061 113 007 079 008 079 062 136 030
FLD-2-16-L 0003153 16  aerodynamic  Quad ICP-MS ~ 1.00 007 177 052 102 007 084 008 080 062 110 0.25
FLD-2-16-L* 0003153 16  aerodynamic ~ HR-ICP-MS 110 007 185 054 110 006 095 008 095 074 149 032
FLD-2-16-M 0003095 16  aerodynamic  Quad ICP-MS 098 006 200 059 108 005 085 007 094 073 130 028
FLD-2-16-N 0002927 16  aerodynamic ~ Quad ICP-MS 092 006 185 054 109 006 079 007 081 063 135 029
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FLD-2-16-O
FLD-2-16-P
FLD-2-16-P*
FLD-2-16-Q
FLD-2-16-Q*
FLD-2-16-R
FLD-2-16-S
FLD-2-16-T
FLD-2-16-T*
FLD-2-16-U
FLD-2-16-U*
FLD-2-16-V
FLD-2-16-W
FLD-2-16-X
FLD-2-30-1
FLD-2-30-2
FLD-2-30-3
FLD-2-30-4
FLD-2-30-5
FLD-2-30-6
FLD-2-30-7
FLD-2-30-8
FLD-2-30-9
FLD-2-30-10
FLD-2-30-11
FLD-2-30-12
FLD-2-30-13
FLD-2-30-14
FLD-2-30-15
FLD-2-30-16
FLD-2-30-comp
FLD-2-50-1
FLD-2-50-2
FLD-2-50-3
FLD-2-50-5
FLD-2-50-6
FLD-2-50-7
FLD-2-50-8

0.002604
0.002329
0.002329
0.002497
0.002497
0.002817
0.002944
0.003686
0.003686
0.002725
0.002725
0.003638
0.002248
0.002170
0.000555
0.000434
0.000398
0.000412
0.000133
0.000218
0.000340
0.000385
0.000322
0.001073
0.000336
0.000350
0.000427
0.000339
0.000383
0.000521
0.007860
0.000050
0.000046
0.000034
0.000046
0.000063
0.000031
0.000040

16
16
16
16
16
16
16
16
16
16
16
16
16
16
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
50
50
50
50
50
50
50

aerodynamic
aerodynamic
aerodynamic
aerodynamic
aerodynamic
aerodynamic
aerodynamic
aerodynamic
aerodynamic
aerodynamic
aerodynamic
aerodynamic
aerodynamic
aerodynamic
agglomerate
elongate
sphere
aerodynamic
shard
aerodynamic
aerodynamic
elongate
agglomerate
aerodynamic
aerodynamic
sphere
sphere
agglomerate
elongate
elongate
population
sphere
sphere
sphere
sphere
elongate
agglomerate
agglomerate

Quad ICP-MS
Quad ICP-MS
HR-ICP-MS
Quad ICP-MS
HR-ICP-MS
Quad ICP-MS
Quad ICP-MS
Quad ICP-MS
HR-ICP-MS
Quad ICP-MS
HR-ICP-MS
Quad ICP-MS
Quad ICP-MS
Quad ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
Quad ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS
HR-ICP-MS

0.94
0.94
0.99
0.96
1.04
1.00
0.90
0.91
0.96
0.82
0.89
0.97
0.80
0.83
0.82
0.76
0.81
1.01
0.66
0.81
0.91
0.79
0.91
1.14
0.82
0.75
0.65
0.57
0.67
0.73
0.97
0.93
0.80
0.92
1.06
0.76
0.72
0.99

0.06
0.07
0.06
0.06
0.07
0.07
0.06
0.06
0.07
0.05
0.06
0.06
0.06
0.06
0.05
0.04
0.05
0.06
0.04
0.05
0.05
0.05
0.05
0.07
0.05
0.05
0.14
0.13
0.06
0.04
0.09
0.08
0.22
0.26
0.09
0.06
0.05
0.08

1.96
1.54
1.56
1.85
1.92
2.01
1.64
1.89
1.94
1.88
1.93
170
1.98
1.61
117
1.65
119
1.42
2.52
1.58
1.38
158
1.49
0.94
1.64
1.16
172
1.20
1.92
138
158
1.43
1.66
2.26
1.80
221
1.47
1.69

