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ABSTRACT: The front-end of the nuclear fuel cycle encompasses several
chemical and physical processes used to acquire and prepare uranium for use in
a nuclear reactor. These same processes can also be used for weapons or
nefarious purposes, necessitating the need for technical means to help detect,
investigate, and prevent the nefarious use of nuclear material and nuclear fuel
cycle technology. Over the past decade, a significant research effort has
investigated uranium compounds associated with the front-end of the nuclear
fuel cycle, including uranium ore concentrates (UOCs), UF4, UF6, and UO2F2.
These efforts have furthered uranium chemistry with an aim to expand and
improve the field of nuclear forensics. Focus has been given to the morphology
of various uranium compounds, trace elemental and chemical impurities in
process samples of uranium compounds, the degradation of uranium
compounds, particularly under environmental conditions, and the development
of improved or new techniques for analysis of uranium compounds. Overall, this research effort has identified relevant chemical and
physical characteristics of uranium compounds that can be used to help discern the origin, process history, and postproduction
history for a sample of uranium material. This effort has also identified analytical techniques that could be brought to bear for nuclear
forensics purposes. Continued research into these uranium compounds should yield additional relevant chemical and physical
characteristics and analytical approaches to further advance front-end nuclear fuel cycle forensics capabilities.

■ INTRODUCTION

The front-end of the nuclear fuel cycle is comprised of the
chemical and physical processes necessary to extract uranium
from the earth and prepare it for use in a nuclear reactor.
These processes are mining, milling, conversion, enrichment,
and fuel fabrication.1 The same set of processes can also be
used to prepare uranium suitable for use in a nuclear weapon.
This dual-use nature of nuclear fuel cycle technology has
propelled international agreements and the development of
technical means aimed toward detecting, investigating, and
preventing the nefarious use of nuclear technology and nuclear
materials. One of the technical means is the field of nuclear
forensic science, which provides insight into nuclear or
radioactive materials found outside regulatory control.2

Nuclear forensics relies heavily on analytical and inorganic
chemistry to identify, measure, and understand chemical and
physical signatures and indicators that are created or destroyed
in the material during production, storage, and use.3−6 These
signatures and indicators can be interpreted to help ascertain a
material’s identity, origin, and history and suggest its intended
use. The term nuclear forensics has traditionally been used in
the context of nuclear security, specifically the analysis of
illicitly trafficked material, but the same capabilities are also
applicable to nuclear nonproliferation efforts, such as the
investigation of undeclared nuclear activities.7 For the purpose

of this paper, the term nuclear forensics is considered in this
broader context including matters of nuclear security and
nuclear nonproliferation. Because of its role within nuclear
security and nonproliferation efforts, there is a need to
continuously advance nuclear forensics.4,8−10 One avenue for
achieving this aim is furthering the chemistry of uranium
compounds found within the front-end of the nuclear fuel
cycle. Before proceeding, it is important to highlight certain
terminology encountered within the nuclear forensics
community, specifically the terms upstream and downstream
as they relate to the nuclear fuel cycle. In the context of nuclear
forensics, upstream refers to activity before enrichment and
downstream refers to activity following enrichment.
There are several key uranium compounds within the front-

end of the nuclear fuel cycle (Figure 1). The first uranium
compounds encountered, in the mining process, are uranium
minerals that comprise uranium ore deposits. Currently, the
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International Mineralogical Association recognizes 217 mineral
species containing uranium as an essential structural
constituent; excluding metalloids and nonmetals, uranium
ranks 11th among elements with the greatest number of
mineral species.11,12 Given the breadth of the subject and other
available sources, uranium ores and uranium mineralogy will
not be discussed further in this paper. After mining, uranium
ore is milled using physical and chemical processes to separate
uranium from the other constituents.13,14 The resulting
product is known as uranium ore concentrates (UOCs),
often is referred to as yellowcake. The term UOCs
encompasses several key uranium compounds including UO2,
UO3, U3O8, and UO2(O2)·xH2O (where x = 2 or 4). An
alternative, widely used, method to produce UOCs is known as
in situ leaching (ISL). ISL mining of uranium effectively
combines mining and milling into a single operation, extracting
uranium from an ore body in solution rather than removing
pieces of the ore body from the ground and then separating
and purifying the uranium to produce UOCs. Following
production of UOCs, the next process in the nuclear fuel cycle,
conversion, transforms UOCs into uranium hexafluoride
(UF6), which is suitable for use in the enrichment process
because of its high vapor pressure, ease of sublimation, and the
fact that fluorine has only one natural isotope.15,16 In addition
to UF6, the conversion process produces another key uranium
compound, uranium tetrafluoride (UF4), an intermediate
within the process. Following conversion, UF6 is altered
isotopically via enrichment, for which the two most common
technologies are gaseous diffusion and gaseous centrifugation.
This results in enriched and depleted UF6 streams, where
enriched UF6 possesses a

235U concentration of >0.711 wt %
and depleted UF6 a 235U concentration of <0.711 wt %.16,17

Last, during fuel fabrication, UF6 is typically converted to UO2
or uranium metal and prepared for use in a nuclear reactor.18,19

Depending on the process used, one of several intermediate
uranium compounds may be formed including uranyl fluoride
(UO2F2), ammonium diuranate (ADU), or ammonium uranyl
carbonate (AUC). Using a process similar to fuel fabrication,
depleted UF6 is sometimes converted to a more stable uranium
oxide, in a process referred to as deconversion, for storage as
very low-level waste. Among the possible intermediate uranium
compounds encountered during fuel fabrication or UF6
deconversion, UO2F2 is particularly noteworthy because it
results from hydrolysis of UF6. Thus, UO2F2 is significant from
a nuclear forensics perspective because it is formed from UF6

releases from process equipment or a storage cylinder into the
environment.
Over the past decade, a significant research effort has

focused on several of these key uranium compounds with the
aim of advancing the science of these compounds and the field
of nuclear forensics. In particular, recent research has examined
the morphology of various uranium oxides, with a focus on
discerning process history or process conditions for a particular
sample of material.20−32,46 One outcome of these efforts was a
lexicon to standardize descriptions of material images for
nuclear forensics, indicating a likely increasing role for
morphology within nuclear forensics.33 Recent research has
also investigated elemental and chemical impurities present in
process samples of uranium compounds, also with a focus of
discerning process history as well as the origin of the
uranium.34−42,44,45,47−49 For example, the concentrations of
rare-earth elements (REEs) have been found to be potentially
useful for identifying the origin of UOCs.41 Other research has
focused on understanding the degradation of uranium
compounds, particularly under environmental conditions.51−69

These efforts are important for nuclear forensics investigations
of aged materials or samples exposed to the environment. For
instance, various UOCs stored in controlled relative humidity
(RH) and temperature conditions have undergone chemical
reactions, converting them to different uranium com-
pounds.51,56−58 One final focus area has been developing
improved or new analytical techniques for probing various key
uranium compounds.70−76 For example, laser-induced break-
down spectroscopy (LIBS), which can be packaged in a field-
deployable form factor, has been studied as a possible
technique to rapidly identify various uranium oxides and
UO2F2.

70,74 Overall, the significance of the recent research and
the growing importance of nuclear forensics is evident in the
proposal and establishment of Nuclear Proliferomics, a field of
study focused on building comprehensive databases of nuclear
materials’ properties that could be leveraged through various
data analytics and machine-learning techniques to advance
nuclear forensics analyses.77

This work will cover, in brief, these recent research efforts as
they apply to three categories of key uranium compounds
within the front-end of the nuclear fuel cycle: UOCs, uranium
fluorides (UF4 and UF6), and UO2F2. Overall, there remains a
lack of understanding regarding some of the fundamental
inorganic chemistry that drives the creation or destruction of
the chemical and physical signatures observed in these uranium
compounds. For example, understanding how various process
conditions affect the levels of impurities throughout the
nuclear fuel cycle, how the crystallinity of these compounds
changes in response to varying process conditions, or how
exposure to environmental conditions drives changes in
chemical speciation. The existing gaps are the impetus behind
this paper, to raise awareness of research opportunities that
may continue to advance uranium chemistry and, by extension,
the field of nuclear forensics.

■ UOCS
Among the key uranium compounds associated with the front-
end of the nuclear fuel cycle, UOCs have received the greatest
focus of recent nuclear-forensics-related research. One
significant reason for this focus is the ubiquity of UOCs and
their ease of transportation, which makes them attractive for
illicit trafficking and thus an ideal target for signature
development.43 Recent research has primarily focused on

Figure 1. Front-end of the nuclear fuel cycle and key uranium
compounds associated with each process.
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developing signatures to identify the origin, process history,
and postproduction history of UOCs by investigating several
aspects of UOCs including the morphology, trace element
composition, and environmental degradation, as well as
developing new or improved techniques for analyzing UOCs.
UOC Morphological Studies. Several recent studies have

investigated morphological features of UOCs, primarily
accessed via scanning electron microscopy (SEM), as a
possible nuclear forensics signature for determining aspects
of the material’s process history and postproduction history.
With respect to process history, studies have been conducted
to determine whether morphological features can be leveraged
to identify the precursors used to produce a particular UOC,
for example, was a sample of U3O8 made by calcining uranyl
peroxide [UO2(O2)·xH2O] or a diuranate compound. In
addition to precursors, morphological studies have also
considered the effect of process conditions, such as the
calcining temperature, on the resulting product’s morphology.
Last, morphological features have also been studied in
connection with the degradation or aging of UOCs under
various environmental conditions.
Manna et al. studied the morphology of ADU

[(NH4)2U2O7] and the resulting morphology of uranium
oxides produced via calcination of ADU at various temper-
atures, 450, 550, 650, and 750 °C.31,32 At lower magnifications,
the uranium oxides they produced possessed a morphology
similar to that of the starting ADU material, indicating that the
morphology of the ADU was retained through the calcination
process. Increased magnification revealed the formation of
pores in the uranium oxides produced at 550 °C and higher
temperatures. The pores likely resulted from the release of
gaseous NH3 and H2O during calcination. They also observed
that the uranium oxide surface area increased with respect to
calcination temperatures up to 550 °C, but further increases in
the calcination temperature resulted in a decrease in the
surface area. Later, Tamasi et al. investigated the morphology
of UO2(O2)·xH2O and the resulting morphology of uranium
oxides (UO2, α-U3O8, and α-UO3) produced from UO2(O2)·
xH2O.

