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Abstract: Investigation of shocked materials provides unique information about behavior of sub-
stances in extreme thermodynamic conditions. Near surface nuclear tests have induced multiple
transformations of affected soils. Examination of nuclear glasses and relics of entrapped minerals
provides a unique database on their behavior under an intense temperature flash. In this work, several
types of nuclear fallout particles from historic tests at the Semipalatinsk test site are investigated using
complementary analytical methods. Distribution of radionuclides in all types of samples is highly
heterogeneous; domains with high content of radionuclides are often intermixed with non-active
materials. There is no general correlation between chemical composition of the glassy matrix and
content of radionuclides. In aerodynamic fallout, the main fraction of radionuclides is trapped in the
outer glassy shell. Relics of quartz grains are always devoid of radionuclides, while glass regions of
high activity have different composition. In contrast to underground tests, iron-rich minerals are not
necessarily radioactive. In most cases, the glassy matrix in anhydrous and is strongly polymerized,
and the Q3 silicate groups dominate. Temperature-induced transformations of entrapped minerals
are discussed. Investigation of zircon grains shows absence of a direct correlation between degree of
decomposition into constituting oxides, morphology of resulting baddeleyite, and maximum expe-
rienced temperature. For the first time, temperature history of a nuclear ground glass is estimated
from Zr diffusion profiles from decomposing zircon grain.

Keywords: nuclear fallout; nuclear melt glass; autoradiography; Semipalatinsk test site; zircon
decomposition; high-temperature metamorphism

1. Introduction

Near-surface detonations of nuclear weapons lead to the formation of aerodynamic
glassy particles, essentially, splashes of molten material, and of glassy crust beneath the
epicenter (“Ground Zero”). These materials have been produced by intense radiation
in a wide energy range and a shock wave, and comprised of by-products of vaporiza-
tion/melting and quenching of test ground soils as well as test-related materials entrapped
into a fireball. Early characterization works were mainly devoted to dose calculation,
physical description of vaporization —condensation and droplets formation, and general
classification of the glass materials [1-6]. In recent decades, the main research emphasis
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shifted towards comprehensive determination of p-T and neutron flux conditions, source
definition, speciation of Fe, U, and Pu in different types of explosions, reconstruction of the
mechanisms in fallout formation, explosion yield, distance from the epicenter, etc. [7-11].
Several studies address structure, devitrification processes, and relationships between
composition/structure/quenching and formation conditions of nuclear melt glasses [12,13].
These works complement results obtained for other types of materials formed during
transient high temperature events, firstly, fulgurites and impactites.

Several broad groups of glassy materials formed during near-surface explosions are dis-
tinguished. One of the important varieties is a glassy radioactive crust enveloping pristine
particles of the Ground Zero soil and covering former pools of molten material [2,3,7,14-21].
Another variety consists of aerodynamic glassy fallout particles represented by drops up
to several millimeters in size; sometimes, several drops merge together [3,7,14,15]. These
particles both form during mid-air condensation of vaporized materials and when the
mixture of the vaporized device and molten local soil quenches upon touching the ground.
As suggested by analysis of various isotopic systems, the formation of individual fallout
particles and their radioactivity depends on the yield and altitude of the explosion and
may last for up to several tens of seconds [5,17,22]. Examination of these materials pro-
vides information about oxygen fugacity (fO,) of the fireball and first models suggested
rather reducing the environment [8,22]. However, more recent studies show that the redox
conditions are more heterogeneous and at least some fallout particles record changes in
fO, on their flight trajectories [23,24].

The most comprehensively studied ground nuclear glasses are the so-called “trinitites”
from the Ground Zero of the first nuclear explosion (the “Trinity” test) in Alamogordo,
United States, in 1945 [2-4,7,12,16-20]. Knowledge of the exact time and yield of the
detonation facilitate interpretation of the analytical studies and the development of method-
ological approaches for nuclear forensics [19,20]. Two main scenarios of ground melt glass
formation are discussed: (a) melt droplets from the fireball falling onto the ground and
spreading/melting over the local sands, and (b) direct melting of local sands by intense
radiation. The former model finds support in recent studies [2], although there is little
doubt that depending on particular sampling locality in Ground Zero, nuclear melt glasses
from a single event may record a combination of both mechanisms. Sharp temperature rise
was followed by slower cooling, allowing crystallization of individual mineral phases. In
particular, iron-rich nuclear melt glass separates into two immiscible liquids and forms
crystals of Fe oxides with various textures that carry information about the conditions of
the glass quenching [25].

In this work, we present results of a complementary study on the radioactivity distribu-
tion, composition, and structure of the nuclear melt ground glass and aerodynamic glassy
fallout formed during historical ground tests on the territory of the Experimental Field,
Semipalatinsk test site, Republic of Kazahkhstan, former Soviet Union. The Experimental
Field (Opytnoe Pole) of the Semipalatinsk test site (STS), is the locality of the first Soviet
nuclear test in 1949, and the first Soviet thermonuclear test in 1953. In total, 30 atmospheric
detonations of different yield and degree of success were conducted from 1949 to 1962.
Only a few studies on fallout material from the STS were published [14,26-32]. The samples
vary in specific a-activity, thus reflecting different proportions of the device material and of
local soils. The nuclear melt glasses are kinetically stable for several decades and effectively
retain radionuclides: more than 30 years after the termination of the ground tests >90%
of Pu and U in soils remain in acid-resistant residues [27-29]; the leach rates of actinides
from glasses produced in underground tests at the STS are also low [30]. Since there has
been a moratorium on ground and atmospheric tests effective since 1963, the major fraction
of radioactivity in fallout plumes at the Experimental Field is concentrated in coarse soil
fraction, largely in so-called «hot» particles [31]. Distribution of 239,240y in soil fractions
and concentration of the “hot” particles per gram vary significantly in different sampling
points of the Experimental Field due to different sources of the plumes [32].
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2. Materials and Methods
2.1. Samples

Glassy melt fragments produced in historical nuclear tests were collected at the techni-
cal area P1 of the Experimental Field (Opytnoe Pole, Semipalatinsk test site) at different
periods after the implementation of the Partial Test Ban Treaty in 1963. The particles were
initially identified from their unusual appearance, markedly different from rocks common
for the area: all the samples possess dark (black) glassy outer surface. All discussed samples
are clearly considerably larger than local sand grains. With a certain degree of probability,
the samples can be attributed to Ground Zero of the first Soviet explosion (19 August 1949;
22 kt), but precise timing and yield of the explosions is impossible since the same area was
used for multiple nuclear (for instance, on 24 September 1951; 38 kt) and thermonuclear
(August 1953; 400 kt) tests. Based on their morphological features, the samples can be
divided into three groups (Figure 1).

im0

Figure 1. Appearance of the samples of the three studied groups. Group I—(A-E); Group II—(G, H);
Group III—(L]J). (A) Optical image of a polished half of the sample R1 embedded in epoxy resin
(1 mm); (B) SEM-SE images of R1: general view (scale bar 1 mm); (C) enlarged image of the small bead
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on the surface (200 um); (D) smaller beads (10 um); (E,F) (50 um) features of high-temperature etching,
note the boundary between the etched and smooth surface in (E); (G,H) optical images of particles of
the Group II (“kharitonka”); (G) outer appearance; (H) polished cross-section; (I) optical photographs
example of top and side view of the black ground glass samples (Group III, HK); (J) epoxy resin
tablets with embedded fragments of the “HK” samples.

Group I: Aerodynamic glassy fallout particles represented by specimen #R1 (Figure 1A-F).
The sample is a fully vitrified black droplet with a glassy luster, shaped like a flattened sphere
~1 cm in diameter. Several small (<1 mm) glassy beads are attached to the surface. Both the
largest droplet as well as the attached beads are decorated by yet smaller spheres with sizes
ranging from sub-pm to ~10 um. These smaller beads are usually deeply embedded into the
carrier (Figure 1D,E). The surface of the sample is generally smooth, but in some extended
rough domains are observed (Figure 1E,F). The roughness might represent devitrification of the
glassy matrix, corrosion in hot environment of the fireball, or, although less likely, alteration in
the environment.

Group II: Aerodynamic glassy fallout particles of the second type—individual frag-
ments of elongated, rounded, or irregular shape, 0.5-2 cm in the largest dimension
(Figure 1G,H). Small glassy beads adhered to the surface. The particles are entirely covered
with black glass crust; the interior part consists of sintered sand. A colloquial Russian
term for such samples is “Khariton” glasses (Yu.B. Khariton was a prominent physicist, the
leader of Soviet nuclear project). Particles from this Group are denoted as Kh#.

Group III: Nuclear melt ground glass—layered samples of a glassy crust with abundant
bubbles in the upper layer and unaltered sand in the lower layer; analogue of “trinitites”
(Figure 1L]). The samples are denoted as HK.