0.58
0.45
0.46
0.54
0.56
0.60
0.49
0.56
0.57
0.55
0.57
0.50
0.58
0.47
0.34
0.48
0.35
0.42
0.73
0.47
0.41
0.47
0.44
0.28
0.48
0.34
0.50
0.35
0.56
0.40
0.47
0.42
0.49
0.66
0.53
0.65
0.43
0.49

1.09
1.04
1.08
1.09
115
1.07
1.07
1.10
114
117
1.24
112
1.08
1.05
1.00
0.93
0.97
0.95
0.99
0.95
0.95
1.03
0.93
0.79
0.98
0.96
0.80
0.82
0.94
0.85
1.10
1.00
1.06
1.19
111
1.18
0.76
0.86

0.05
0.07
0.06
0.07
0.06
0.06
0.06
0.07
0.08
0.06
0.07
0.06
0.06
0.07
0.06
0.05
0.06
0.08
0.04
0.07
0.06
0.08
0.06
0.06
0.07
0.07
0.04
0.05
0.04
0.04
0.09
0.05
0.06
0.07
0.06
0.05
0.03
0.04

0.82
0.80
0.87
0.81
0.91
0.86
0.77
0.80
0.89
0.74
0.81
0.82
0.70
0.72
0.67
0.70
0.71
0.84
0.68
0.76
0.78
0.73
0.80
0.80
0.77
0.70
0.61
0.52
0.64
0.62
0.85
0.76
0.68
0.84
0.85
0.65
0.65
0.82

0.07
0.10
0.09
0.08
0.08
0.08
0.08
0.08
0.08
0.07
0.08
0.07
0.07
0.08
0.05
0.06
0.06
0.07
0.06
0.07
0.07
0.06
0.06
0.07
0.07
0.06
0.05
0.04
0.05
0.05
0.08
0.07
0.06
0.07
0.07
0.05
0.05
0.07

0.80
0.96
111
1.03
1.23
1.04
1.32
0.83
0.96
1.07
1.26
1.00
1.79
1.43
1.24
1.23
1.25
2.26
1.05
184
0.97
0.94
1.38
1.03
1.25
1.63
1.25
1.22
0.76
0.77
0.95
1.56
1.40
0.89
1.15
0.88
0.73
0.72

0.63
0.75
0.87
0.80
0.95
0.81
1.03
0.65
0.75
0.83
0.98
0.78
1.40
112
0.97
0.96
0.97
1.76
0.82
143
0.76
0.73
1.07
0.80
0.98
1.27
0.98
0.95
0.59
0.60
0.74
1.22
1.09
0.69
0.90
0.68
0.57
0.56

132
1.22
1.29
1.30
1.39
1.33
1.24
1.30
1.36
132
1.40
1.30
119
121
1.30
1.36
1.29
1.29
17
131
1.38
141
133
1.26
1.45
1.25
1.09
1.00
1.18
0.99
135
121
1.26
119
134
143
0.93
1.02

0.28
0.26
0.28
0.28
0.30
0.29
0.27
0.28
0.30
0.28
0.30
0.28
0.26
0.27
0.28
0.29
0.28
0.28
0.37
0.28
0.29
0.31
0.29
0.28
0.31
0.27
0.23
0.22
0.25
0.21
0.29
0.26
0.27
0.25
0.28
0.30
0.20
0.22
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Table 3 — Uranium concentration and isotopic composition from 74 analyses fallout melt glass from a U-fueled
nuclear test. Uranium concentrations are normalized to the average uranium concentration in the soil (n=6), and
uncertainties incorporate the heterogeneity in the soil composition.

U 234Ul 236Ul 235Ul 235U
Sample ID fallout/soil 20 238y 20 238y 20 238y 20 Enrichment 20
FLD-15-10-3 5.13 0.95 0.05680 0.00017 0.02565 0.00010 5.29140 0.01334 84.11 0.21