30 Both α-UO3 and α-U3O8 were prepared by calcining
UO2(O2)·xH2O at 400 and 800 °C, respectively, and UO2 was
prepared by a two-step process, calcination at 400 °C followed
by high temperature (500 °C) reduction under H2. All of the
materials that they analyzed were described, according to an
established lexicon, as clumped agglomerates comprised of
rounded and subrounded particles.33 They also observed that
the various uranium oxides possessed an overall morphology
similar to that of the uranyl peroxide precursor, indicating that
the overall morphology was preserved through calcination and
reduction. Overall, these studies indicated that morphological
features could potentially serve as an indicator for some aspects
of UOC process history. Specifically, these studies suggested
that the morphology may be able to identify the precursor
material and process conditions used to prepare a given UOC
material.
Building significantly on this potential, several recent studies

investigated the morphology of various UOCs using a software
program, morphological analysis for materials (MAMA), to
quantitatively characterize the particles from SEM im-
ages.20−22,25−28 Olsen et al. studied the differences in the
morphological features of U3O8 materials produced by
calcining α-UO3 at various temperatures, 600, 650, 700, 750,
and 800 °C.25 While they did observe some qualitative
variations among the U3O8 samples produced at the various

calcining temperatures, processing the SEM images through
the MAMA particle segmentation software enabled a
quantitative determination of the morphological statistics for
the material. From the available morphological attributes, it
was determined that microparticle size distributions and
particle circularity were able to statistically differentiate
between the various U3O8 samples (Figure 2). Schwerdt et

al. examined the morphology of several different samples of
UO3 prepared by calcining a uranyl peroxide [UO2(O2)·
2H2O], known as metastudtite, at various temperatures, 250,
300, 350, 400, and 450 °C.28 Qualitatively, the most significant
difference observed among the various UO3 samples was the
tendency of microparticles to fracture at higher calcination
temperatures. Otherwise, qualitative analysis showed that the
morphologies of the UO2(O2)·2H2O and UO3 samples were
quite similar. Quantifying the morphological features using the
MAMA software showed that the particle size distribution
decreases and the particle circularity increases as the
calcination temperature is increased from 250 to 400 °C.
They combined their data with the earlier results from Olsen et
al. to examine the trends in the particle size and shape over a
larger temperature range. In general, the particle size
distribution decreases as the calcination temperature is
increased from 250 to 400 °C, reaches a minimum between
400 and 600 °C, and increases as the temperature is increased
from 600 to 800 °C.25,28 On the other hand, the particle
circularity continually increases as the calcination temperature
is increased from 250 to 800 °C. Overall, these studies
demonstrate that quantifying the morphological features of

Figure 2. Density plots of the microparticle area (A) and circularity
(B) for U3O8 samples prepared by calcining α-UO3 at various
temperatures. In general, both the microparticle area and circularity
increase as the calcination temperature is increased. The density plots
were generated via quantification of the morphological features from
SEM images using the MAMA software. Reprinted with permission
from ref 25. Copyright 2017 American Chemical Society.
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UOCs could potentially be used to distinguish between the
UOC materials produced by various process conditions.
Two studies using the MAMA software investigated the

potential to discern different precursors used to prepare UOCs.
Abbott et al. studied UO2 prepared by H2 reduction of three
different uranium oxide precursors, am-UO3, α-UO3, and α-
U3O8.

20 They observed that the morphology for each UO2
material was qualitatively distinct from one another and the
morphology of each UO2 material was qualitatively similar to
that of the uranium oxide from which it was prepared. The
UO2 prepared from α-UO3 was significantly distinct from the
other UO2 samples, and thus additional analysis was not
performed. Quantifying the morphological features of the
remaining UO2 samples confirmed their qualitative observa-
tions; that is, quantification showed similar particle areas, and
no statistical difference in circularity, between the starting
uranium oxides, am-UO3 and U3O8, and their respective UO2
product. Morphological quantification also statistically differ-
entiated between the two UO2 samples, indicating that the
UO2 prepared from am-UO3 was smaller in size and less
circular than the UO2 prepared from U3O8. Thus, this study
demonstrated the utility of quantitative morphological analysis
to differentiate UO2 materials prepared from different uranium
oxide precursors.
Schwerdt et al. conducted a significantly expanded

investigation of UOCs prepared from different uranium
precursors.27 Specifically, they investigated samples of UO3,
U3O8, and UO2 prepared from ADU, uranyl peroxide, sodium
diuranate (SDU, Na2U2O7), AUC [UO2CO3·2(NH4)2CO3],
and uranyl hydroxide [UH, UO2(OH)2]. The UH was
prepared by reacting MgO with uranyl nitrate; the resulting
product is often referred to as magnesium diuranate (MDU)
but is known to be uranyl hydroxide hydrates. The
morphologies of nearly all of the starting uranium compounds
were qualitatively distinct; the exceptions were ADU and SDU,
which possessed qualitatively similar morphologies. The
morphologies of the UO3 samples produced by calcining the
various starting compounds at 400 °C remained qualitatively
distinct from one another; however, the higher calcination
temperature, 800 °C, used to produce U3O8 resulted in
samples with qualitatively less distinct morphologies. To
overcome this limitation, the MAMA software was used to
quantify the morphologies of the UO3, U3O8, and UO2
samples, specifically, the size or area of the particles and
ellipse aspect ratio, a ratio of the length and width for an ellipse
fitted to the particle. For the UO3 samples, the particle sizes
were statistically different, apart from the UO3 produced from
ADU and SDU. However, by adding the ellipse aspect ratio, all
UO3 samples could be statistically differentiated from each
other (Figure 3). For the U3O8 materials, both the particle
sizes and ellipse aspect ratio were statistically different for each
synthetic pathway. Last, for the UO2 materials, the particle
sizes were statistically different, except for the UO2 produced
from SDU and ADU and the UO2 produced from AUC and
UH. Again, by adding the ellipse aspect ratio, all of the UO2
samples could be statistically differentiated from each other.
More recently, Nizinski et al. investigated the effects of

process history on the morphology of UOCs prepared from
uranium ore.46 They prepared UOC samples using two
different commercial solvent extraction processes: the Dapex
process and the Amex process. Following solvent extraction,
the uranium was precipitated as ADU and calcined to form
UOCs that were a mixture of UO3 and U3O8. Qualitatively, the

morphologies of the UOCs produced by either solvent
extraction process were remarkably similar; the primary
difference was that the UOCs produced via the Amex route
appeared more densely agglomerated. However, using the
MAMA software to quantify the particle sizes and shapes of the
samples, they were able to statistically differentiate between the
UOCs produced by the different solvent extraction processes.
Overall, these studies demonstrate the utility of quantitative
morphological analysis to differentiate between various UOC
samples, especially those that appear qualitatively similar.
Additionally, these studies demonstrate that quantitative
morphological analysis could potentially be used to discern
the production pathway for several key uranium oxide UOCs.
Finally, a recent study investigated the morphological

changes caused by aging UOCs under various environmental
conditions. Tamasi et al. studied three U3O8 samples, one pure
α-U3O8 and two impure U3O8 samples, aged for 2 years in four
different conditions, cool and dry (5 °C, 25% RH), cool and
humid (5 °C, 97% RH), warm and dry (37 °C, 15% RH), and
warm and humid (37 °C, 89% RH).29 Using SEM, the
morphologies of the samples were qualitatively characterized to
identify changes caused by exposure to the various temperature
and humidity conditions. For the pure α-U3O8 stored under
the lower humidity conditions, there were no apparent changes
to its morphology, but storage under higher humidity
conditions resulted in an eroded or dissolved surface
appearance. The particle size for the sample stored in warm
and humid conditions also increased, likely the result of water
absorption. For the two impure U3O8 samples, changes in the
morphology were observed for all storage conditions, and
similar to the pure α-U3O8 sample, the greatest changes were
observed for the samples stored in humid conditions. These
results indicate that environmental exposure can induce
morphological changes in U3O8, and impurities present in
U3O8 may enable more significant morphological changes in
samples exposed to various environmental conditions.
Morphological changes resulting from environmental exposure
may be useful as an indicator for aspects of the postproduction
history of UOCs; however, more studies, including other UOC
chemical forms, will be required.

Figure 3. Quantified morphological features, pixel area (top) and
ellipse aspect ratio (bottom), of the UO3 samples produced by
calcining ADU, AUC, MDU (UH), and SDU at 400 °C for 8 h. All
UO3 samples could be differentiated from one another by combining
the results for both morphological features. Reprinted with permission
from ref 27. Copyright 2019 De Gruyter.
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Trace Elements in UOCs. A critical chemical signature for
any uranium material, including UOCs, is the relative
abundance of uranium isotopes that it contains. These
elemental data, primarily determined using high-resolution
mass spectrometry, provide key information as to whether the
uranium is natural uranium (99.284 wt % 238U, 0.711 wt %
235U, and trace 234U) or if it has been altered through either
enrichment or nuclear reactions. Beyond the isotopics of
uranium, recent research has investigated other elemental data
that a uranium sample may contain. In particular, UOCs have
been studied to determine whether trace elemental data could
be leveraged to identify the origin and process history for
UOCs.
The relative abundance of trace element isotopes,

particularly lead, strontium, molybdenum, neodymium, and
samarium isotopes, has been studied to investigate their utility

in determining the origin of uranium. Svedkauskaite-LeGore et
al. analyzed several uranium ore samples from two mines in
Australia and eight UOCs from various origins.39 Using
multicollector inductively coupled plasma mass spectrometry
(MC-ICP-MS), they determined the relative abundance of the
four stable lead isotopes (204Pb, 206Pb, 207Pb, and 208Pb) in the
samples. Three of the stable lead isotopes, 206Pb, 207Pb, and
208Pb, are known as radiogenic lead; that is, they are produced
from the radioactive decay of uranium and thorium. Thus, the
abundances of radiogenic lead isotopes can vary throughout
the earth’s crust, particularly in locations where uranium and
thorium are more or less abundant. Using the ratio of
207Pb/206Pb, they were able to differentiate between the
uranium ore and UOC samples from nearly every different
geographic origin. Exceptions were an Australian mine and a