2.2. Methods

Morphology and composition of the samples were revealed using a JEOL JSM IT-500
scanning electron microscope equipped with an X-Max-50 energy dispersive spectrometer
(Oxford Instruments). An acceleration voltage of 20 kV and a current of 0.7 nA was used.
Quantification was performed using a set of reference materials; full ZAF correction was
employed. Electron back-scattering diffraction (EBSD) was employed for determination of
structure of selected crystalline phases.

Raman spectra were recorded using a 1200 lines/mm grating using inVia Reflex (Ren-
ishaw) and Senterra (Bruker) spectrometers equipped with Peltier-cooled CCD detectors.
Spectra were acquired using 50x and 100 objectives with NA of 0.5 and 0.8, respectively.
Accuracy and resolution of lines in the Raman spectra are +-1 cm~! and 42 cm ™!, respec-
tively. Laser power on the sample did not exceed 0.2 mW as measured using a LaserCheck
device (Coherent); repeated control of spectra consistency was performed. Wavenumber
calibration was performed using a Si reference sample and a high-quality CVD diamond.
The spot size was 2-5 um depending on magnification used.

Infra-red spectra in reflectance geometry were collected using an Autolmage micro-
scope attached to a SpectrumOne FTIR spectrometer (Perkin Elmer), in the range from
600 to 5000 cm~!; with apertures between 50 and 100 um. Spectral resolution was 2 cm 1.

X-ray tomography was performed at a RI-MT beamline at the Kurchatov synchrotron
source. Monochromatic radiation from a bending magnet with energy of 20 keV was used.
Spatial resolution of the detector is 10 um. Treatment of the reconstructed data set mostly
consisted of threshold filtration to highlight contribution of pores/bubbles and of dense
mineral phases; the segmentation process is similar to that described in [33].

X-ray fluorescence (XRF) measurements were performed using Bruker Tornado M4
Plus spectrometer. X-ray tube with Rh anode operating at the acceleration voltage of 50 kV
and a current of 0.2 mA was used. Polycapillary optics focuses the incident beam down
to ~20 um. Note that the spot size is the function of incident photon energy and increases
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for soft radiation. The samples were evacuated to ~1 Pa. The calculation of the content of
elements was performed using a fundamental parameters approach.

High purity Ge (HPGe) ORTEC detector with SpectraLine software was used for
y-spectrometry. Gross o/ 3-radioactivity was counted using low activity radiometer UME-
2000 (Doza Ltd., Zelenograd, Russia). The calculation of specific activity (per gram) was
used for comparison of the radioactivity of the glass fragments. It should be noted that the
ratio of the total activity to the sample mass is not necessarily a good measure of the content
of radionuclides in the active part of the fragments. In some samples, radioactivity is
fairly homogeneously distributed, but in the particles of the second group the activity, it is
concentrated in the outer layer only. Due to a different ratio of the active and inactive parts
of the glass fragments, the specific y- activity and especially x- and [3- activity decreases
for larger particles due to larger contribution of barren core.

A polycarbonate track detector (TASTRAK, Bristol, UK) and optical microscope
Olympus BX-51 with ImageScopeM software were used for acquisition of «-track im-
ages. Imaging plate radiography was performed using Cyclone Plus Storage Phosphor
System (PerkinElmer).

3. Results
3.1. Gross a/B-Radioactivity and «y-Spectrometry of the Samples

Gross a-activity data allowed the three distinct groups of the melt glasses to be distin-
guished (Figure 2A). The total -activity follows the sequence: R1 (Group I) > “Khariton”
glasses (Group 1II) > ground glasses (Group III). At the same time, the specific 3-activity of
samples from groups II and III is similar and lower than that of Group 1.
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Figure 2. Radioactivity of the particles. (A) Gross «- and (3- activity; vertical dashed lines separate
different groups of the samples (see text); (B) y-spectroscopy data of three groups of particles: the
circle marked as “R1” shows Group I; the circle HK is related to Group III; all other points belong to
Group II (“Khariton” particles). The lines are just to guide the eye.

Of the four y-photon emitters that are confidently detected in the nuclear glass samples,
241 Am is a clear marker of the device material contribution. The specific 24! Am activity
follows the order: Group III < Group II < Group I (Figure 2B). A large particle Kh-2
from Group II is exceptional, since its 2! Am specific activity is even lower than in the
ground crusts from Group III. This low value can be explained by large particle size, and,
accordingly, the largest contribution of inactive central core. In the Group II particles,
the radioactivity is concentrated in a thin glassy outer shell. The shell thickness is rather
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constant and is independent on the specimen size, which results in a large spread of the
specific activity values in the Group II particles.

Data for fission/activation products (}3”Cs, 1>2Eu and ®°Co) are shown in Figure 2B as
a function of 2! Am specific activity. y-spectroscopy data for 13’Cs, ©0Co, and '>?Eu were
recalculated to the date of the first candidate explosion in August 1949. This assumption is
based on the sampling location coinciding with Ground Zero of the first nuclear bomb test;
note that contribution of material from other tests (not later than 1962) cannot be excluded.
Recalculation for another date, e.g., for August 1953, reduces the activity of 60Co by 40%,
152Eu by 20%, and '¥Cs by 10% relative to the assumed test date in August 1949. The
137Cs activity varies significantly. The maximum value of 2.7 x 103 Bq/g for the R1 particle
(Group I) is 2-10 times higher than the 137Cs values for particles of the other two Groups.
The activities of fission and activation products as well as the 2! Am activity in particles of
Group I (R1) and Group II (“Khariton” samples) follow a common trend: it depends on the
relative mass fraction of the active glassy part. The fully vitrified particle R1 (Group I) is
the limiting example. The ground glasses of Group III (HK) represent a distinct group with
the highest specific activity of activation products 2Eu and ®Co.

3.2. Autoemission Spectra of Actinides

Emission of characteristic X-ray photons by “hot” recoil ions producing an x-decay
event is a well-known phenomenon in actinide science. In samples with substantial
amounts of high specific activity isotopes the intensity of these emissions may even com-
promise quantitative EDX analysis [34]. In addition, interaction of x-particles with the
matrix induces X-ray emission (particle-induced X-ray emission, PIXE), providing informa-
tion about its elemental composition. Despite low gross o-activity of the samples studied in
this work (Figure 2), we have attempted to observe autoemission of the x-decay products.
The EDX spectrum of the R1 sample was measured for 80,000 s with the electron beam
switched off, see Figure 3. Note that qualitatively similar results are also obtained for some
other samples (e.g., for Kh-7), although lower exposure precludes analysis.

Despite poor statistics, it is possible to assign the observed features to known transi-
tions, although tentatively. Strong background at the smallest energies likely represents
fluorescence from O in constituent oxides and C from the coating. In the low energy range,
PIXE contribution dominates and peaks due to Na and/or Mg (1.19 keV), Si (1.73 keV),
and Fe (6.4 and 7.06 keV) are present. Strong peaks in the high energy range (13-20 keV)
are confidently assigned to L-lines of U and Np. In the studied sample, these elements are
recoils from x-decay of Pu and Am isotopes. It is tempting to assign the peak at 15.8 keV to
Zr Ka excited by a-particles. However, concentration of this element in the glassy matrix
sample is generally below detection limits of the employed EDX spectrometer. Although
grains of Zr-rich minerals (zircon and baddeleyite, see Section 3.5.2) are present in the sam-
ples, their volumetric fraction is insignificant and the appearance of the strong Zr K« line
would require unrealistically high concentration of a-sources in their vicinity. Moreover,
cross-sections of («, Zr) reactions are very small in the relevant energy of incident particles
from actinide decay (less than 5.5 MeV) even for low abundance *°Zr, which readily forms
under high neutron fluxes expected for nuclear tests.

Consequently, we assigned the peak at ~15.8 keV to an unusually strong U Lgg line (the
Lz—Nj transition) with eventual contribution of some other transitions. The enhancement
of this line presumably results from several processes accompanying passage of a “hot”
recoil ion through the matrix. Excited heavy recoil nucleus (in our case U or Np) may eject
inner-shell electron (“internal conversion” [34]). This process is further complicated by
interpenetration of electron shells of a “hot” and lattice ions (“electron promotion” [35])
and by the Coster—Kronig effect [36]. Consequently, the intensity of the X-ray emission
lines produced by the recoil ions may differ notably between various matrices, since the
chemical environment of the emitting ions varies (see, e.g., discussion in [37]).
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Figure 3. Autoemission spectrum of the sample R1 with tentative assignment of the peaks. The
energy axis is binned down to 512 channels to improve statistics. Main peaks are assigned to most
plausible transitions.