FLD-15-10-4 4.64 0.86 0.04233 0.00012 0.01916 0.00007 3.93538 0.00921 79.74 0.19
FLD-15-10-5 4.02 0.74 0.05454 0.00017 0.02459 0.00009 5.13569 0.01553 83.70 0.25
FLD-15-10-6 4.78 0.89 0.04400 0.00013 0.01987 0.00007 4.09663 0.00979 80.38 0.19
FLD-15-10-7 4.24 0.79 0.05616 0.00017 0.02531 0.00009 5.23589 0.01244 83.96 0.20
FLD-15-10-8 4.97 0.92 0.06066 0.00018 0.02739 0.00010 5.67354 0.01481 85.02 0.22
FLD-15-10-9 5.04 0.93 0.04287 0.00014 0.01939 0.00008 3.99805 0.01198 79.99 0.24
FLD-15-10-10 4.47 0.83 0.04253 0.00011 0.01920 0.00006 3.98522 0.00968 79.94 0.19
FLD-15-10-11 5.77 1.07 0.05244 0.00018 0.02372 0.00008 4.91388 0.01504 83.09 0.25
FLD-15-10-12 5.15 095 0.05003 0.00017 0.02263 0.00009 4.69611 0.01516 82.44 0.27
FLD-15-10-13 5.98 111 0.06015 0.00021 0.02709 0.00011 5.63863 0.01889 84.94 0.28

FLD-2-12-A 6.04 112 0.05997 0.00005 0.02697 0.00002 5.56143 0.00433 84.76 0.07
FLD-2-12-B 5.35 0.99 0.04459 0.00004 0.02009 0.00002 4.13411 0.00308 80.52 0.06
FLD-2-12-D 541 1.00 0.05764 0.00005 0.02599 0.00002 5.34445 0.00400 84.24 0.06
FLD-2-12-E 6.24 1.16 0.06302 0.00005 0.02838 0.00002 5.83908 0.00443 85.38 0.06
FLD-2-12-K 6.19 1.15 0.05456 0.00004 0.02455 0.00002 5.05715 0.00384 83.49 0.06
FLD-2-12-L 7.10 1.32 0.05210 0.00004 0.02352 0.00002 4.82789 0.00373 82.84 0.06
FLD-2-12-O 7.24 1.34 0.05920 0.00044 0.02671 0.00027 5.46150 0.00597 84.52 0.09
FLD-2-12-P 8.91 1.65 0.07793 0.00059 0.03551 0.00036 7.18907 0.01034 87.79 0.13
FLD-2-12-Q 597 1.11 0.05324 0.00040 0.02404 0.00025 4.90677 0.00722 83.07 0.12
FLD-2-12-R 8.69 1.61 0.07703 0.00058 0.03504 0.00036 7.09270 0.00956 87.64 0.12
FLD-2-12-S 6.96 129 0.06228 0.00046 0.02799 0.00029 5.72410 0.00655 85.13 0.10
FLD-2-12-T 4.16 0.77 0.02532 0.00019 0.01161 0.00012 2.32126 0.00323 69.89 0.10
FLD-2-12-U 6.21 1.15 0.05437 0.00041 0.02459 0.00025 4.99750 0.00749 83.33 0.12
FLD-2-12-V 491 091 0.04433 0.00033 0.02005 0.00020 4.06669 0.00496 80.26 0.10
FLD-2-12-W 7.90 146 0.06996 0.00052 0.03158 0.00032 6.41849 0.00824 86.52 0.11
FLD-2-12-X 6.77 125 0.07321 0.00054 0.03295 0.00034 6.69792 0.00897 87.01 0.12
FLD-2-12-Y 7.47 1.38 0.06578 0.00049 0.02981 0.00030 6.03500 0.00728 85.79 0.10
FLD-2-12-Z2 9.02 1.67 0.07414 0.00055 0.03336 0.00034 6.80828 0.00927 87.19 0.12
FLD-2-12-Al 4.61 0.85 0.03714 0.00018 0.01671 0.00010 3.43879 0.00355 77.47 0.08
FLD-2-12-AJ 6.45 1.20 0.06705 0.00032 0.03026 0.00019 6.21388 0.00656 86.14 0.09

FLD-2-12-AK 5.70 1.06 0.06414 0.00031 0.02886 0.00018 5.94990 0.00637 85.61 0.09
FLD-2-12-AL 6.41 119 0.05401 0.00026 0.02430 0.00015 5.01002 0.00502 83.36 0.08
FLD-2-12-AM 8.88 1.64 0.07943 0.00038 0.03596 0.00022 7.36865 0.00814 88.05 0.10
FLD-2-12-AN 7.17 1.33 0.07603 0.00036 0.03414 0.00021 7.05318 0.00746 87.58 0.09
FLD-2-12-A0O 9.27 1.72 0.08328 0.00040 0.03793 0.00023 7.72499 0.00776 88.54 0.09
FLD-2-12-AP 4.56 0.85 0.04661 0.00022 0.02108 0.00013 4.31965 0.00373 81.20 0.07
FLD-2-12-AQ 6.65 1.23 0.05568 0.00026 0.02500 0.00016 5.16529 0.00534 83.78 0.09
FLD-2-12-AR 6.46 1.20 0.07136 0.00034 0.03210 0.00020 6.61945 0.00701 86.88 0.09