Figure 4. Lead isotopic ratios for various UOC samples. The current natural lead isotopic ratios are marked with a solid line. Reprinted with
permission from ref 42. Copyright 2009 American Chemical Society.
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Namibian mine; the UOC samples from these locations
possessed a similar 207Pb/206Pb ratio. Varga et al. also
investigated trace element isotopes in UOCs, analyzing 25
samples from 19 different origins.42 They primarily evaluated
the ratios of radiogenic lead to primordial lead, that is,
206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb, and observed the
variability in the ratios between the samples from different
origins (Figure 4). However, they also observed the variability
within a set of samples collected from the same origin,
indicating a limitation to determining the origin of a sample
based on lead isotopics alone. In addition to lead isotopics,
they also determined the relative abundance of strontium
isotopes in the samples. Using the ratio of 87Sr/86Sr, they also
observed the variability between the samples from different
origins: the variation in the ratio of 87Sr/86Sr arises from β
decay of long-lived 87Rb to 87Sr and the varying ratio of Rb/Sr
in nature. Unlike the lead isotopics, they observed less
variability in the ratio of 87Sr/86Sr for a set of samples from
the same origin (Figure 5). Furthermore, combining both lead
and strontium isotopic data increased the confidence in
determining the geographic origin of a UOC sample.
Rolison et al. and Migeon et al. recently investigated the

molybdenum isotope composition of UOCs. Rolison et al.
used MC-ICP-MS to examine 31 UOCs from various
geographic regions and 1 parent uranium ore associated with
one of the UOCs.48 They found that the 98Mo composition
among the UOCs varied with a range consistent with variations
in the 98Mo composition for natural materials. The variation in
the 98Mo composition for UOCs can arise from variations of
98Mo in the parent uranium ore, fractionation of molybdenum
isotopes during the production of UOCs, or contamination
from a molybdenum source during production. While they
were unable to assess the role of molybdenum contamination,
the variation of 98Mo in UOCs fell within the range observed
for molybdenite minerals, indicating that variations of 98Mo in
the parent uranium ore is primarily responsible for the
variations observed in UOCs. However, comparing the parent

uranium ore with its corresponding UOC, they determined
that fractionation occurred during production, resulting in a
greater 98Mo composition in the UOC. Thus, they concluded
that both variation in the 98Mo composition of uranium ore
and fractionation during the production of UOCs contribute to
the overall variation of 98Mo in UOCs. Migeon et al. also
investigated a set of UOCs using MC-ICP-MS.49 They
observed that UOCs produced from uranium ore of magmatic
origin exhibited a different, higher 98Mo composition
compared to UOCs produced from uranium ores of
sedimentary origin. They also observed that fractionation of
molybdenum can occur during UOC production and noted
that shifts in the 98Mo composition during UOC production
are likely affected by several factors of the production process,
for example, the chemicals used and pH of the solutions. Their
observations are consistent with the conclusion of Rolison et
al. that the parent uranium ore is primarily responsible for
98Mo variations in UOCs and that fractionation during UOC
production will likely alter the 98Mo composition relative to
the parent uranium ore. However, the effect of specific UOC
production conditions on the 98Mo composition is not fully
known at this time. Overall, the use of the molybdenum
isotope composition, in combination with other trace elements
or isotopic data, to help ascertain the origin of UOCs appears
promising.
Krajko et al. developed a procedure to determine the ratio of

143Nd/144Nd in uranium materials.50 They analyzed uranium
ore samples from four origins as well as UOCs from 20
different origins. The 143Nd/144Nd ratios for the samples
exhibited large variations and thus, they were able to
distinguish most samples from one another. Variations in the
ratio of 143Nd/144Nd arise from α decay of long-lived 147Sm to
143Nd and the varying ratio of Sm/Nd in nature. Additionally,
they observed less variability for neodymium isotopics within a
set of samples from the same origin compared to the variability
observed for strontium or lead isotopics. Although not
attempted in this study, combining neodymium isotopic data

Figure 5. Strontium isotopic ratios for various UOC samples. Reprinted with permission from ref 42. Copyright 2009 American Chemical Society.
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with strontium and lead isotopic data could further improve
the capability of distinguishing between UOCs from various
geographic origins. More recently, Shollenberger et al.
investigated samarium isotopes in UOCs as a possible means
to determine the origin of uranium.47 The potential utility of
samarium isotopes arises from the large thermal neutron
capture cross section of 149Sm, meaning that there is a high
probability that a free neutron present in a uranium ore body
will be captured by 149Sm, transmuting it to 150Sm. Thus,
variations in the thermal neutron activity and ages between
different ore bodies could yield distinct 149Sm and 150Sm
compositions. They analyzed 32 UOCs from different origins
and were able to distinguish between approximately half of the
samples based on their 149Sm and 150Sm compositions. The
UOCs with resolved and anticorrelated samarium isotope
compositions were typically produced from older uranium ore
deposits containing higher concentrations of uranium. The
149Sm and 150Sm compositions of UOCs were indicative of the
uranium ore’s geologic origin and, combined with other
isotopic signatures, could be used to help identify the origin of
UOCs. Overall, the use of trace element isotopes to help
determine the origin of uranium material appears to be
promising; building a comprehensive database of isotopic data
for UOCs produced around the globe would significantly
improve the utility of this potential capability.
The relative abundance of lanthanides or REEs in UOCs has

also been studied as a possible means to determine the origin
of uranium. Varga et al. analyzed 38 UOCs from 31 different
origins.41 They found that the relative concentrations of REEs,
also referred to as the REE pattern, varied significantly among
the samples. As a standalone indicator, it may be useful in
determining the origin of a material if compared to a database
of known references. Without a reference, the REE pattern
could only be used to help narrow the possible origins of a
uranium material. By comparing their results with those
reported for uranium minerals, they observed that the REE
pattern found in ores is largely preserved through the uranium
milling process. Keegan et al. also investigated the elemental
impurities for several UOC samples.44 Consistent with the
findings of Varga et al., they determined that the REE patterns
were distinctive for certain, but not all, ore deposit types and
concluded that REE patterns could serve as a complementary,
but not a standalone, indicator for the origin of UOCs.
Last, other trace elements and compounds have been

investigated as possible means to determine the origin or
process history of UOCs. Badaut et al. investigated the anionic
impurities (i.e., fluoride, chloride, nitrate, sulfate, and
phosphate) in 12 UOCs from 8 different origins.45 They
found significant variation between samples from different
origins; however, they also observed variation between
multiple samples from a single origin. Similar to other trace
element investigations, they concluded that anionic impurities
could be a complementary, but not standalone, indicator for
the origin of UOCs. Later, Keegan et al. studied the impurities
of 24 UOC samples and found that high concentrations of
certain elements or compounds may indicate aspects of the
uranium milling process chemistry used to produce the
UOCs.44 For example, they found high concentrations of
calcium or magnesium in certain samples, suggesting the use of
lime or MgO as a precipitant. Additionally, their results
indicate that Cl− and SO4

2− impurities are indicative, though
not definitively, of the milling process chemistry. In this case,
NaCl/H2SO4 was used as an eluent for ion exchange and NaCl

was also used in a solvent-extraction strip step. Similar to
REEs, these trace elements and compounds are not an
unambiguous signature but rather could be used as indicators
for discerning aspects of the processing history of UOCs.

Degradation of UOCs. For UOCs, many of the chemical
signatures and indicators that have been developed for nuclear
forensics purposes are used to ascertain the origin of the
uranium and sample processing history. One gap in the UOC
signatures has been the development of chemical signatures
associated with changes during handling, transport, and storage
after production or when exposed to various environmental
conditions. Several recent studies have focused on the
development of these chemical signatures and indicators by
studying uranium oxides subjected to controlled RH and
temperature conditions.
Tamasi et al. studied several U3O8 samples, one pure U3O8

and two impure U3O8 samples, stored for 2−3.5 years in four
different conditions: cool and dry (5 °C, 25% RH), cool and
humid (5 °C, 97% RH), warm and dry (37 °C, 15% RH), and
warm and humid (37 °C, 89% RH).56 Using powder X-ray
diffraction (p-XRD) and X-ray absorption fine structure
(EXAFS) measurements, they analyzed the aged samples to
identify changes in chemical speciation. For high-purity U3O8,
no changes were observed during storage in dry conditions.
However, for storage in humid conditions, two alteration
phases were observed in the p-XRD patterns, the uranyl oxide
hydroxyhydrates metaschoepite [(UO2)4O(OH)6](H2O)5 and
schoepite [(UO2)4O(OH)6](H2O)6. It is important to note
that metaschoepite and schoepite are often referred to by their
empirical formulas, UO3·2H2O and UO3·2.25H2O, respec-
tively. The EXAFS data were consistent with the p-XRD data,
indicating that little to no changes occurred in the samples
aged under dry conditions, while there were significant changes
in the samples aged in humid conditions consistent with the
formation of schoepite (UO3·xH2O) compounds, which
included increased lattice disorder and changes in the U−O
bond region. For the sample containing UO2F2·xH2O as an
impurity, schoepite compounds were formed after 2 years of
storage in both dry and humid conditions. The other sample,
which contained schoepite impurities at the onset, still
contained schoepite compounds after 2 years of aging in
both dry and humid conditions. Overall, this work demon-
strated that U3O8 can convert to metaschoepite and schoepite
during storage under humid environmental conditions. As a
result, schoepite compounds could be used as a chemical
indicator for ascertaining aspects of the postproduction history
for U3O8.
Two recent studies have examined the effect of aging UO2