3.3. The Group I—Fully Vitrified Aerodynamic Fallout Particle (#R1)

Both halves of the glassy particle, R1a and R1b, demonstrate identical distribution of
o- and (- radioactivity (Figure 4A-F). The highest density of x-tracks and the strongest
signal on the imaging plate autoradiographs correspond to small glassy beads adhered
to the particle surface. Several irregular, “smeared” domains in the particle bulk are also
clearly visible on both types of autoradiographs. Comparison of the radiography with
u-XRF and SEM-EDX elemental mapping showed relative enrichment in Si and K and
decrease of Ca, Al, Mg and Na in areas with high specific x-activity (Figure 4). At the
same time, pure silica domains pronounced on Si maps and represented, most likely, by
former quartz grains with diffuse boundaries, have the lowest content of radionuclides.
Absence of measurable radioactivity in (former) quartz grains was also noted for products
of underground GNOME explosion [38].

Analysis of composition and structure of the glass was carried out using SEM-EDX
and Raman spectroscopy (Figure 4I). The sample R1 is almost entirely vitreous with several
small relics of quartz grains and small amount of bubbles, mainly associated with the SiO,
remnants. Weakly pronounced flow patterns, which might reflect spinning of the particle
while in-flight, are observed. The majority of the cracks appear to involve inclusions of
foreign phases and/or compositionally different domains, thus suggesting that differences
in thermal expansion coefficient between the glass and former minerals were important for
the crack initiation. Several compositionally different glass regions can be distinguished
using the EDX data:
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Figure 4. Structural and compositional peculiarities of both parts of the R1 aerodynamic fallout
particle (R1a and R1b). (A,D) SEM-BSE images of R1a and R1b subsamples in epoxy; (B,E) a-track
radiographs (19 h exposure); (C,F) imaging plate radiographs (2 h exposure); (G) micro-XRF maps of
the Rla subsample: Si, Al, Ca, and K distribution; (H) compositional (CaO—(SiO; + Al,O3)) plot for
regions of the glass with contrasting radioactivity levels; (I) Raman spectra of low- (red and green

curves) and high-activity (black) glasses of the R1b; (J) FTIR spectra of former quartz grains (red) and

representative spectra of the glassy matrix.
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The bulk of the particle is an aluminosilicate glass (60 mass% SiO,; ~15-17% Al;O3;
~7% CaO; ~5% FeO; NayO~K,O~MgO ~2%; TiO; < 1%);

Irregular patches of glass with wide variations in Al,O3 (8-17%), slightly poorer in
MgO (~1.3-1.5 mass%), and CaO and slightly enriched in NayO (~2.5%) relative to
the bulk composition. The patches are present in the particle bulk and also may form
embayments at the outer surface. In the latter case, the embayments might correspond
to relics of dissolved surface beads described in point 5 below;

Remnants of quartz grains—spots of pure SiO, glass with diffuse boundaries;
Several Al,Os-rich spots with relatively high radioactivity;

Small glass beads attached to the main particle outer surface. The beads are slightly
poorer in calcium (CaO 4.0—6.5 mass%), Na and K (K,O~1.7%); totals of the analyses
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are lower than those of the main particle matrix (~92-95%). These particles usually
contain radionuclides.

The first two phases—the quartz relics and aluminosilicate glass—demonstrate similar
Raman spectra (Figure 41). The Q? structural units, typical for relatively polymerized
(alumino)silicate glasses [39,40] dominate; strong luminescence contribution is observed.
The reflectance FTIR spectra of the silica and of the aluminosilicate glasses in all other
parts of the sample differ, reflecting compositional changes (Figure 4]). Note that in the
FTIR measurements, the analyzed spot is much larger (50-100 um) in comparison with
the Raman one (few microns), thus providing spatially averaged information. The glass
is anhydrous as indicated by absence of OH-related bands in FTIR spectra. The Raman
spectra of the high radioactivity domain are rather weak but generally comparable with
those described above. The peak at ~600 cm~! due to symmetric Si-O-Si bending vibrations
in three-membered siloxane rings of “defectous” glass network [41] is less pronounced and
is present as a shoulder. This behavior is unlikely to be induced by radiation damage from
entrapped radionuclides due to their low absolute concentration. It is rather explained by
deviations in chemical composition of the active domains from the bulk. Weak peaks of
crystalline silicates (1000, 1112 cm ™) are also present in most spectra.

Small beads on the surface of larger aerodynamic fallout particles are remarkable
manifestations of turbulent airflows in the fireball, which led to collisions and merging of
molten droplets, eventually, of diverse composition. Such merged objects are found not
only in the fallout of near-ground tests, but also in underground confined explosions in
salts, where they are present in bottom breccia [42], and in some rare varieties of tektites [43].
Interestingly, in the case of underground explosions, the smaller olivine beads may be
completely engulfed by a carrier particle without obvious intermixing [42]. The interfaces
between the host particle and small beads may preserve material directly exposed to the
fireball environment from secondary alterations. The interface region may show a very
complex structure, possibly reflecting kind of splashing during the merging. The interface
thickness varies along the contact and shows some waviness in the thicker part. Our
results generally confirm findings by Weisz and co-authors [8,23,24], revealing that the
interface may be simultaneously enriched in Si and K and poor in Na, Ti, Mg, Al, and
Ca. Decoupling of Na from K and coherent behavior of elements with markedly different
volatilities remains unexplained and requires additional studies. Note, however, that not
all beads show clear interface with the carrier particle. The latter beads might have merged
with the carrier in early moments of the fireball development and had sufficient time
for homogenization.

3.4. The Group II—"Khariton” Glass Particles

Particles of the second group abundant at Ground Zero possess a black surface color
with a glassy luster. They are mostly elongated, irregularly shaped and reach 5-20 mm in
the longest dimension (Figure 1G,H). According to X-Ray tomography data, these particles
consist of a continuous outer glassy layer with rare inclusions of unmelted (presumably,
relic quartz) grains, and a core composed of partly sintered but not molten sand with
bubbles and cracks of various size (Figure 5A; Supplementary Video). The largest bubbles
are concentrated at the interface with the glassy crust and were presumably trapped due
to rapid quenching of the surface layer of the particles. SEM study of the polished cross-
section confirms the tomography data: the interior of the particle is full of cracks and
bubbles and has a loose structure while the outer shell is a dense structure and is polishable
to a mirror finish (Figure 5B). Radioactivity distribution is highly heterogeneous; both o-
and (-emitters are present exclusively in the outer glassy layer (Figure 5C,D).
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Figure 5. Structural features of the nuclear melt glassy fragments of Group II. (A) X-ray tomography
slices of the particle Kh-2 with several phases of different density: glassy phase (grey), sintered sand
(blue), and bubbles (yellow); (B) SEM-BSE image of the cross-section of the Kh-7b; (C,D) radiography
of the cross-section of the Kh-7b: (C)—f-activity distribution on the imaging plate radiogram (6 days
exposure); (D) a-track radiograph of the cross-section Kh-7b (6 days exposure); (E,F) a fragment of
glassy shell of the particle Kh-7b: (E) a-track radiograph; (F)—Si map (SEM-EDX); (G) Raman spectra
of points marked on (E) and (F).

3.4.1. Glassy Outer Shell

Microstructural and compositional peculiarities of the particle Kh-7 are presented in
Figure 5. Highly active Al-Si glass dominates. Quartz-derived patches of pure silica glass,
sometimes with traces of flow, do not contain o/ 3-emitting radionuclides (Figure 5E,F).
The obvious reason for the sharp interface between non-active silica and the radioactive
Al-Si glasses is the marked difference in melting temperatures (1670-1713 °C for quartz
polymorphs and 850—1350 °C for aluminosilicate glass precursors such as feldspars) and
rapid quenching, which prevented diffusion of radionuclides. A broad correlation between
the alumina content and concentration of the «-emitters is observed. According to the
Raman spectra, the Q3 units dominate; the “defects”-related band at ~600 cm ! is present
as a shoulder.

3.4.2. Iron-Rich Phases

Partial devitrification is observed in the internal part of the glassy shell adjacent to
the particle core. Between the fragments of unmelted quartz grains, several generations
of crystals with variable Fe-Al content derived from Fe-enriched aluminosilicate melt are
present. The crystals of the first generation are enriched in Al and depleted in Fe, and a
reverse compositional trend is observed in the second generation. The approximate ratio of
Si:Al:Ca:Fe (at.%) in the residual glass is 14:9:5:7, in large crystals of the first generation:
16:13:6:2, and in small crystals of the second generation: 16:4:6:8. The Raman spectra
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are dominated by magnetite peaks (Figure 6D). The precipitation of numerous poorly
crystalline grains of sub-micron Fe oxides is plausible given high excess of Fe in the glass.
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Figure 6. Structural peculiarities of the outer glassy shell of the Kh-7b sample. (A-C,G-K) SEM-BSE
images of the Fe-enriched phases (white color) of different morphology; (B,C) crystal phases formed
after incongruent melting of alkaline amphibole: Qtz—quartz, Mt—magnetite. Yellow circles show
spots where Raman spectra (D,E) were recorded: #3—quartz grain (C); #4—Fe-enriched glass in
a quartz crack (C); #5—Ti-magnetite (B); #6—magnetite in devitrified glass (A). (D,E) Raman scat-
tering spectra of Fe-enriched phases (D), quartz grain and matrix of the aluminosilicate core (E).
The references are from Rruff database [44]. (F) Interconnected porosity; (G,H) liquation texture;
(I) pseudobrookite (Fe,TiOs) crystals in anorthite; (J) exsolution of Fe-oxides; (K) magnetite den-
drites (zoomed region from (J)). (L) Sintered sand in the central part of the Kh-7 sample. White
spots—former mineral inclusions.