FLD-2-16-A 5.80 1.08 0.05393 0.00026 0.02371 0.00015 5.00250 0.00751 83.34 0.13
FLD-2-16-B 7.49 1.39 0.06473 0.00031 0.02867 0.00018 5.99880 0.00720 85.71 0.10
FLD-2-16-C 9.41 1.74 0.07291 0.00028 0.03202 0.00021 6.76956 0.00825 87.13 0.11
FLD-2-16-D 8.32 154 0.07340 0.00040 0.03333 0.00010  6.810 0.040 87.20 0.51

FLD-2-16-E 7.87 1.46 0.07680 0.00020 0.03515 0.00007 7.127 0.019 87.70 0.23



FLD-2-16-F
FLD-2-16-G
FLD-2-16-H
FLD-2-16-1
FLD-2-16-J
FLD-2-16-K
FLD-2-16-L
FLD-2-16-M
FLD-2-16-N
FLD-2-16-O
FLD-2-30-1
FLD-2-30-2
FLD-2-30-3
FLD-2-30-4
FLD-2-30-5
FLD-2-30-6
FLD-2-30-7
FLD-2-30-8
FLD-2-30-9
FLD-2-30-10
FLD-2-30-11
FLD-2-30-12
FLD-2-30-13
FLD-2-30-14
FLD-2-30-15
FLD-2-30-16
FLD-2-50-1
FLD-2-50-2
FLD-2-50-3
FLD-2-50-5

6.60
7.90
7.06
9.33
10.94
5.92
9.82
9.51
9.74
11.30
5.61
4.74
2.60
5.86
341
4.98
10.62
6.31
9.26
4.17
4.65
4.00
7.42
5.59
14.09
8.89
5.05
6.23
1.39
9.27

1.22
1.46
131
1.73
2.03
1.10
1.82
1.76
1.80
2.09
1.04
0.88
0.48
1.09
0.63
0.92
1.97
1.17
1.72
0.77
0.86
0.74
1.37
1.04
2.61
1.65
0.93
1.15
0.26
1.72

0.06855
0.07190
0.06008
0.08737
0.08014
0.05718
0.07770
0.07531
0.08163
0.08921
0.0677
0.0482
0.0232
0.0461
0.0228
0.0448
0.0771
0.0551
0.0718
0.0364
0.0391
0.0378
0.0550
0.0481
0.1010
0.0630
0.0332
0.0342
0.0019
0.0483

0.00014
0.00030
0.00016
0.00019
0.00015
0.00011
0.00020
0.00015
0.00018
0.00016
0.0004
0.0004
0.0002
0.0003
0.0003
0.0004
0.0005
0.0003
0.0004
0.0002
0.0003
0.0003
0.0003
0.0004
0.0006
0.0004
0.0005
0.0006
0.0007
0.0006

0.03082
0.03227
0.02707
0.04013
0.03655
0.02560
0.03492
0.03381
0.03678
0.04056
0.03060
0.02150
0.01057
0.02115
0.01014
0.02030
0.03510
0.02453
0.03290
0.01653
0.01806
0.01749
0.02506
0.02189
0.04630
0.02843
0.01500
0.01510
0.00004
0.02220

0.00005
0.00009
0.00009
0.00007
0.00007
0.00004
0.00008
0.00006
0.00007
0.00006
0.00018
0.00020
0.00011
0.00016
0.00019
0.00020
0.00020
0.00018
0.00030
0.00009
0.00017
0.00019
0.00012
0.00016
0.00020
0.00016
0.00030
0.00050
0.00002
0.00030

6.367
6.669
5.559
8.101
7.430
5.304
7.198
6.981
7.559
8.253
6.2400
4.4110
2.1070
4.2630
2.0990
4.1350
7.1300
5.0680
6.6400
3.3830
3.5830
3.4960
5.1200
4.4260
9.4300
5.8600
3.0310
3.0970
0.0119
4.4000