under various humidity and temperature conditions. Donald et
al. used X-ray photoemission spectroscopy (XPS) to identify
changes in chemical speciation for high-purity UO2 powder
aged for approximately 1 year at 25 °C under various RH
conditions (34%, 56%, and 98% RH; Figure 6).51 The starting
material contained primarily uranium(IV), as expected for
UO2, and a small portion of uranium(V). Over the course of
the study, all samples underwent oxidation, as evidenced by a
decrease in the relative amounts of uranium(IV) and
uranium(V) and an increase in uranium(VI). After 378 days,
the mean uranium valence for all samples was between U3O8
and UO3. Interestingly, the authors concluded that the
duration of storage, rather than the RH, had a greater effect
on the extent of oxidation observed in the samples. The second
study, conducted by Tracy et al., used grazing-incidence X-ray
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diffraction to study surface oxidation of the UO2 samples aged
under various RHs (34%, 56%, and 95% RH) and temper-
atures (room temperature, 50 °C, and 100 °C).57 While
surface oxidation was observed for the UO2 samples, the
authors determined that the RH did not significantly affect the
extent of surface oxidation. However, they did observe a
significant dependence on the temperature because the
samples stored at 50 and 100 °C exhibited much thicker
oxidized surface layers. Overall, both studies demonstrate that
UO2 will oxidize over time under environmental conditions;
thus, higher valence uranium compounds could serve as
indicators for aged UO2 samples. However, the final chemical
form of the oxidized UO2 was not reported; thus, it is not
known whether oxidation is the only chemical reaction taking
place or whether hydration may also be involved, resulting in
the formation of a uranium oxide hydrate compound, as
observed in the studies considering U3O8.
One other UOC chemical form, UO3, was recently studied

by Wilkerson et al. to understand the effect of aging UO3
under controlled humidity and temperature conditions for
several years.58 They used p-XRD and EXAFS to determine
changes in chemical speciation in α-UO3 samples stored in
cool and dry (5 °C, 25% RH), cool and humid (5 °C, 97%
RH), warm and dry (37 °C, 15% RH), or warm and humid (37
°C, 89% RH) conditions. After 14 months of storage,
schoepite (UO3·xH2O) compounds were present in each α-
UO3 sample, except for the sample stored in cool and dry
conditions. After 14 months of storage, they also observed an
intermediate phase present in samples stored in both the cool

and dry and the warm and dry conditions. Eventually, after 2.5
years of storage, all α-UO3 samples contained schoepite
compounds, demonstrating that, with sufficient storage time,
α-UO3 will eventually hydrate and transform into metaschoe-
pite or schoepite. One aspect that differs from the other UOC
chemical forms studied, UO2 and U3O8, is that α-UO3 is
already in the uranium(VI) oxidation state, thus oxidation is
not required for the formation of schoepite compounds.
Similar to the study of U3O8, this study also indicates that
schoepite compounds could serve as an indicator to provide
insight into the postproduction history for UO3 materials.
Aging studies for one final UOC chemical form, uranyl

peroxide, are limited. As part of their U3O8 aging study, one
sample Tamasi et al. investigated contained only studtite
[UO2(O2)·4H2O] and metastudtite [UO2(O2)·2H2O] at the
onset of the study.56 Exposure to the various temperature and
humidity conditions for up to 3.5 years only resulted in
hydration of UO2(O2)·2H2O to UO2(O2)·4H2O, and no other
changes in chemical speciation were observed. Combining
their results with the fact studtite and metastudtite have been
observed in uranium deposits, it appears unlikely that studtite
or metastudtite will be altered under humid conditions to form
metaschoepite or schoepite.78,79 However, recent investiga-
tions of storage drum pressurization incidents found that some
uranyl peroxide UOCs contained a more reactive, amorphous
uranium species. Odoh et al. found that certain uranyl peroxide
UOCs were primarily am-U2O7, which results from drying
UO2(O2)·4H2O or UO2(O2)·2H2O in air at approximately
300 °C.55 Reacting this uranyl peroxide UOC with liquid water
released O2 and formed metaschoepite (UO3·2H2O). Given
that aging U3O8 and UO3 in humid conditions also leads to the
formation of metaschoepite and schoepite, it is expected that a
similar result will occur with uranyl peroxide UOCs containing
a significant fraction of am-U2O7. The effect of varying the
temperature and RH would likely be similar to the trends
observed for U3O8 and UO3, that is, exposure to more humid
conditions will likely result in a more rapid transformation to
metaschoepite. However, these hypotheses should be con-
firmed with a formal study of uranyl peroxide UOCs
containing am-U2O7.

Advancing Analysis of UOCs. Several recent studies have
investigated methods to improve the analysis of UOCs. Among
other benefits, advancing analytical techniques for UOCs could
lower limits of detection, expedite analysis timelines, or
improve characterization of a sample, significant goals for
nuclear forensics. Two recent studies investigated Raman
spectroscopy for identifying UOCs. Pointurier et al. used
micro-Raman spectroscopy (MRS) with two different ex-
citation wavelengths (514 and 785 nm) to analyze micrometer-
sized particles of uranium compounds and compared their
observations with published spectra.73 They acquired spectra
for studtite [UO2(O2)·4H2O], U3O8, UO2, and other uranium
particles and found that they were consistent with the
published spectra for bulk samples (Figure 7). Thus, they
demonstrated the capability of identifying chemical speciation
of uranium particles that were a few microns up to a few tens
of microns in size. This is significant because certain samples
collected for nonproliferation purposes by the International
Atomic Energy Agency (IAEA), called swipe samples, may
only contain micron-sized uranium particulate matter; MRS
could be used to determine chemical speciation of uranium
contained in these samples.80 More recently, Ho et al. coupled
Raman spectroscopy to multivariate analysis to visualize and

Figure 6. XPS U 4f7/2, 5/2 core-level spectra for aged UO2 powders.
Curve fits for the uranium(IV), uranium(V), and uranium(VI)
valence states reveal that the sample underwent oxidation, as indicated
by the increasing relative amount of uranium(VI) in the sample.
Reprinted with permission from ref 51. Copyright 2017 Elsevier.
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classify samples of UOCs.72 They analyzed 89 industrially
produced UOC samples along with 6 laboratory-prepared
samples and processed this data set using three different
multivariate analysis techniques: principal component analysis
(PCA), partial least-squares discriminant analysis (PLS-DA),
and Fisher discriminant analysis (FDA). Using PCA with three
principal components, they found that certain compounds,
including U3O8, uranyl peroxide, and AUC, could be grouped
together in visual score plots. However, overlap was observed
between clusters of the ADU and UH samples, limiting the
ability to discriminate between these two UOCs. Using PLS-
DA, they were able to better classify samples of AUC, U3O8,
UO3, and uranyl peroxide, an improvement over the results
from PCA alone. Their results using FDA were similar,
successfully grouping and discriminating some UOCs (ADU,
U3O8, UO3, UO2, and uranyl peroxides), but not all were well
separated. It is important to note that FDA is a supervised
method that requires knowledge of a sample, thus limiting its
usefulness for nuclear forensics analysis of unknown samples.
They concluded that a combination of PCA and PLS-DA
showed the greatest potential for rapidly and accurately
classifying UOCs. Overall, these studies indicate that both
MRS and multivariate analysis could be leveraged to enhance
the analysis of UOCs for nuclear forensics purposes.
Another recent effort to discriminate between UOC

chemical forms was conducted by Campbell et al. using
LIBS.70 LIBS is a rapid atomic emission technique and requires
minimal sample preparation, offering an advantage over other,
more time-intensive analytical methods. They prepared and
analyzed three different UOC chemical forms: UO2, U3O8, and

UO3. The samples were ablated using the same conditions to
maintain a consistent amount of mass ablated between
samples. Additionally, the samples were analyzed in an argon
atmosphere to eliminate interference from atmospheric
oxygen. The authors investigated several uranium emission
lines as well as various laser power levels to determine whether
they could successfully differentiate between the three uranium
oxides based on the ratio of uranium and oxygen signal
intensities. They observed different U/O signal intensity ratios
between the three uranium oxides, consistent with the different
uranium and oxygen contents for each compound. Among the
various conditions studied, they determined that the 591.539
and 682.692 nm uranium emission lines and a 26 mJ laser
power level provided the best discrimination between the three
uranium oxides. Overall, this effort demonstrated the potential
utility of LIBS to rapidly identify certain uranium compounds
from a sample of material.
One final recent study investigated the chemical speciation

in an ultrathin uranium oxide film using two nondestructive
techniques. He et al. used neutron reflectometry (NR) and
surface-enhanced Raman spectroscopy (SERS) to analyze a
thin uranium oxide film, approximately 105 nm thick,
deposited on a quartz substrate.71 The NR results indicated
that the film was composed of three sublayers: ∼38 Å of α-
U3O8, ∼900 Å of α-UO3, and ∼115 Å of γ-UO3. The SERS
spectra were collected from optically pristine and optically
damaged, as determined by SEM, locations on the thin film.
The spectra collected from the pristine location was
deconvolved and indicated that two phases were present in
the film, γ-UO3 and α-U3O8. The thick α-UO3 layer was not