A rather pronounced magnetite Raman peak was recorded in a Fe-rich crystallite, pre-
sumably formed from incongruently melted grain of an aluminosilicate mineral (Figure 6B,D).
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Based on the presence of Zr and assuming loss of volatile Na and K, we believe that the
precursor mineral was an alkali amphibole. Its melting produced a pure SiO, phase and
Fe-enriched melt, which led to crystallization of magnetite, often with Ti admixture. Remark-
ably, in some spots, the magnetite aggregate follows the shape of a gas bubble (Figure 6B).
Aggregates of Fe-rich crystals shown in Figure 6] are formed by pseudobrookite (Fe; TiOs)
embedded into the anorthite matrix as shown by EBSD investigation. The presence of
the pseudobrookite is an indication of high temperature-high fO, conditions. Liquation
magnetite spheres with variable degree of internal structuring and sometimes surrounded
by dendrites are observed in some regions (Figure 6G,H).

Interestingly, magnetite peaks are also observed in Raman spectrum of a glass caught
in a crack of a large relic of quartz in the outer shell (Figure 6C,E). At the same time,
individual crystalline phases are not apparent in the SEM-BSE images. This contradiction
may be resolved in the assumption of high viscosity of the cooling Fe-rich melt, which
precluded the formation of sufficiently large Fe-oxide crystals. High viscosity of the melt is
apparent from examination of Figure 6C, where only limited penetration into a crack in a
quartz grain have occurred. Not only individual bubbles, but also complex interconnected
pores are encountered (Figure 6F).

The space between softened, but not yet molten quartz grains with diffuse boundaries,
contains abundant bubbles and is filled with aluminosilicate glass with exsolved magnetite
dendrites (Figure 6],K). Presumably, the precursor minerals located between the quartz
grains were characterized by variable (Si + Al + Ca)/Fe ratio. The average atomic ratio
Fe/Ca of the phases are Fe oxide crystals—18/0.9, interstitial glass—6.5/1.5; liquation
spheres—25/0.4. The mean composition of the Fe-enriched phase was recorded from a
1360 um? area (at%): Si—13,5; Al—3; Na—1,5; Ca-0,9; Ti—1,5; Mn—0,4; Fe—18.

3.4.3. Internal Part: Glass and Sintered Sand

The core of the particle Kh-7b consists of a sintered sand, gradually evolving towards
aluminosilicate glass with variable Fe, Ca, Na, and Mg content. Pure silica regions with
sizes between 5 — n x 100 um are scattered in the glass. Their Raman spectra are uniform
throughout the core and are similar to the spectra of the silica glass in the outer layer.
However, the position of the main quartz peak is downshifted from its reference position
at 464 cm ! to 460 cm ! in the core and to 457-459 cm ™! in quartz grains in the outer layer.
Individual splashes of former barite (Tietting = 1580 °C), monazite and zircon are scattered
in the aluminosilicate matrix and in the glass (Figure 6L).

3.5. Group I1I—Ground Glass

Glass formed on the ground (Group III) comprises compositionally different layers,
often preserving flow features. Quartz grains with variable degrees of amorphization and
mechanical damage are the principal type of inclusions. Bubbles of markedly different
sizes constitute up to half of the polished section. Distributions of - and p-emitting
radionuclides match each other and form irregular domains. The boundaries of radioactive
zones on imaging plate radiographs are diffuse, since phases comprising 3-emitters are
macroscopic and are not infinitely thin. a-track radiographs are sharper and reveal not only
distinct division of the sample into two layers with x-activities differing by at least two
orders of magnitude, but also highlight details of the microscale distribution of o-emitting
nuclides (Figure 7). In both zones, a-emitting nuclides are located in the glass matrix
avoiding bubbles, quartz grains, and silica glass. The high-activity glass area in the sample
HK-2A is generally enriched in Ca and Fe (Figure 7I). Raman scattering spectra of both
types of glass correspond to moderately polymerized silica glass (Figure 7L). Elemental
mapping of the heterogeneous area of the sample HK-1b proved that the high-activity
glass contains more Si, K, and less Al, Ca, and Fe compared to neighboring areas of the
low-activity glass.
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Figure 7. Ground glass particles HK-1b (A-C) and HK-2a (D-L); SEM-BSE (A,D,GJ), alpha track
radiographs (exposure time: 6 days (B,E,H,K)), imaging plate (exposure time: 6 days (C,F)). SEM-BSE
and alpha track images of the selected areas of HK-2a with low- and high-activity glasses (G,H,J,K)
Raman scattering spectra (L) and Ca-Fe content in points with different activity (I).

Similar to some samples from Group II, processes of devitrification and mineral
transformations reflecting melting and subsequent cooling with different rates are observed
in the low-activity glass. The Raman spectra of the devitrified areas revealed the presence
of magnetite (663, 560, 303 cm_l) and anorthite (508, 974 Cm_l) (Figure 8A,B). According
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to SEM-EDX and EBSD, the glass has decomposed to pseudobrookite (bright white in
BSE mode), and anorthite crystals (approximate composition CaAl, 75is10135). Recall that
main peaks in Raman spectra of magnetite and pseudobrookite are similar.
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Figure 8. Peculiar mineral forms in the ground glass sample HK-2. (A,B) SEM image and Raman
spectra of anorthite and Ti-magnetite; reference spectra are from [44]. (C) A bubble with Fe-oxide
crystals decoration internal walls. (D-F) A quartz grain made of two SiO, polymorphs. (D) SEM-BSE
image; (E) Raman map of cristobalite (mapped intensity in the 388-435 cm~! range); (F) Raman map
of quartz (mapped range 442-476 cm™1).

On walls of one of the bubbles exposed by cutting, crystals of a phase with obvious
crystallographic faceting and dendrites are observed (Figure 8C). Exact identification is
impossible due to the small size, but the most likely candidates are iron oxides. A possible
explanation of their formation is based on localization on the bubble wall. Presumably;,
precursor Fe-oxide grains were touching the walls of the forming bubble and served as
nucleation sites for FeO, which readily evaporates from aluminosilicate melt [45]. Such
scenario implies temperatures above 1700-1800 °C, which is consistent with (partial) zircon
decomposition, see part 3.5.2. below.

The presence of an unaltered chromite grain in the glass puts the upper limit on
temperature experienced by the HK-1 sample to ~2200 °C.

3.5.1. SiO,-Based Phases

The only crystalline phase in the high-activity glass is represented by non-radioactive
SiO; grains with variable alteration degree. Most of these grains are covered by dense
network of contraction cracks, but several unusual bi-phased grains are also observed, a
representative one in shown in Figure 8B. SEM and Raman investigations show that it
consists of two texturally distinct parts: approximately one third of the grain is heavily
cracked, whereas the rest is largely intact (Figure 8D). According to Raman spectroscopy
(Figure 8E), the cracked (upper-left on Figure 8D) part of the grain is x-cristobalite; the
rest is quartz (Figure 8F). The presence of cristobalite indicates that the temperature locally
exceeded 1470 °C, but pressure was less than 1 GPa. Small quartz crystals are scattered
in both parts of the grain; judging from their shape and textural relationships it is likely
that they represent shattered relic grains and not newly crystallized ones. Interestingly,
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in samples produced during the “Trinity” nuclear test, the higher-temperature quartz
polymorphs were not encountered. Unambiguous explanation of the crack pattern is barely
possible, but it is clear that the grain has solidified while the surrounding material was still
molten and able to penetrate into a crack visible in the lower part of the grain. The uneven
cracking of the grain might be explained in assumption of relatively long persistence of a
high temperature 3-crystobalite polymorph in the cooling particle, until the matrix itself
started to crack. When the matrix crack has reached the cristobalite grain, it served as a
trigger for the high-to-low crystobalite transformation accompanied by volume effect.

In the inactive layer of the specimen HK-2A, a large quartz grain is enveloped by
highly active glass (Figure 9A,B). A drop-shaped pore filled with silica and ore minerals:
zircons, titanomagnetite, and iron oxides is found inside the quartz (Figure 9A,B). The
presence of large amount of pores and marked enrichment of the grain rim and cracks
directed towards surrounding glass implies evolution of a Fe-rich volatile component
(Figure 9C). Exact identification of the precursor mineral is difficult, but iron-rich mica
(e.g., annite) or feldspar are plausible. At the same time, the formation of nearly pure
Ti-magnetite in place of former biotite was earlier observed in shocked rocks of Janisjarvi
astrobleme experienced pressures exceeding 13-16 GPa [46]. In those rocks, isochemical
transformation was excluded since non-shocked biotite from local shales does not contain
appreciable Fe. It was suggested that interaction of the biotite with (volatile) decomposition
products of adjacent minerals (e.g., quart and muscovite) could have markedly increased
Ti and Fe content with a simultaneous drop in Si, Al, and Mg oxides in the final phase.