0.010
0.018
0.012
0.014
0.009
0.007
0.018
0.012
0.012
0.011
0.0200
0.0170
0.0080
0.0150
0.0090
0.0160
0.0300
0.0190
0.0200
0.0130
0.0140
0.0150
0.0200
0.0190
0.0400
0.0300
0.0160
0.0200
0.0003
0.0200

86.43
86.96
84.75
89.01
88.14
84.14
87.80
87.47
88.32
89.19
86.19
81.52
67.81
81.00
67.73
80.53
87.70
83.52
86.91
77.18
78.18
77.76
83.66
81.57
90.41
85.42
75.19
75.59
1.18
81.48

0.14
0.23
0.18
0.15
0.11
0.11
0.22
0.15
0.14
0.12
0.28
031
0.26
0.29
0.29
031
0.37
031
0.26
0.30
031
0.33
033
035
0.38
0.44
0.40
0.49
0.03
0.37
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Table 4 — Average trace element fallout/soil ratios from 97 analyses of 81 fallout samples normalized to average
concentrations in the test-site soil. Provided uncertainties are 2. The metal-rich sample FLD-2-50-3 has
anomalously high Cu, Cr and Zn concentrations, which have not been included here.

Average fallout/soil Std Dev (26)
Li 1.09 0.11
Ti 1.24 0.34
\Y 0.84 0.55
Cr 2.77 2.12
Mn 1.07 0.12
Co 1.65 0.45
Ni 1.84 0.71
Cu 2.70 2.01
Zn 0.58 0.29
Ga 0.72 0.18
Ge 0.78 0.66
As 0.09 0.08
Rb 0.86 0.10
Sr 1.88 0.29
Y 1.03 0.15
Zr 1.47 0.22
Nb 0.92 0.32
Mo 0.54 0.22
Pd 1.05 0.38
Ag 1.53 0.58
Cd 1.34 0.52
Sn 0.39 0.36
Sh 1.01 1.34
Te 1.02 0.43
Cs 0.88 0.18
La 1.03 0.15
Ce 1.13 0.14
Pr 1.07 0.15
Nd 1.06 0.15
Sm 111 0.15
Eu 0.98 0.15
Gd 1.10 0.15
Th 111 0.15
Dy 1.10 0.15
Ho 1.13 0.16
Er 1.12 0.15
Tm 1.14 0.15
Yb 1.15 0.16
Lu 1.20 0.16
Hf 1.55 0.24
Ta 0.67 0.41
W 0.71 0.48
Tl 0.22 0.11
Pb 0.39 0.17
Th 1.00 0.10

U 6.70 2.27
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6

a) b)
10 10
& L 2
9 4 9
8 - & 8 - 24
7 4 7 4
2
6 &6
gl &
N"*----..,,‘ 5 ~ 5
) o
) 4 ' & Mesh size 6-8 E 4 ’ <& Mesh size 6-8
o 3 @ Fallout | @ Mesh size 12 3 | ® Fallout | ® Mesh size 12
glass: | @ Mesh size 16 glass: | € Mesh size 16
2 1 14 @ Mesh size 30-50 2 1 o @ Mesh size 30-50
14 % FLD-2-50-3 ONT soil 11 -~ FLD-2-50-3 O NT soil
0 (; T T T T T 0 ' T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.01 0.02 0.03 0.04 0.05
234U/238U 236U/238U

44



a)
©
wn
~
)
>
o
- ﬁ
=
= R
$ ¢
T T T T
0.05 0.10 0.15 0.20
C
) 1.5
1.4
— 13
©
o 12
oy
= 1.1
o
= 10 &~ E % ----------------- } --------------------
= ¢ ¢
Y
“: 0.9 §
< 0.8
0.7
06 T T T T T
0.00 0.05 0.10 0.15 0.20 0.25

Sample mass (g)

235U/238U

O
—

Na (fallout/soil)

10

9

8 Lo

7R3

6 :’

& ®

5 z .’ @ < <

419709 ¢ & ¢

3

2 <

1

0¢ T T T T

0.00 0.05 0.10 0.15 0.20 0.25
0.10 0.15 0.20 0.25

Sample mass (g)

45



Fig. 8
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Fig. 9
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Fig. 10
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Fig. 11
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Fig. 13
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Fig. 14
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