Figure 7. MRS spectra for micron-sized particles of various UOCs: UO2(O2)·4H2O (a), UO3 (b), U3O8 (c), and UO2 (d). Reprinted in part with
permission from ref 73. Copyright 2010 Elsevier.
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detected; this is likely because of the short-range effect of
SERS. The spectra from the optically damaged sites showed
additional bands and increased intensity of previously observed
bands, associated with α-U3O8, confirming the existence of α-
U3O8 in the sublayers of the uranium oxide film. Combining
the results of both techniques, it was determined that the
uranium oxide film was composed of an α-U3O8 layer on the
quartz substrate followed by a thick α-UO3 layer and a final,
atmosphere-exposed layer of γ-UO3. Overall, this study
demonstrated a capability to determine depth-resolved,
chemical speciation for an ultrathin film of uranium oxide
using nondestructive techniques. Such a capability could
provide physical and chemical data contained in ultrathin
films, indicators that many current methods cannot access
because they produce sample average properties.
Opportunities for Additional Research. As an easily

transportable, and thus more easily trafficked form of uranium,
UOCs warrant the significant amount of recent research. Yet,
opportunities for additional research remain. To date, nearly all
morphological studies of UOCs have focused on laboratory-
prepared materials. Future studies investigating process
samples from uranium mills and ISL mining would be
beneficial for understanding morphological changes within an
industrial setting, particularly how the morphology may be
affected by varying process chemistry, and would help to build
a database of reference materials from industrial facilities.
Similarly, regarding trace elements in UOCs, the most
significant future work is likely building a comprehensive
database of reference materials by characterizing large numbers
of process samples from uranium mills and ISL mining.
Building a comprehensive database of the chemical and
physical properties for UOCs produced globally should
significantly improve nuclear forensics efforts to determine
the origin and process history for uranium samples and also lay
the groundwork to rigorously evaluate the utility of these
potentially valuable methods by examining samples in the
blind. As Ly et al. demonstrated with morphological analyses,
the use of machine learning and data analytics will be key to
effectively leveraging a comprehensive database of uranium
material properties.23,24 Regarding the degradation of UOCs,
future studies should investigate the environmental degrada-
tion of uranyl peroxide and other UOCs, and similar to the
morphological work, future studies should also study the
degradation of process samples from uranium mills and ISL
mining. Additionally, applying the morphology quantification
tools to the environmentally driven morphological changes to
UOCs may provide additional insight into the changes
transpiring and improve the utility of morphological changes
as an indicator for aspects of the postproduction history of
UOCs. One more aspect of UOC degradation that would be
very beneficial is determining the kinetics of the environ-
mentally driven changes in chemical speciation; kinetic data
would provide more quantifiable insights into the postpro-
duction history of UOCs. With respect to advancing the
analysis of UOCs, an opportunity for additional research is
investigating the utility of techniques such as MRS and LIBS to
identify the speciation of uranium material contained within a
complex matrix collected for nonproliferation purposes.

■ URANIUM FLUORIDES UF4 AND UF6
From a nuclear forensics perspective, UF4 and UF6 are
important because they are anthropogenic uranium com-
pounds rarely encountered outside nuclear fuel production or

nuclear weapons activities. Additionally, the primary use for
UF6 is the enrichment process. Enrichment is a technically
challenging process within the front-end of the nuclear fuel
cycle, and thus possessing an enrichment capability or
attempting to establish an enrichment capability represents a
significant milestone in producing nuclear reactor fuel or
uranium suitable for weapons purposes. One tool used by the
nonproliferation community, specifically the IAEA, is environ-
mental sampling, which involves collecting swipe samples from
declared or suspected nuclear facilities.80 Forensic analysis of
these samples is used to assess compliance, or noncompliance,
with nuclear nonproliferation agreements. Finding UF4 or the
degradation products of UF6 or UF4 in a sample collected for
nonproliferation purposes is a signature of anthropogenic
uranium material and a strong indicator of an intent or
capability to perform enrichment. In addition to nonprolifera-
tion-focused environmental samples, continued UF4 and UF6
research could identify chemical and physical characteristics
useful for evaluating interdicted UF4 or UF6.

Trace Elements in UF4 and UF6. While significant
research has focused on trace element forensics signatures in
UOCs, as was already discussed, similar studies are noticeably
scarce for UF4 and UF6 in the publicly available literature.
Trace quantities of various elements are known to persist
through the conversion of UOCs to UF6, as indicated by the
ASTM International C787 Standard Specification for Uranium
Hexafluoride for Enrichment.81 Some possible elemental
impurities in UF6 according to the ASTM C787 are listed in
Table 1. The elemental impurities are grouped into two

categories: those forming nonvolatile fluorides (vapor pressure
of less than 101.3 kPa at 300 °C) and those forming volatile
fluorides. A few notable elements within the list, based on
nuclear-forensics-related studies for UOCs, are lead, molybde-
num, and strontium. Noticeably absent from the list of
potential elemental impurities in ASTM C787 are the REEs,
which may also provide insights into the uranium’s origin, as
demonstrated with UOCs.35,38,40,41 Analytical procedures for
determining the lead, strontium, and REE impurities in UF6
have been developed, but investigations to determine whether
these methods are useful for nuclear forensics purposes,
specifically aiding in determination of the origin of uranium,
are not available in the literature.82,83 While there is no
analogous ASTM International standard specification for UF4,
the impurities expected for UF6 represent a minimum subset of
elemental impurities in UF4 because it is an intermediate in the
production of UF6. It is unclear whether the REEs are present
in UF4 in addition to lead, molybdenum, and strontium.
Additionally, investigations to determine whether lead,

Table 1. Potential Elemental Impurities in UF6
a,81

aluminum calcium molybdenum strontium
antimony chlorine nickel tantalum
arsenic chromium niobium thorium
barium copper phosphorus tin
beryllium iron potassium titanium
bismuth lead ruthenium tungsten
boron lithium silicon vanadium
bromine magnesium silver zinc
cadmium manganese sodium zirconium

aElements forming nonvolatile fluorides are italicized, and elements
forming volatile fluorides are in bold.
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molybdenum, strontium, or other elemental impurities in UF4
are useful for nuclear forensics purposes, specifically aiding in
determination of the origin of uranium, are not available in the
literature.
In addition to scarce literature pertaining to trace elements

in UF4 and UF6, an aspect of industrial-scale uranium
conversion that would complicate the forensics of UF4 and
UF6 is that UOCs from multiple geographic origins may be
blended for processing at a conversion facility. Additionally,
most facilities purify the uranium through solvent extraction at
the beginning of the conversion process or via distillation of
the final UF6 product. These purification steps would likely
alter or eliminate certain trace elemental impurities. Blending
UOCs and employing a purification method, whether solvent
extraction or distillation, could obscure geographically specific
elemental and isotopic signatures. These complications
illuminate a need to study UF4 and UF6 samples from the
world’s conversion facilities in order to understand the effect of
blending UOCs and purification steps and, perhaps more
importantly, identify the unique chemical characteristics of
UF4 and UF6 produced at a given facility. In the event that
trafficked UF4 or UF6 is interdicted, such knowledge could aid
in identifying where it was produced or possibly indicate the
existence of an undeclared conversion facility.
One recent study, by Reilly et al., considered trace element

migration during uranium deconversion, specifically UF4
reduction to uranium metal.84 They prepared thorium-doped
samples of UF4, which were subjected to bomb reduction,
yielding uranium metal. From a nuclear forensics perspective,
thorium ingrowth from uranium decay, specifically 231Th
ingrowth from 234U, can serve as a chronometer for the time
that has elapsed since uranium was last quantitively separated
from thorium.85 Reilly et al. found that thorium did separate
from the bulk uranium metal during bomb reduction; the
fractionation ranged from 93 to 99%. For samples doped with
less than 100 ppm of thorium, the fractionation was nearly
quantitative, or nearly 100%. This study indicates that the
thorium chronometer will be altered or reset during uranium
deconversion using bomb reduction. This study also highlights
the need to conduct additional research of trace elements in
UF4 to determine if other possible forensics signatures, such as
origin data, may persist or be altered or destroyed during
uranium deconversion.
Degradation of Uranium Fluorides in the Environ-

ment. There are very few published studies considering the
degradation of UF4 in the environment. One likely reason for
the limited number of studies is that UF4 is generally
considered to be a stable compound.86 Several studies have
examined high-temperature hydrolysis, or pyrohydrolysis of
UF4, which converts UF4 to uranium oxides of varying
stoichiometries depending on the reaction conditions.87−93

However, the reaction conditions for pyrohydrolysis, which
proceeds at temperatures greater than 300 °C for UF4, are not
found in the environment. To date, Wellons et al. and
Pointurier et al. have conducted the most extensive studies of
UF4 degradation under environmental conditions.60,69 Using
Raman spectroscopy, Wellons et al. identified the chemical
transformation within UF4 samples stored under varying RH
conditions. They observed differing decomposition pathways,
depending on the reaction conditions. At moderate RH
(∼50%), UF4 was first converted to UO2F2, followed by a
schoepite compound (UO3·xH2O), and finally uranium oxide
(UxOy). At higher RH (85%), UO2F2 was not observed,

possibly because of deliquescence, but a schoepite compound
and uranium oxide were. The first experiment was limited to
approximately 2 weeks, but a 7-week experiment at both 57%
and 77% RH resulted in the formation of a uranyl peroxide,
metastudtite [UO2(O2)·2H2O]. These two degradation path-
ways involve significant reactions including fluoride substitu-
tion, oxo bond formation, and uranium oxidation. Last, a
simple experiment of mixing UF4 in pure H2O formed uranium
tetrafluoride hydrate (UF4·2.5H2O). On the basis of their
observations, Wellons et al. proposed three, ambient-temper-
ature hydrolysis schemes for the degradation of UF4: eqs 1−3.
Pointurier et al. investigated the degradation of micron-sized
UF4 particles (∼5 μm diameter) stored in various conditions
(humid or dry air, humid or dry argon, with or without UV
exposure, and various temperatures) using MRS. While the
duration of the study was limited to 3 months, they
demonstrated that UF4 microparticles degraded under certain
conditions to form a schoepite or uranyl peroxide compound,
similar to the observation by Wellons et al. In particular,
storing UF4 microparticles in a humid climate (>74% RH) led
to the formation of a schoepite compound; adding UV light to
the humid environment resulted in the formation of a uranyl
peroxide. Increasing the temperature from 20 to 80 °C resulted
in more rapid degradation. On the other hand, UF4
microparticles stored under dry conditions, regardless of the
temperature or UV exposure, exhibited no changes during the
duration of the study. For the UF4 microparticles that
underwent degradation, UO2F2 was not observed, possibly
because of deliquescence under the high-humidity conditions
used for the study. Overall, their observations largely agree
with the results from Wellons et al.
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The observation that UF4 degrades to UO2F2 is consistent
with a recent UF4 single-crystal study conducted by Tobin et
al.59 They observed significant degradation of the UF4 crystal
surface and identified the degradation product to likely be
UO2F2 based on F K-edge (1s) X-ray absorption spectroscopy.
The formation of a uranium oxide during the shorter-duration
experiments by Wellons et al. is interesting considering the
various studies demonstrating uranium oxides transforming
into metaschoepite and schoepite discussed above; this
observation warrants additional investigation.
While there are very few studies considering the environ-

mental degradation of UF4, the degradation of UF6 in the
environment is better understood. UF6 does not react with O2,
N2, or CO2; however, it readily reacts with water (H2O), both
liquid water and water vapor in the air, making it unstable in
the environment.94 The reactivity of UF6 toward water has
been known since UF6 was first synthesized in 1909, and the
reaction yields both hydrogen fluoride (HF) gas and solid
UO2F2, as shown in the overall reaction, eq 4.94−96 Similar to
the degradation of UF4, the degradation of UF6 involves
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significant reactions including fluoride substitution and oxo
bond formation. Atmospheric hydrolysis of UF6 is more
complicated than the reaction shown in eq 4. It has been
suggested the hydrolysis reaction proceeds in two steps, eqs 5
and 6, forming an intermediate uranium oxytetrafluoride
(UOF4); however, the role of UOF4 in this process remains
debated.97,98 Recently, Wagner et al. reportedly identified
UOF4 in particulate matter generated from reaction conditions
with insufficient water for complete hydrolysis of UF6.