Figure 9. Pores and minerals in the ground glass sample HK-2a. (A) «-track image of a large quartz
grain schematically marked by a yellow rectangle in SEM-BSE image (B). (C) Zoomed part of panel
(B) showing abundant porosity of a metamorphosed mineral grain (see text for detail); white patches
correspond to iron transport with expelled volatiles. (D) A pore filled with non-sintered material.
(E) A destroyed ore mineral. (F) Ti-hematite intermixed with pseudobrookite; presumably, an ilmenite
grain was a precursor.

A rounded mineral inclusion in the grain is represented by pseudobrookite intermixed
with Ti-magnetite; presumably, this inclusion was an ilmenite. The presence of relatively
loose mineral grains in the pores (e.g., Figure 9B-D) is a remarkable and unambiguous
explanation why they are not fully molten and/or sintered is still absent. Presumably,
high pressure of volatiles in the pore precluded the sintering. Such pores are encountered
relatively often.
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Chemical mapping (Figure 10) of two relic quartz grains revealed highly unusual
distribution of alkalis. The alkalis (Na and K) form highly heterogeneous distribution
patterns, consisting of tiny precipitates and a relatively wide diffuse band in the SiO,
grain. At the same time, these elements are not correlated with aluminium, ruling out
mechanical mixing of the former quartz with surrounding aluminosilicate melt. Another
hypothesis consists of segregation of large low charge cations in a shock wave, an effect
experimentally observed for Na/K in plagioclases [47]. Pronounced transport of alkalis
is observed in plagioclase grains properly oriented relative to an intense shock wave.
However, in our case, the K/Na-rich band follows the perimeter of the relic grain and
lacks obvious direction. In addition, in plagioclases the segregation starts to be important
at pressures above ~20 GPa, which is too high for the samples studied here. The most
plausible scenario consists of the diffusion of alkalis into the quartz grain, possibly, assisted
by high density of shock-induced defects. This model is indirectly supported by much
more homogeneously and less abundant Na/K in a smaller grain in immediate vicinity.
Presumably, the smaller grain contains smaller amount of defects, as also suggested by
partial preservation of crystallographic faceting and relics of shattered quartz. A narrow,
~10 um wide rim with low Na/K content in a larger grain is most likely an example of
“uphill” diffusion of alkalis in silicate melt ([48] and references therein).

K ——— 50um
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COMPO 50'um Al —— 50um Ca 50 um

Figure 10. Chemical mapping of two adjacent relic quartz grains. Distribution of Na generally follows
K and is decoupled from Al. See text for detail.

3.5.2. Zircon

Zircon grains show wide variations in degree of the decomposition (Figure 11). Many,
but not all zircon crystals, show zirconia rims with vermicular structure (see also [49]). The
temperature of thermal dissociation of Zr5iO4 was assessed at 1673 & 10 °C [50], although
it strongly depends on grain size, defects, and annealing details. None of observed zircon
grains was transformed to high pressure polymorph (reidite), implying a relatively low
peak pressure. According to some studies, the morphology of replacing baddeleyite reflects
the PT-conditions of the shock transformation of precursor zircon. Indeed, in a recent study
of a fulgurite, a rather clear textural evolution of the baddeleyite phase with presumed
peak temperature was noted [51]. However, it is clear, that not only temperature, but
also composition of the surrounding medium will play an important role. For example,
vermicular ZrO; rim was experimentally produced on a zircon crystal at just 1350 °C [52].
Influence of the composition and silica activity in surrounding melts of various viscosity
is perfectly manifested in a markedly different extent of the zirconia rim development,
ranging from the absence to a considerable degree on zircon grains separated by just 50 pm
or even less (Figure 11A-C). The rim formation is markedly increased in the presence
of a partly decomposed Ti-hematite grain; however, the composition of the surrounding
glass appears to be rather constant within sensitivity of EDX method. Perfection of the
zircon crystal lattice is another factor determining the decomposition onset and kinetics. As
shown in Figure 11B,C, a relatively large zircon grain shows the preferential development
of baddeleyite on a mechanically damaged surface and in some cracks. Since target soils
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may contain zircon grains from different sources and ages, metamict or highly defectous
crystals may coexist with (relatively) perfect ones. The decomposition rate of these grains
to constituting oxides is expected to differ. Figure 11D,E show a fully decomposed zircon
grain embedded into a relic quartz grain. This textural relationship between the host
and inclusion markedly differs from most other zircon grains and might reflect different
provenance, age, and lattice perfection.

Figure 11. Zircon grains with different degree of decomposition into constituent oxides. (A,B) Adja-
cent grains ranging from perfectly facetted (upper left in (A)) to those with partial decomposition on
the rim. (C) Zoomed grain from (B) showing decomposition of the cracked region (bottom right).
(D,E) Fully decomposed grain residing inside a relic quartz grain (dark grey in (D)). (F-L) A par-
tially decomposed grain. Direction of its motion in melt (see text for detail)—towards the bottom
left corner of the image. Fine lines show directions of chemical profiles. (G-K) elemental maps
((G)—Zr, (H)—Al, (I)—Fe, (J)—Si, (K)—Ca). (L) 3D visualization of Zr distribution for the same grain

after repolishing.

Distribution of zirconium and of several other elements in the glass matrix in regions
adjacent to several partly transformed zircon grains was studied in detail. The grain imaged
in Figure 11G-L shows variable degrees of decomposition on its facets; Zr distribution
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in the surrounding glass is very uneven. This distribution might seem surprising, but
examination of Zr profiles measured in several directions and chemical mapping suggest
that the grain has started to decompose, but at a certain moment, it began to move in
the surrounding melt, while the temperature remained sufficiently high for continuing
decomposition. The reason for the displacement is unknown, but a plausible scenario
implies either the falling of some object nearby or the onset of flow. These events are
consistent with a model of ground glass formation from the precipitation of molten fallout.
Interestingly, in all Zr profiles, a “notch” in the vicinity of the zircon face is present (see,
e.g., the second experimental point in Figure 12D). The “notch” may correspond to the
consumption of Zr by re-growth of zircon/badelleyite when the melt temperature dropped
sufficiently. Note that in a “trinitite” specimen, a separation between ZrO, fibers and parent
zircon was observed by TEM [49].
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Figure 12. Time-temperature history of a zircon grain imaged in Figure 11F-L. (A,B) Calculation
made for an averaged profile; (C,D) calculation for the “long” profile, see text for detail. Note
markedly longer time and distance axis in (C,D) in comparison with (A,B). In (A) and (C): blue
curves—best-fit temperature history for zircon dissolution; orange—corresponding variation of Zr
diffusion coefficient. In (B) and (D) measured (stars) and simulated profiles of Zr concentration
around the dissolving crystal (green thin lines). Quenched profile is shown by a red line.

In order to reconstruct time-temperature (t-T) evolution in the melt surrounding
dissolving zircon crystal, we employed the model proposed in [53] for diffusive zircon
growth in magmatic conditions. This model has been developed for a spherical grain and
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neglects crystallographic faceting. However, in the studied samples, there is no obvious
correlation between the faceting and the decomposition degree. Note also, that measured
concentration profiles reflect projections of uneven volume distribution of elements on
a plane exposed by the polishing. Nevertheless, we believe that comparison of results
obtained for different profiles permits evaluation of the most plausible t-T path experienced
by the specimen.

The transport of Zr in the silicate melt is governed by the diffusion equation that in a
spherical case can be written as:

)

Here, C is the concentration, measured in ppm, r is the radius counted from the
center of the zircon crystal, and ¢ is the time. Diffusion coefficient D depends on the
temperature that is assumed to be a function of time only, because the temperature equili-
bration timescale is several orders of magnitude shorter than the diffusive timescale. The
Equation (1) is solved only inside the melt part of the cell s < » < R, where s is the zircon
surface and the outer radius R is chosen to be much larger than the width of the dissolution
zone to avoid the influence of far field boundary conditions.

Boundary conditions at the crystal-melt interface (r = s) assume local thermodynamic
equilibrium and mass conservation of zirconium:

oC

=s5: —-D—
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Here, V is the growth/dissolution rate of zircon, C;, is the concentration of Zr in
the melt adjacent to the crystal, and C, = 490,000 ppm is Zr concentration in zircon. The
saturation concentration Cgy of Zr (Equation (3)) mainly depends on temperature and melt
composition (M-factor, M = 1.3 for silicic melts [54]).

10,108
T

Csat = 490,000/ exp( +116(M—-1)— 1.48> 3)

We specify the temperature variation with time using an analytical solution for slab

cooling [55]:
_(Ts—TO)< (h—x) <h—|—x)>
T= 5 erf N/ + erf 7\/]5 4)

where & is a slab thickness, k is the thermal diffusivity coefficient, x is the point where
the temperature is evaluated, T; is the slab temperature, Ty is the temperature for the
enclosing media.

The temperature history of zircon grain shown in Figure 11F was calculated for several
profiles. The solution is rather stable and Figure 12A,B shows results for the averaged
profile. The longest profile is excluded from the averaging, since almost certainly it reflects
two-stage dissolution (static and moving zircon, see above); its fit is shown in Figure 12C,D.

Following rapid increase in the temperature, the crystal starts to dissolve and zir-
conium diffuses out from the crystal-melt interface. As the temperature decreases, the
equilibrium concentration drops down and the profile flattens. Because of the assumption
of the local thermodynamic equilibrium, the model predicts rapid drop of the concentration
at the crystal-melt interface. This drop is shown by a dashed line but does not match the ob-
servations due to failure of the employed model in highly non-equilibrium conditions. Due
to low temperatures at the end of the process, the boundary condition on the crystal-melt
interface does not influence the concentration profile at distances larger than 1 pm.
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4. Discussion

Three groups of nuclear melt glass from the Semipalatinsk test site, different in mor-
phology, origin, and radioactivity, have been studied using complementary analytical
methods. From a radioecological point of view, the distribution and speciation of ra-
dionuclides is of the highest importance and is discussed below. Although the levels of
radioactivity of the samples is well above detection limits of employed spectrometers and
planar detectors, the absolute content of relevant chemical elements (Cs, Eu, Co, Am, Pu)
are not measurable by EDX-spectroscopy. Consequently, their concentrations are governed
not by equilibrium solubilities in a silicate melt, but rather by partition coefficient between
the melt and vapor phase and speciation in dynamic conditions in the fireball.

Due to condensation inside the fireball, the aerodynamic fallout particles usually carry
the highest amount of radionuclides [8,23]. This model explains the highest concentration
of a-emitting radionuclides, especially of 2! Am, in samples from the Group 1. At the same
time, ®°Co was not observed in these samples. The highest content of activation products
0Co and 1>?Eu is observed in ground glasses from the Group III. This is logically explained
by intense neutron irradiation of soils and evaporated material of the tower. The “Khariton”
glasses of the Group II specific activity of the activation and fission products decrease in
line with 24! Am.

The radioactivity distribution in all studied samples is highly heterogeneous. In the
aerodynamic particles (Group I), the highest activity is associated with small, attached
beads; in the Group II samples, the external crust is the most active. In the ground glass (the
Group III) layers, the markedly different content of radionuclides are intermixed. Elemental
composition of the most active glasses may differ both between the samples and within
a single specimen. For example, in the crust of a single specimen HK-2 (the Group III)
the domains with high Ca and Fe may contain markedly different amounts of x-emitters
(Figure 7). At the same time, in a similar specimen, HK-1b, the largest content of x-emitters
is observed in a Si/K-rich and Ca/Al/Fe-poor domain.

The chemical composition of the studied samples varies in a rather broad range
(Figure 13). The largest scatter is observed for the ground glasses from the Group II, which
likely reflects both involvement of soils from various locations and complex volatiliza-
tion/condensation behavior in the fireball. In several studies on underground explo-
sions [38,42], the highest concentration of radionuclides was observed in magnetite and
other Fe-rich phases. In our samples, the correlation between the Fe-based minerals and
radionuclides is absent. The difference between this work and [38,42] is explained by
simple temperature-induced decomposition of precursor Fe-rich minerals in our case and
gradual formation of the Fe-containing minerals during cooling of the explosive melt in
underground tests. Note, however, that correlation between the Fe-rich phases and ra-
dioactivity may be present in some aerodynamic fallout particles, at least in the outermost
layers [25].

Depending on its crystallographic perfection and thermochemical properties of the
surrounding medium, a given mineral variety may show rather wide variations in temper-
ature of decomposition. There is significant scatter in the decomposition degree of adjacent
zircon grains; the markedly different extent of alkalis diffusion in closely situated quartz
serves as a good examples of this behavior. Consequently, examination of a single phase
may give misleading results. However, we were able to analyze several very different
minerals, which allow the highest temperatures experienced by the ground glass to be
constrained. Combined examination of zircon decomposition, destruction of barite, precipi-
tation of Fe-oxides on pore walls (Figure 8C) and, finally, zoned crystobalite grains, imply
that temperature of ground glass exceeded 1580-1670 °C. The upper boundary is set by
perfectly preserved chromite grain, thus limiting the temperature to ~2200 °C. Duration of
this heat pulse is difficult to estimate, although a completely independent estimate from
the model describing zircon dissolution suggests that the flash was fairly short, possibly
comparable with ~3 s duration in the Trinity test [2,3]. At the same time, the ground glass
remained molten; possibly, the precipitation of still molten material from the fireball also
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continued for appreciable periods. Our estimate on the duration of the molten state of
the ground glass is based on modeling Zr diffusion profiles, which gives values up to
~40 s, with the exact value depending on the assumed melt solidification temperature. This
relatively long period is indirectly supported by comparison of the modeled Zr profiles
measured in different directions, which suggest that the examined zircon grain started
to move 10-20 s after the onset of the decomposition (certainly, a very crude estimate).
Retrospective analysis of Trinity test photographs suggested that 8-11 s after the detonation
of the fireball separates from the ground and in-coming air masses quench the surface melt
pool [56]. However, the fireball detachment does not necessarily lead to that rapid (not
more than 2-3 s) melt solidification as assumed in [56], since the later depends on the melt
thermal inertia and radiative properties and may vary.
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Figure 13. Chemical composition of samples from the studied groups in comparison with local sand.
Representative points are shown. (A) part of a ternary diagram sum of alkalis (NayO+K;O) — sum of
5iO; and Al,Os. (B) SiO;, corner of SiO,-CaO-alkalis ternary.

The maximal pressure exerted by the blast on the soils appears to be rather limited.
Whereas direct correlation of similarities between our study and biotite transformations in
impacted rocks might suggest pressures in excess of 13-16 GPa, the presence of cristobalite
implies much lower values, i.e., below 1 GPa. Absence of high pressure polymorphs also
indicate moderate-to-low pressures. Similar conclusions were achieved for the Trinity
test [4,49], although somewhat higher pressures are suggested. Subsequently, nuclear
glasses differ considerably from impacted rocks, since they have experienced intense
instant heating at a relatively low pressure. The cooling rate was likely much higher than
in the impact craters due to the smaller volume of the melt pool.

Supposedly, fulgurites represent the closest natural analogue of nuclear melt glasses.
However, widespread presence of highly reduced phases in fulgurites is a strong indicator
of reducing conditions (e.g., [57]), presumably, assured by the reduction of very high electric
currents. The nuclear melt glasses are, on average, more oxidized, although metal particles
may be present in some varieties of ground glass [7] and aerodynamic fallout [14].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en15239121/s1, Video S1: Sequence of slices obtained by recon-
struction of X-ray tomographic projections of the particle Kh2 (Group II).

Author Contributions: Conceptualization, writing—ILE.V,, VO.Y,, SN.K, and A.AS,; investigation—LE.V,,
V.O.Y, A AA,RAS, TRP,LMN. and A.A.S,; software and modeling—O.E.M. and D.A.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Russian Science Foundation, grant number 19-73-20051. SEM
investigation and y-spectrometry was supported by MSU development program. Spectroscopic
measurements were performed using equipment of CKP FMIIPCE RAS. As part of X-ray tomography
data image processing, the work was supported by the Ministry of Science and Higher Education
within the State assignment FSRC «Crystallography and Photonics» RAS.


https://www.mdpi.com/article/10.3390/en15239121/s1
https://www.mdpi.com/article/10.3390/en15239121/s1

Energies 2022, 15,9121 22 of 24

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available from the corresponding author on
reasonable request.

Acknowledgments: We highly appreciate skillful sample preparation by Tolchinsky S.M. Some
samples were provided by late Ogorodnikov B.I. We appreciate the useful comments of two anony-
mous reviewers.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Adams, C.E; Farlow, N.H.; Schell, W.R. The compositions, structures and origins of radioactive fall-out particles. Geochim.
Cosmochim. Acta 1960, 18, 42-50. [CrossRef]

2. Belloni, F.; Himbert, J.; Marzocchi, O.; Romanello, V. Investigating incorporation and distribution of radionuclides in trinitite.

J. Environ. Radioact. 2011, 102, 852-862. [CrossRef] [PubMed]

Eby, N.G.; Hermes, R.; Charnley, N.; Smoliga, J.A. Trinitite-the atomic rock. Geol. Today 2010, 26, 180-185. [CrossRef]

Ross, C.S. Optical properties of glass from Alamogordo, New Mexico. Am. Mineral. 1948, 33, 360-362.