99

However, compared to the reference Fourier transform
infrared (FTIR) spectrum for UOF4, their FTIR spectra do
not strongly support this observation.97

+ → +UF 2H O UO F 4HF6 2 2 2 (4)

+ → +UF H O UOF 2HF6 2 4 (5)

+ → +UOF H O UO F 2HF4 2 2 2 (6)

Computational studies by Hu et al. using relativistic density
functional theory (DFT) indicate that the first hydrolysis
reaction, eq 5, is composed of two steps, with UF5OH as an
intermediate (eqs 7 and 8).100−102

+ → +UF H O UF OH HF6 2 5 (7)

→ +UF OH UOF HF5 4 (8)

Recently, Richards et al. investigated the kinetics of UF6
hydrolysis and determined that the rate appears to be half-
order with respect to UF6 and second order with respect to
water, with a rate constant of 1.19 ± 0.22 Torr−3/2 s−1 (eq 9).98

Prior to this, one study reported a rate constant for UF6
hydrolysis of 4 ± 4 × 10−18 cm3 s−1; however, limited
experimental details were reported, and the rate constant was
determined indirectly by measuring the ingrowth of HF, raising
concerns regarding its validity.103

= [ ] [ ]krate UF H O6
0.5

2
2

(9)

In addition to studies elucidating the atmospheric hydrolysis
reaction scheme and kinetics, recent studies have investigated
the effects of varying reaction conditions for UF6 hydrolysis,
with particular focus on the resulting UO2F2 particulate matter.
When excess water is present, the UO2F2 product from UF6
hydrolysis is a complex of UO2F2·xH2O and HF,
UO2F2(H2O)x(HF)y.

63,104,105 HF is lost over time as the
material equilibrates with the atmosphere, leaving the final
product UO2F2·xH2O.

104,105 Two early studies considering the
particle size and morphology of the UO2F2 particulate,
conducted by Pickrell and by Lux, yielded somewhat
contrasting findings.106,107 Pickrell concluded that the RH
and aerosol incubation period, or growth time, affected the
particle size and morphology of the resulting UO2F2
particulate, whereas Lux found the particle size distribution
of the UO2F2 particulate matter to be largely unaffected by
varying humidity. To help resolve this disagreement, recent
work by Kips et al. used SEM to study the effect of humidity
on the UO2F2 particle morphology.63 They performed UF6
hydrolysis reactions in an aerosol deposition chamber at
∼68%, ∼43%, and ∼15% RH. The particles formed at ∼68%
RH were primarily discrete spheroids ranging in size from 0.5
to 2.25 μm, although 95% of the particles were smaller than 1.5
μm and ∼70% were smaller than 1 μm. The particles exhibited
no agglomeration and were well separated. For hydrolysis of
UF6 in high-humidity conditions, the resulting UO2F2 particles
may absorb water during formation and deposition, causing the

highly spherical particle shape. The particles formed at ∼43%
RH were not spherical but irregularly shaped and did not
exhibit agglomeration. Further reducing the humidity to ∼15%
primarily produced chainlike agglomerated particles. Particle
size distributions were not provided for the ∼43% and ∼15%
RH reaction conditions. Overall, the observations of Kips et al.
compare more favorably with Pickrell’s observations than those
of Lux. Recently, Cheng et al. studied the formation and
growth of primary UO2F2 particles produced by gas-phase
hydrolysis of UF6.

108 For the conditions investigated, they
found UO2F2 primary particle formation and growth was
strongly dependent on the H2O molecules available. Higher-
humidity conditions resulted in larger primary particle sizes
with a peak aerosol mobility diameter of approximately 8 nm,
whereas water-deprived reaction conditions produced smaller
primary particles with a peak aerosol mobility diameter of
approximately 3.6 nm. Sampling at three points along the
reaction chamber indicated that growth of the primary particles
with respect to time as they traversed the reaction chamber
and higher-humidity conditions resulted in an increased
growth rate. These results may seem to contrast with the
observations of Pickrell and Kips et al.; however, Cheng et al.
measured primary particles that serve as the seed for additional
particle growth, whereas Pickrell and Kips et al. measured the
final particle sizes. Overall additional investigations of gas-
phase UF6 hydrolysis are warranted to better understand
primary particle and agglomerated particle formation. There
are several more studies focused on UO2F2 particulate matter
resulting from UF6 hydrolysis, and those studies are addressed
in the UO2F2 section of this paper.

Opportunities for Additional Research. As the only
uranium compound used for industrial-scale enrichment, UF6
fulfills a pivotal role in the nuclear fuel cycle. Unfortunately,
the inherent instability of UF6 limits the opportunities for
additional nuclear-forensics-focused UF6 research. One area
that may warrant additional investigation is trace element
signatures in UF6. As outlined in the ASTM specification for
UF6, various elemental impurities found in UOCs may persist
through the uranium conversion process into the UF6 product.
Research into these impurities may identify chemical
signatures useful for determination of the provenance and
history of UF6 materials. As discussed, such research could be
greatly bolstered by investigating UF6 samples from the various
uranium conversion facilities around the globe.
Unlike UF6, there are more readily apparent opportunities

for nuclear-forensics-focused UF4 research. Because UF4 is
more stable in the environment than UF6, morphological
research, akin to the current efforts focused on the morphology
of UOCs, may more easily identify the origin and history
signatures for UF4 materials. Because of the limited number of
studies available, additional investigations into the degradation
of UF4 in the environment are warranted, in particular, longer-
duration studies considering a wide range of environmental
conditions. Similar to UF6, an investigation of the trace
element signatures in UF4, bolstered by the characterization of
samples from conversion facilities, may identify signatures
useful for determining the source and history of UF4 materials.
Last, in addition to being an intermediate product during
uranium conversion, UF4 may be produced as an intermediate
during UF6 deconversion to uranium metal via reaction with a
reducing agent such as hydrogen (eq 10). Investigations of UF4
produced by both processes may identify signatures or
indicators, such as morphological features or trace elements,
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that could differentiate between UF4 produced during uranium
conversion and UF4 produced during uranium deconversion.

+ → +UF H UF 2HF6 2 4 (10)

■ UO2F2
As an intermediate during certain fuel fabrication or UF6
deconversion processes, UO2F2 appears at first to be an
insignificant uranium compound within the front-end of the
nuclear fuel cycle. However, from a nuclear forensics
perspective, UO2F2 is important because it is a stable
anthropogenic uranium compound rarely encountered outside
nuclear fuel production or weapons activities. Moreover,
because it is the immediate hydrolysis product of UF6 and
may also be formed by the environmentally driven degradation
of UF4, UO2F2 is a key chemical signature of nuclear-related
activities handling UF4 or gaseous UF6.

60,109 For example,
finding UO2F2 in a swipe sample collected for nonproliferation
purposes is a strong indicator that UF6 or UF4 was previously
present. Because it is important for nonproliferation nuclear
forensics, recent research has focused on characterizing UO2F2
particulate matter, understanding how it degrades in the
environment, and developing analytical techniques that could
be used to identify it from environmental samples or through
remote monitoring.
Analysis of UO2F2 Particulate. There have been a few

recent vibrational spectroscopy studies of UO2F2 particulate
created by hydrolysis of UF6 (eq 4), primarily using MRS. Kips
et al. studied UO2F2 created in an aerosol deposition chamber,
ranging in size from 0.1 to 1 μm diameter, deposited on
graphite planchets.61,64 They observed the intense uranyl
stretching peak at either 865 or 863 cm−1 and the weaker U−O
bending peak around 180 cm−1. For reference, the range of
symmetric uranyl stretching frequencies is approximately 800−
900 cm−1 for various uranyl compounds.110 Pointurier and
Marie studied larger-sized (several microns) UO2F2 particles
using MRS.73 The larger particle sizes enhanced the Raman
signal, increasing the intensity of the strong uranyl stretching
peak at 867 cm−1 and the weaker U−O bending peak at 180
cm−1 (Figure 8). Stefaniak et al. also studied UO2F2 created in
the aerosol deposition chamber used by Kips et al. but
deposited on various types of planchets.111 They found that
silver foil, stainless steel, and gold planchets enhanced the
Raman signal relative to graphite planchets, with gold resulting

in the greatest enhancement. Enhancing the Raman signal
increased the peak intensity of both the intense uranyl
stretching and weaker U−O bending peaks. They also
observed that the intense uranyl stretching peak shifted to
lower frequencies. For particles deposited on silver foil, the
uranyl peak was observed as a double peak at 863 and 848
cm−1, for gold at 842 cm−1, and for stainless steel at 839 cm−1.
The shifts in the peak positions may be due to increased
hydration of the UO2F2 particles or degradation because the
samples were stored in ambient conditions and possibly
interaction between the particles and planchet material.
Overall, the vibrational spectroscopy studies of UO2F2
particulates demonstrate that the material is at least partially
hydrated. Varying the planchet substrates may affect analysis of
the UO2F2 particulate material and could potentially be
leveraged to improve detection limits.
In addition to MRS, Kips et al. investigated UO2F2 particles

using energy-dispersive X-ray (EDX) spectroscopy, secondary-
ion mass spectrometry (SIMS), and cryogenic laser-induced
fluorescence spectroscopy (CLIFS).63,112 The EDX spectrum
of freshly prepared particles clearly indicated the presence of
both oxygen and fluorine based on their respective Kα lines.
The SIMS data showed several peaks attributable to
combinations of uranium and fluorine atoms or uranium,
oxygen, and fluorine atoms (Table 2). As seen in Table 2,

some isobaric interferences from peaks attributable to a
combination of only uranium and oxygen, specifically the
peaks at mass 254 and 270, may obfuscate the more important
signals from fluorine-containing species. The CLIFS spectrum
showed two sets of peaks; the first set (502, 523, 545, and 578
nm) was significantly more intense than the second set (515,
539, 564, and 590 nm). The set of intense peaks agrees
favorably with the previously published fluorescence studies for
UO2F2 solutions.113,114 Kips et al. tentatively interpreted the
less intense set of peaks as arising from one or more waters of
hydration, but they also mentioned the possibility that the
second set of peaks was from a schoepite-like compound.
Considering the findings from Kirkegaard et al. discussed in
the next section of this paper, it is likely that the second set of
less intense peaks is from a schoepite-type compound.66