5. Clark, R.S.; Yoshikawa, K.; Rao, M.N.; Palmer, B.D.; Thein, M.; Kuroda, P.K. Time interval between nuclear detonation and
formation of single fallout particles. |. Geophys. Res. 1967, 72, 1793-1796. [CrossRef]

6.  Stewart, K. The condensation of a vapour to an assembly of droplets or particles. Trans. Faraday Soc. 1956, 52, 161-173. [CrossRef]

7. Eby, G.N,; Charnley, N.; Pirrie, D.; Hermes, R.; Smoliga, J.; Rollinson, G. Trinitite redux: Mineralogy and petrology. Am. Miner.
2015, 100, 427-441. [CrossRef]

8.  Weisz, D.G. Mass Transport of Condensed Species in Aerodynamic Fallout Glass from a Near-Surface Nuclear Test. Ph.D. Thesis,
University of California, Berkeley, CA, USA, 2016.

9.  Fitzgerald, M.A,; Knight, K.B.; Matzel, ].E.; Czerwinski, K.R. Interpreting mixing relationships in energetic melts to estimate
vapor contribution and composition. Chem. Geol. 2019, 507, 96-119. [CrossRef]

10. Lewis, L.A.; Knight, K.B.; Matzel, ].E.; Prussin, S.G.; Zimmer, M.M.; Kinman, W.S.; Ryerson, E].; Hutcheon, I.D. Spatially-resolved
analyses of aerodynamic fallout from a uranium-fueled nuclear test. J. Environ. Radioact. 2015, 148, 183-195. [CrossRef]

11.  Pacold, J.I; Lukens, WW.; Booth, C.H.; Shuh, D.K.; Knight, K.B.; Eppich, G.R.; Holliday, K.S. Chemical speciation of U, Fe, and Pu
in melt glass from nuclear weapons testing. J. Appl. Phys. 2016, 119, 195102. [CrossRef]

12.  Giuli, G.; Pratesi, G.; Eeckhout, S.G.; Koeberl, C.; Paris, E. Iron reduction in silicate glass produced during the 1945 nuclear test
at the Trinity site (Alamogordo, New Mexico, USA). In Large Meteorite Impacts and Planetary Evolution IV; Geological Society of
America Special Paper; Gibson, R.L., Reimold, W.U., Eds.; GSA: Washington, DC, USA, 2010; Volume 465, pp. 653-660. [CrossRef]

13. Roberts, S.; Sheffer, A.; McCanta, M.; Dyar, M.; Sklute, E. Oxidation state of iron in fulgurites and Trinitite: Implications for redox
changes during abrupt high-temperature and pressure events. Geochim. Cosmochim. Acta 2019, 266, 332-350. [CrossRef]

14. Vdovenko, V.M.; Krivokhatsky, A.S.; Savonenkov, V.G.; Komarov, A.N. Artificial analogs of tektites. Sov. Radiochem. 1968, 10,
673-679.

15.  Eppich, G.R.; Knight, K.B.; Jacomb-Hood, T.W.; Spriggs, G.S.; Hutcheon, I.D. Constraints on fallout melt glass formation from a
near-surface nuclear test. J. Radioanal. Nucl. Chem. 2014, 302, 593-609. [CrossRef]

16. Bellucdi, J.J.; Wallace, C.; Koeman, E.C.; Simonetti, A.; Burns, P.C.; Kieser, J.; Port, E.; Wlaczak, T. Distribution and behavior of
some radionuclides associated with the Trinity nuclear test. ]. Radioanal. Nucl. Chem. 2013, 295, 2049-2057. [CrossRef]

17.  Parekh, P.P.; Semkow, T.M.; Torres, M.A.; Haines, D.K.; Cooper, ].M.; Rosenberg, PM.; Kitto, M.E. Radioactivity in Trinitite six
decades later. . Environ. Radioact. 2006, 85, 103-120. [CrossRef]

18.  Wallace, C.; Bellucci, J.].; Simonetti, A.; Hainley, T.; Koeman, E.C.; Burns, P.C. A multi-method approach for determination of
radionuclide distribution in trinitite. J. Radioanal. Nucl. Chem. 2013, 29, 993-1003. [CrossRef]

19. Bellucci, J.J.; Simonetti, A. Nuclear forensics: Searching for nuclear device debris in trinitite-hosted inclusions. J. Radioanal. Nucl.
Chem. 2012, 293, 313-319. [CrossRef]

20. Sharp, N.; McDonough, W.E,; Ticknor, B.W.; Ash, R.D.; Piccoli, PM.; Borg, D.T. Rapid analysis of trinitite with nuclear forensic
applications for post-detonation material analyses. J. Radioanal. Nucl. Chem. 2014, 302, 57-67. [CrossRef]

21. Wimpenny, J.; Eppich, G.R.; Marks, N.; Ryerson, E; Knight, K.B. Characterizing major and trace element compositions in fallout
melt glass from a near-surface nuclear test. J. Environ. Radioact. 2022, 243, 106796. [CrossRef]

22. Cassata, W.S,; Prussin, S.G.; Knight, K.B.; Hutcheon, I.D.; Isselhardt, B.H.; Renne, P.R. When the dust settles: Stable xenon isotope
constraints on the formation of nuclear fallout. J. Environ. Radioact. 2014, 137, 88-95. [CrossRef]

23.  Weisz, D.G.; Jacobsen, B.; Marks, N.E.; Knight, K.B.; Isselhardt, B.H.; Matzel, ].E.; Weber, PK.; Prussin, S.G.; Hutcheon, 1.D.
Deposition of vaporized species onto glassy fallout from a near-surface nuclear test. Geochim. Cosmochim. Acta 2016, 201, 410-426.
[CrossRef]

24. Weisz, D.G,; Jacobsen, B.; Marks, N.E.; Knight, K.B.; Isselhardt, B.H.; Matzel, ].E. Diffusive mass transport in agglomerated glassy
fallout from a near-surface nuclear test. Geochim. Cosmochim. Acta 2018, 223, 377-388. [CrossRef]

s~ w


http://doi.org/10.1016/0016-7037(60)90016-8
http://doi.org/10.1016/j.jenvrad.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/21636184
http://doi.org/10.1111/j.1365-2451.2010.00767.x
http://doi.org/10.1029/JZ072i006p01793
http://doi.org/10.1039/tf9565200161
http://doi.org/10.2138/am-2015-4921
http://doi.org/10.1016/j.chemgeo.2018.12.018
http://doi.org/10.1016/j.jenvrad.2015.04.006
http://doi.org/10.1063/1.4948942
http://doi.org/10.1130/2010.2465(32)
http://doi.org/10.1016/j.gca.2019.08.021
http://doi.org/10.1007/s10967-014-3293-9
http://doi.org/10.1007/s10967-012-2201-4
http://doi.org/10.1016/j.jenvrad.2005.01.017
http://doi.org/10.1007/s10967-013-2497-8
http://doi.org/10.1007/s10967-012-1654-9
http://doi.org/10.1007/s10967-014-3285-9
http://doi.org/10.1016/j.jenvrad.2021.106796
http://doi.org/10.1016/j.jenvrad.2014.06.011
http://doi.org/10.1016/j.gca.2016.10.036
http://doi.org/10.1016/j.gca.2017.12.011

Energies 2022, 15,9121 23 of 24

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

Genda, T.; Knight, K.; Dai, Z.R.; Balboni, E.; Goldblum, B.L.; Hosemann, P. Iron-rich microstructure records of high temperature
multi-component silicate melt behavior in nuclear fallout. J. Environ. Radioact. 2021, 237, 106700. [CrossRef] [PubMed]

Bakhur, A.E.; Dubinchuk, V.T.; Berezina, L.A.; Manuilova, L.I.; Malyshev, V.I.; Berikbolov, B.R.; Shishkov, I.A.; Ermilov, A.P.
Radioactive particles in soils of Semipalatinsk testing site. Radiat. Risk 1997, 9, 71-84.

Beasley, T.M.; Kelley, ].M.; Orlandini, K.A; Bond, L.A.; Aarkrog, A.; Trapeznikov, A.P,; Pozolotina, V.N. Isotopic Pu, U, and Np
signatures in soils from Semipalatinsk-21, Kazakh Republic and the Southern Urals, Russia. J. Environ. Radioact. 1998, 39, 215-230.
[CrossRef]

Yamamoto, M.; Tsukatani, T.; Katayama, Y. Residual radioactivity in the soil of the Semipalatinsk Nuclear Test Site in the former
USSR. Health Phys. 1996, 71, 142-148. [CrossRef]

Dubasov, Y.V. Present radiation situation in the former Semipalatinsk test ground and around it. I. Some results of control and
methodological study. Radiochemistry 1997, 38, 77-85.