Overall, these studies demonstrate the ability to probe
micron-sized UO2F2 particles using a variety of analytical
techniques. The demonstrated analytical methods are effective
for determining the physical characteristics of the particulate
matter and identifying elements present in the particle.
However, while EDX and SIMS can provide elemental data
for a particle, they do not necessarily verify that the particle is
or contains UO2F2, but rather uranium, oxygen, and fluorine
are present in the particle. For nuclear forensics purposes,
proving the presence of UO2F2 is significant. In this regard,
MRS and CLIFS stand out as potential means to identify
UO2F2 in a particle using the strong uranyl stretching peak or

Figure 8.MRS spectra for micron-sized particles of UO2F2. Reprinted
in part with permission from ref 73. Copyright 2010 Elsevier.

Table 2. SIMS Peaks Attributable to Fluorine-Containing
Species63,112

mass peak attribution

254 235UF or 238UO

257 238UF

270 235UOF or 238UO2

273 238UOF or 235UF2
276 238UF2
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fluorescence peak pattern, respectively. Furthermore, combin-
ing EDX or SIMS elemental data with MRS and/or CLIFS
could increase confidence in positively identifying UO2F2.
Degradation of UO2F2. UO2F2 is known to degrade,

presenting a challenge to using it as a chemical signature for
nuclear forensics purposes. For example, Kips et al. observed
the absence of fluorine in the EDX spectrum and SIMS data
from UO2F2 particles that were heat treated at 350 °C for 6
h.63 This is consistent with previous observations that UO2F2
undergoes thermal decomposition and sublimation at elevated
temperatures.115−118 While this temperature is not found
within the terrestrial environment, this degradation is
problematic because heat treatment may be used to burn off
potentially interfering organic compounds from samples
collected for nuclear forensics purposes. Several studies have
investigated the degradation of UO2F2 particulate in order to
better understand the effect of varying conditions on the rate
and mechanism of the process.
Expanding on the observed fluorine loss from heat-treated

UO2F2 particles, Kips et al. conducted a more extensive aging
study to assess the effect of humidity and UV exposure on
fluorine loss.64,65 Using a variety of analytical techniques
including SEM−EDX, SIMS, and MRS, they examined UO2F2
particles synthesized at varying levels of humidity and stored
for varying lengths of time (1 week to 28 months). In addition
to variation of storage timelines, a few samples were exposed to
several weeks of intense UV light. Using SIMS, they measured
the 238UF+/238U+ (257/238) ratio of samples shortly after
sample preparation or after storage. The ratio generally
decreased by approximately 1 order of magnitude for samples
stored for 11−28 months, indicating that fluorine loss occurred
during that storage period. For the aged particles, the SEM−
EDX spectrum showed a small, but discernible peak for the F
Kα line and the MRS spectrum also showed a discernible peak
at 866 cm−1, characteristic of UO2F2. For the samples exposed
to 3−4 weeks of continuous UV light, the 238UF+/238U+ ratio
also decreased by approximately 1 order of magnitude,
indicating that several weeks of UV-light exposure results in
fluorine loss comparable to that of storage for 11 to 28 months.
Like the aged particles, the SEM−EDX spectrum did show a
small, but discernible peak for the F Kα line and the MRS
spectrum also showed a discernible peak at 865 cm−1. They
extended the UV-exposure study to 3 months and found that
the 238UF+/238U+ ratio decreased to near the SIMS detection
limit. Additionally, fluorine was not observed in the SEM−
EDX spectrum; however, the MRS spectrum did show a peak
at 865 cm−1.
Next, Kips et al. investigated fluorine loss during storage

under varying levels of humidity.61,62 Using SIMS and MRS,
they analyzed UO2F2 particles stored in an inert atmosphere,
dry air (<15% RH), moderately humid air (30−43% RH), and
high-humidity air (70−76% RH). Using SIMS, they measured
the 19F+/238U+ ratio for the particles, and while there was large
variability of the measured ratio for each storage condition,
their results demonstrate a general trend that increasing
humidity tends to increase fluorine loss. Using MRS, they
observed the strong uranyl stretching peak at 865 or 863 cm−1

for samples stored in an inert atmosphere.61,62 The MRS
spectrum for particles stored in dry air showed the uranyl
stretching peak at around 863 cm−1 and an additional peak
around 845 cm−1, likely also from uranyl stretching. The
spectrum for samples stored in moderately humid air also
showed uranyl stretching peaks at around 863 cm−1 and 845

cm−1. Last, the spectrum from samples stored in high-humidity
air only showed the uranyl stretching peak at around 843 cm−1.
Additionally, the MRS spectra of the samples showed
broadening of the uranyl stretching peak, except for the
samples stored in an inert atmosphere. These results indicate
that the degradation of UO2F2 due to humidity results in peak
broadening and shifting of the uranyl stretching peak to lower
frequencies. Kips et al. postulated that the peak broadening
and shifting may be attributed to a change in the hydration
state.
More recently, Kirkegaard et al. investigated the degradation

of UO2F2 using MRS.67 They stored UO2F2 particle samples at
approximately 75% RH and collected the MRS spectrum
multiple times during the storage period. The initial MRS
spectrum showed the expected uranyl stretching peak near 868
cm−1. Over the course of storage, two additional peaks
appeared in the spectra, 845 and 820 cm−1, growing in
intensity, while the UO2F2 868 cm−1 peak decreased in
intensity. After 190 days of storage, one set of samples was
moved to storage in approximately 100% RH, and this resulted
in growth of the peak at 820 cm−1, a decrease of the peak at
845 cm−1, and growth of a peak at 866 cm−1. Deconvolution of
the spectra suggests that three species were present over the
course of the study. The first was the starting UO2F2·xH2O.
On the basis of the frequency of the uranyl stretching peak and
loss of fluorine, the authors suggest that the second species is a
uranyl hydroxide hydrate, akin to schoepite, and the final
species is a uranyl peroxide. The appearance of the peak at 845
cm−1 is consistent with the observations of Kips et al. but had
not been postulated to arise from a non-UO2F2 species.
Next, Kirkegaard et al. extended their investigation of UO2F2

degradation, increasing the range of RH storage conditions and
adding p-XRD analysis of aged bulk UO2F2 material.66,68 For
this study, several samples were stored under controlled
temperature (25 or 35 °C) and varying RH (32−94.6% RH)
for 220 days and the p-XRD sample was stored at 35 °C and
high RH (>83%) for 247 days. The initial MRS spectra of all
samples matched that of hydrated UO2F2. For the samples
stored in greater than 33% RH, they observed changes to the
MRS spectra consistent with their previous study. For the two
samples stored in less than 33% RH, their MRS spectra
remained unchanged, which indicates that UO2F2 particles are
relatively stable when stored under these conditions. This
result seems to contrast the earlier-discussed observations of
Kips et al. for samples stored in dry conditions (<15% RH);
however, Kips et al. reported that, following the initial fluorine
loss during the first several weeks of storage in dry air, the
fluorine loss for UO2F2 was minimal on a yearlong time scale,
indicating that the decomposition had stabilized or occurred at
a very slow rate.62 The p-XRD pattern of the initial bulk
material matched favorably with the expected hydrated UO2F2
pattern. The p-XRD pattern collected at 76 days matched
favorably with a uranyl oxide hydroxyhydrate species, and the
pattern collected at 247 days matched a combination of a
uranyl oxide hydroxyhydrate species, studtite (UO2(O2)·
4H2O) and metastudtite (UO2(O2)·2H2O) (Figure 9).
These results are consistent with the MRS observations from
their previous degradation study. On the basis of their
observations, the degradation of UO2F2·xH2O in the presence
of sufficient H2O follows the reaction scheme shown in eq 11.
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Last, Kirkegaard et al. used the MRS data from their
extended investigation to provide insight into the kinetics and
mechanism for UO2F2 degradation.66 They observed a
sigmoidal shape of the UO2F2 concentration curves for each
particle, indicating a decelerating rate of conversion over time.
This observation suggests a denucleation-driven degradation.
They propose that the degradation mechanism involves
absorbed water interacting with the fluorine ligands, causing
the fluorine ligand to dissociate. The dissociated fluorine ligand
is replaced with a hydroxy ligand, and the newly formed HF
leaves the crystal lattice. On the basis of extrapolation of the
data for 25 °C, they also observed slower than expected
reaction rates for the samples stored at 35 °C. They suggest
that this is likely due to the effect of temperature on the water
sorption isotherm, where increasing temperatures reduce the
amount of absorbed water. Decreasing the amount of absorbed
water decreases interactions with the fluorine ligands,
negatively impacting the reaction rate.
Overall, the various degradation studies demonstrate that

UO2F2 will lose fluorine with time when exposed to various
environmental conditions. High temperatures and intense UV-
light exposure evidently accelerate the loss of fluorine, and, in
general, the data suggest that exposure to high levels of
humidity also accelerates the loss of fluorine. Because of some
disagreement between studies, the effect of exposure to low
levels of humidity is less clear. The gathered literature suggests
that there is a humidity level below which UO2F2 only partially
degrades or the degradation is practically negligible. Additional
studies will be necessary to more definitively determine the
degradation of UO2F2 exposed to low levels of humidity.

Additionally, the reported formation of uranyl peroxide by
Kirkegaard et al. warrants additional investigation because their
samples were protected from light. The radioactivity of natural
uranium deposits has been shown to produce sufficient H2O2
via radiolysis of water to cause the formation of uranyl
peroxide.79 However, their experimental setup used depleted
uranium, which is less radioactive, raising questions as to
whether it can produce sufficient H2O2 via radiolysis to cause
the formation of uranyl peroxide. A depleted uranium
projectile corroded in soil for 7 years was shown to contain
uranyl peroxide, but given the shorter duration of the
Kirkegaard et al. aging study, there is no readily apparent
mechanism for peroxide formation in their system.119 From the
perspective of nonproliferation nuclear forensics, degradation
of UO2F2 results in the loss of this important chemical
signature and therefore places constraints on when and how
environmental samples of interest should be acquired and
handled. Primarily, environmental samples would need to be
collected within an appropriate period after UO2F2 particulate
is formed, they should be stored in dry and inert conditions to
preserve any UO2F2 that may be present, and they should be
processed and analyzed quickly to minimize degradation.
Importantly, for analysis purposes, an environmental sample
would need to be processed in a manner that prevents or
minimizes degradation of UO2F2. On the other hand, the
eventual degradation of UO2F2 in the environment means that
any detected particle is likely from recent and/or nearby
activities and not part of a background signature.

Advancing Techniques for UO2F2 Detection. Techni-
ques for detecting and identifying UO2F2 through remote
monitoring or within complex matrixes, such as soil or sand,
would be invaluable for nuclear forensics purposes. For
example, remote monitoring could help to overcome time
constraints imposed by the degradation of UO2F2 particulate,
and, similarly, identifying UO2F2 particulate within a complex
matrix could significantly expedite analysis of environmental
samples. Several analytical techniques have been investigated
as possible means to achieve these aims.
An early investigation of remote monitoring by Bostick et al.

was focused on worker safety rather than nuclear forensics.104

They attempted to use Raman laser spectroscopy to monitor
the uranyl stretching frequency at 868 cm−1 during an
experimental UF6 release but were unable to obtain a signal
distinguishable from the background. They did successfully use
IR laser spectroscopy tuned to the uranyl stretching absorption
at 855 cm−1 to monitor the UF6 release; however, the
sensitivity was approximately 1 order of magnitude lower than
the sensitivity of a nonspecific light scattering method used to
detect the aerosol. The limit of detection for the IR technique
was not investigated, and it used a relatively short path length
(60 cm); these factors could limit its applicability to safety
monitoring rather than remote detection for nuclear forensics.
More recently, Shattan et al. investigated the use of LIBS to

detect UO2F2 within a mixture of UO2F2 and sand.74 Using a
commercially available hand-held LIBS system, the authors
detected UO2F2 using four uranium emission lines and
determined that the limit of detection for the studied system
is 250 ppm. This study demonstrated the capability to detect
uranium within a relevant environmental sampling matrix,
sand. However, LIBS is an elemental analysis technique and
thus, in this study, detects uranium in the matrix and not
specifically UO2F2. While the detection of small quantities of
uranium in a sand matrix is useful, the ability to identify the

Figure 9. Time resolved p-XRD patterns for [(UO2F2)(H2O)]7·
(H2O)4 stored at 35 °C and 85% RH. p-XRD reference patterns are
shown for [(UO2F2)(H2O)]7·(H2O)4 (blue), a previously charac-
terized uranyl hydroxide hydrate (green),68 studtite (UO2(O2)·
4H2O) (purple), and metastudtite (UO2(O2)·2H2O) (orange). The
intense peaks at 2θ = 21.36° and 30.38° correspond to a LaB6
standard. Reprinted in part with permission from ref 66. Copyright
2020 Elsevier.
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UO2F2 compound would be significantly more beneficial for
nuclear forensics purposes. Adding the capability to simulta-
neously detect fluorine may improve the value of LIBS as a
screening tool, but the conclusion of simultaneously detecting
uranium and fluorine using LIBS would be limited to the
presence of both elements within the ablation spot size, not
necessarily that the sample contains UO2F2.
Ward et al. studied UO2F2 using soft X-ray near-edge

absorption spectroscopy; specifically, they used O K-edge and
F K-edge absorption spectroscopy to analyze UO2F2 (Figure
10).76 They demonstrated that O K-edge absorption spectros-
copy could distinguish UO2F2 from two other uranyl
compounds relevant to the nuclear fuel cycle (UO2NO3OH·
2H2O and UO2ClOH·2H2O). They also demonstrated that F
K-edge absorption spectroscopy could distinguish UO2F2 from
potentially interfering fluorine-containing compounds that
could be encountered in the nuclear industry (UF4),
environment (fluorite and fluorapatite), or laboratory (Teflon
and lithium fluoride). Their measurements were made on bulk
samples, but the measured spectra may be used to interpret
spectra from spatially resolved techniques such as scanning
transmission X-ray microscopy.
Last, Skrodzki et al. considered coupling laser-induced

fluorescence (LIF) spectroscopy to ultrafast laser filamentation
to enable remote detection of UO2F2.

75 Filamentation has
been shown to enable energetic femtosecond laser pulses to
propagate up to 1 km. Their study investigated the excitation
of UO2F2 (0.05 M UO2F2 in 0.05 M HF/0.05 M KF) using an
ultrafast laser to determine its fluorescence signature under
such excitation conditions. The resulting fluorescence spec-
trum showed five peaks with peak positions consistent with
previous LIF studies of UO2F2, and they determined that the
luminescence decay rates for the five peaks were in the range of
(4.3−5.6) × 104 s−1. Next, they investigated the excitation of

UO2F2 following optical filamentation of laser radiation. They
determined that the luminescence decay rates for the five
fluorescence peaks were similar to those observed for ultrafast
excitation, (4.4−5.5) × 104 s−1. This study demonstrated the
ability to reproduce the results from LIF spectroscopy using
ultrafast laser filamentation excitation. This study suggests that
remote detection of UO2F2 may be feasible using ultrafast laser
filamentation-induced fluorescence spectroscopy; however, it
was a benchtop study with minimal atmospheric interferants
and a short path length, not representative of a remote
detection scenario. Additionally, the limiting analyte concen-
tration for this system was not investigated nor was the impact
of analyzing aerosolized rather than dissolved UO2F2. Thus, it
is unknown what concentration of UO2F2 would be required in
order to be detected in a remote scenario.
Overall, these various studies have identified techniques that

could potentially be used for detecting and identifying UO2F2
through remote monitoring or within complex matrixes;
however, significant work remains. Setting aside the non-
specific (light-scattering) and elemental (LIBS) techniques, the
other studies stop short of proving the capability in a real-
world scenario, such as long-distance path lengths or complex
environmental sample matrixes. More real-world conditions
will likely frustrate these analytical methods, but the hindrances
may be surmountable.

Opportunities for Additional Research. Recent UO2F2
research has been spurred by its importance for nuclear
forensics as a chemical signature of activity handling gaseous
UF6. To date, most of the nuclear-forensics-related research
has focused on understanding the environmentally driven
degradation of UO2F2 as well as detecting and identifying
UO2F2 remotely or within a complex matrix. Opportunities for
additional research include continued efforts to advance
analytical techniques such as MRS and LIBS in order to

Figure 10. Comparison of the O K-edge (left) and F K-edge (right) absorption spectra demonstrating the ability to distinguish UO2F2 from
pertinent nuclear fuel cycle compounds (uranyl nitrate, uranyl chloride, and UF4) and fluorine-containing compounds that could be encountered in
the environment (fluorite and fluorapatite) or laboratory (Teflon and lithium fluoride). Reprinted with permission from ref 76. Copyright 2017
Elsevier.
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detect UO2F2 through remote monitoring or within a
nonproliferation sample medium such as a swipe sample. A
complementary research opportunity, pertinent to nonprolif-
eration efforts, is the development of a separation technique to
isolate UO2F2 from environmental sampling media. Separating
UO2F2, while maintaining the UO2F2 chemical speciation,
could enable the detection of smaller quantities of UO2F2
particulate, effectively reducing the UO2F2 limit of detection
for environmental samples and ultimately leading to improved
nuclear forensics capabilities.

■ CONCLUSIONS
Uranium compounds associated with the front-end of the
nuclear fuel cycle have witnessed a surge of research over the
past decade, driven by the growing importance of nuclear
forensics. Overall, this effort has furthered the chemistry of
these uranium compounds and resulted in significant forensics-
relevant results. In particular, the characterization of uranium
compounds’ morphologies, including their persistence and
alteration through various reactions, has grown significantly.
Additionally, the degradation of uranium compounds under
environmentally relevant conditions is better understood. Last,
various analytical methods including MRS, LIBS, and advanced
X-ray and neutron spectroscopic techniques have been
demonstrated as valuable capabilities for accessing forensically
relevant chemical and physical characteristics of uranium
samples.
While this recent research has yielded significant results,

opportunities for further work remain. For UOCs, future work
investigating morphological characteristics and environmental
degradation should consider process samples from industrial
uranium mills and ISL mining, building on the foundation of
results from laboratory-prepared samples. For uranium
fluorides, research opportunities include investigating trace
element impurities, and for UF4 specifically, future research
should more thoroughly investigate its degradation under
environmental conditions as well as morphological character-
istics, akin to the morphological work accomplished for UOCs.
With respect to UO2F2, future research opportunities include
the development of analytical techniques capable of detecting
UO2F2 remotely or within a complex matrix, as well as the
development of a separations technique to drive down
detection limits for UO2F2 in environmental samples. Overall,
the importance of nuclear forensics for nuclear nonprolifera-
tion efforts will likely continue to drive uranium research
efforts.
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