Dubasov, Y.V.,; Smirnova, E.A.; Malimonova, S.I. Radiochemistry, Leaching of radionuclides from products of underground
nuclear explosions in granite: Experiments with radioactive samples of melted rock from explosion cavities on Semipalatinsk Test
Site. Radiochemistry 2012, 54, 298-307. [CrossRef]

Kabdyrakova, A.M.; Lukashenko, S.N.; Mendubaev, A.T.; Kunduzbayeva, A.Y.; Panitskiy, A.V.; Larionova, N.V. Distribution of
artificial radionuclides in particle-size fractions of soil on fallout plumes of nuclear explosions. J. Environ. Radioact. 2018, 186,
45-53. [CrossRef]

Lukashenko, S.; Kabdyrakova, A.; Lind, O.C.; Gorlachev, I.; Kunduzbayeva, A.; Kvochkina, T.; Janssens, K.; De Nolf, W,;
Yakovenko Yu Salbu, B. Radioactive particles released from different sources in the Semipalatinsk Test Site. ]. Environ. Radioact.
2020, 216, 106160. [CrossRef]

Shiryaev, A.A.; Kaminsky, EV.; Ludwig, W.; Zolotov, D.A.; Buzmakov, A.V,; Titkov, S.V. Texture and genesis of polycrystalline
varieties of diamond based on phase-contrast and diffraction contrast tomography. Geochem. Int. 2019, 57, 1015-1023. [CrossRef]
Wiss, T.; Thiele, H.; Cremer, B.; Ray, L. Internal Conversion in Energy Dispersive X-ray Analysis of Actinide-Containing Materials.
Microsc. Microanal. 2007, 13, 196-203. [CrossRef]

Afrosimov, V.V,; Gordeev, Y.S.; Panov, M.N.; Fedorenko, N.V. Elementary processes of charge state changes at atomic collisions.
Sov. Phys. Tech. Phys. 1965, 9, 1265-1272.

Labar, J.L. Effect of Coster-Kronig transitions on X-ray generation. In Electron Probe Quantitation; Heinrich, K.E]., Newbury, D.E.,
Eds.; Springer: Boston, MA, USA, 1991; pp. 219-222.

Shiryaev, A.A.; Burakov, B.E.; Yapaskurt, V.O.; Egorov, A.V.; Vlasova, I.LE. Microstructure of Aged 238Pu-doped La-monazite
Ceramic and Peculiarities of its X-ray Emission Spectra. RS Adv. 2020, 5, 1-7. [CrossRef]

Kahn, J.S.; Smith, D.K. Mineralogical investigations in the debris of the GNOME event near Carlsbad, New Mexico. Am. Mineral.
1966, 51, 1192-1199.

McMillan, P.E. Structural Studies of Silicate Glasses and Melts-Applications and Limitations of Raman Spectroscopy. Am. Mineral.
1984, 69, 622-644.

McMillan, PE; Wolf, G.H. Vibrational spectroscopy of silicate liquids. In Structure, Dynamics and Properties of Silicate Melts, Reviews
in Mineralogy; Stebbins, ].F.,, McMillan, PE, Dingwell, D.B., Eds.; De Gruyter: Berlin, Germany, 1995; Volume 32, pp. 247-316.
Galeener, EL. Planar rings in glasses. Solid State Commun. 1982, 44, 1037-1040. [CrossRef]

Savonenkov, V.G.; Shabalev, S.I. Geochemical Studies of Underground Nuclear Explosions in Rock Salt as Analogues of Radwaste
Repositories in Salt Domes; Khlopin Radium Institute: Saint Petersburg, Russia, 2014; 270p.

Florenskiy, P.V. The Zhamanshin meteorite crater (Northern Aral Sea region) and its tektites and impactites. Izvestiya RAN Ser.
Geologicheskaya 1975, 10, 73-86, (translation: Int. Geol. Rev. 1977, 19, 526-538). [CrossRef]

Lafuente, B.; Downs, R.T.; Yang, H.; Stone, N. The power of databases: The RRUFF project. In Highlights in Mineralogical
Crystallography; Armbruster, T., Danisi, R.M., Eds.; De Gruyter: Berlin, Germany, 2016; pp. 1-30.

Wang, J.; Davis, A.M.; Clayton, R.N.; Mayeda, T.K.; Hashimoto, A. Chemical and isotopic fractionation during the evaporation of
the FeO-MgO-5i0,—Ca0O-Al,03-TiO, rare earth element melt system. Geochim. Cosmochim. Acta 2001, 65, 479-494. [CrossRef]
Feldman, V.I.; Sazonova, L.V.; Kononkova, N.N.; Erg, D. Diaplectic alterations of some rock-forming minerals. Geokhimiya
Geochem. Int. 1987, 11, 1615-1626.

Kozlov, E.A.; Zhugin, Y.N.; Litvinov, B.V,; Feldman, V.I; Sazonova, L.V.; Medvedev, A.V. Evaluation of the Shock Loading
Amplitude Needed to Change the Composition of Feldspars in Impacted Rocks. Dokl. RAS 1998, 361, 333-336, (translation: Dokl.
Phys. 1998, 43, 419-422).

Watson, B.E. Basalt contamination by continental crust: Some experiments and models. Contrib. Miner. Petrol. 1982, 80, 73-87.
[CrossRef]

Lussier, A.].; Rouvimov, S.; Burns, P.C.; Simonetti, A. Nuclear-blast induced nanotextures in quartz and zircon within Trinitite.
Am. Mineral. 2017, 102, 445-460. [CrossRef]

Kaiser, A.; Lobert, M.; Telle, R. Thermal stability of zircon (ZrSiOy). J. Eur. Ceram. Soc. 2008, 28, 2199-2211. [CrossRef]

Kenny, G.G.; Pasek, M.A. The response of zircon to the extreme pressures and temperatures of a lightning strike. Sci. Rep. 2021,
11, 1560. [CrossRef]

Anfilogov, V.N.; Krasnobaev, A.A.; Ryzhkov, V.M.; Valizer, PM. Replacement of zircon with eyite as a likely mechanism of the
formation of zoned zircon crystals in ultrabasic rocks. Dokl. Earth Sci. 2017, 475, 946-948. [CrossRef]


http://doi.org/10.1016/j.jenvrad.2021.106700
http://www.ncbi.nlm.nih.gov/pubmed/34293717
http://doi.org/10.1016/S0265-931X(97)00050-7
http://doi.org/10.1097/00004032-199608000-00004
http://doi.org/10.1134/S1066362212030149
http://doi.org/10.1016/j.jenvrad.2017.09.022
http://doi.org/10.1016/j.jenvrad.2020.106160
http://doi.org/10.1134/S0016702919090106
http://doi.org/10.1017/S1431927607070365
http://doi.org/10.1557/adv.2020.53
http://doi.org/10.1016/0038-1098(82)90329-5
http://doi.org/10.1080/00206817709471049
http://doi.org/10.1016/S0016-7037(00)00529-9
http://doi.org/10.1007/BF00376736
http://doi.org/10.2138/am-2017-5739
http://doi.org/10.1016/j.jeurceramsoc.2007.12.040
http://doi.org/10.1038/s41598-021-81043-8
http://doi.org/10.1134/S1028334X17080219

Energies 2022, 15,9121 24 of 24

53.
54.
55.
56.

57.

Bindeman, I.N.; Melnik, O.E. Zircon survival, rebirth and recycling during crustal melting, magma crystallization, and mixing
based on numerical modelling. |. Petrol. 2016, 57, 437-460. [CrossRef]

Boehnke, P,; Watson, E.B.; Trail, D.; Harrison, T.M.; Schmitt, A.K. Zircon saturation revisited. Chem. Geol. 2013, 351, 324-334.
[CrossRef]

Crank, J. The Mathematics of Diffusion, 2nd ed.; Oxford University Press: Oxford, UK, 1975; 414p.

Semkow, T.M.; Parekh, P.P; Haines, D.K. Modeling the effects of the trinity test. In Applied Modeling and Computations in Nuclear
Science; Semkow, T.M., Pommé, S., Jerome, S., Strom, D.J., Eds.; American Chemical Society: Washington, DC, USA, 2006;
pp. 142-159.

Pasek, M.A.; Block, K.; Pasek, V. Fulgurite morphology: A classification scheme and clues to formation. Contrib. Miner. Petrol.
2012, 164, 477-492. [CrossRef]


http://doi.org/10.1093/petrology/egw013
http://doi.org/10.1016/j.chemgeo.2013.05.028
http://doi.org/10.1007/s00410-012-0753-5

	Introduction 
	Materials and Methods 
	Samples 
	Methods 

	Results 
	Gross /-Radioactivity and -Spectrometry of the Samples 
	Autoemission Spectra of Actinides 
	The Group I—Fully Vitrified Aerodynamic Fallout Particle (#R1) 
	The Group II—“Khariton” Glass Particles 
	Glassy Outer Shell 
	Iron-Rich Phases 
	Internal Part: Glass and Sintered Sand 

	Group III—Ground Glass 
	SiO2-Based Phases 
	Zircon 


	Discussion 
	References

