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a b s t r a c t

A comparative investigation of the trace element, U and Pb isotopic compositions, and structural attri-
butes of two uranium dioxide fuel pellets was conducted for nuclear forensic applications. One fuel pellet
consists of natural UO2 (0.71% 235U), while the other contains enriched UO2 (3.98% 235U). Numerous
impurities, including transition metals, lanthanides, and main group elements were detected in both fuel
pellets with total trace element contents that vary between 9.77 and 11.37 mg/g. The relative abundances
of the transition metal impurities in the natural UO2 fuel pellet are linked to the source U ore and provide
important insights into its provenance. X-ray fluorescence spectroscopy was utilized to investigate and
compare the macro-(cm)-scale distribution of impurities within each of the fuel pellets. In addition,
structural properties of the fuel pellets were examined using powder X-ray diffraction (PXRD) and
Raman and infrared spectroscopy. Differences in the intensity of the T2g U-O stretching vibrational mode
were observed in the Raman spectra of the fuel pellets. Pb isotope ratios were investigated to potentially
differentiate between the natural and enriched UO2 samples and are linked to the process history of
these materials.

© 2019 Published by Elsevier B.V.
1. Introduction

1.1. Uranium, the nuclear fuel cycle, and impurity sources

Nuclear energy currently provides ~20% of the US’ electricity
demands, and such that 99 nuclear reactors produced 805 billion
kWh of electricity in 2016 with fifty-five reactors currently under
construction worldwide [1,2]. Illicit interception and malicious use
of materials related to the commercial nuclear fuel cycle necessi-
tates the development and implementation of forensic methods
[3]. Thus, tracking the provenance of potentially intercepted nu-
clear material is of the utmost importance. For example, previous
studies involving forensic analyses of U-rich materials pertinent to
the nuclear fuel cycle, such as uranium ores and ore concentrates
(UOC) have relied primarily on trace element and isotopic signa-
tures, which are related to geologic ore formation mechanisms and
processing history [4e11]. Trace element impurities in uraninite
and UOCs can originate from the numerous steps in fuel fabrication
beginning with extraction of U ore from the mine [4,10,12,13].
Similarly, analysis of chemical impurities in uranium dioxide fuel
pellets provides insight into the starting composition and chemical
and physical fabrication history of these materials [14].

1.2. Uranium ores, extraction methods, enrichment, and
deconversion

The sources of U used to fabricate nuclear fuel originate from a
wide variety of ore forming mechanisms that give rise to exploit-
able deposits [15,16]. As a result, U ores commonly display char-
acteristic trace, rare earth element (REE) and isotopic signatures
related to the chemical, spatial, and temporal characteristics
imparted by the mode of deposition [5,6,17]. The primary ore
mineral for U is uraninite, nominally UO2þx. Other ore minerals
include coffinite (U(SiO4)$nH2O), brannerite (UTi2O6) and U(VI)
minerals resulting from alteration of U(IV) species [18]. Uranium
ores are extracted using underground, open pit, or in situ leaching
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techniques [19,20]. Heap leaching may also be used to recover U
from low grade ores [21]. Mined U ore subsequently undergoes
mechanical and/or chemical extraction to separate U from gangue.
Chemical extraction of U from ore generally utilizes acidic or basic
leach solutions and may also involve recovery of U as a by-product
of phosphate production. U is then precipitated from these chem-
ical systems through neutralization. Heat is applied to obtain the
mixed U oxide U3O8, yellowcake, or uranium ore concentrate [UOC;
19]. When enriched uranium fuel is necessary, UOC is converted to
UF4 by reactions with H2 gas and aqueous HF. The resulting UF4 is
then treated with fluorine gas in a fluidized bed reactor to produce
gaseous UF6. Centrifugation or gaseous diffusion techniques enable
enrichment in the fissile isotope 235U. An enrichment level of 3e5%
235U is necessary to produce the type of fuel required for com-
mercial nuclear reactors used in the United States. Although
numerous distillation procedures are in place for separating im-
purities from gaseous UF6, previous works confirm that trace
metals and rare earth elements (REEs) may persist during this stage
of the nuclear fuel cycle [e.g., 22, 23]. Following enrichment in 235U,
UF6 is converted back to UO2, typically following one of three
processes. Conversion to ammonium diuranate (ADU), and
ammonium uranyl carbonate (AUC) are the two most frequently
employed processes, followed by the integrated dry route powder
process (IDR) [24].
1.3. Fuel fabrication

Increasing burn-up of UO2 fuel is favorable for reducing nuclear
electricity costs and decreasing the volume of used nuclear fuel
[25,26]. Burn-up may be improved by decreasing internal pressure
in the fuel pellets, which is accomplished by controlling the internal
structure with respect to factors of grain size and porosity. In fuels
possessing large sized grains (e.g., >20 mm) of UO2, release of fission
gas is decreased and internal pressure increases slowly. Dopants
such as TiO2, Nb2O5, CrO2, CaO and V2O5 may be added to increase
grain size, porosity, and mean free diffusion path while reducing
grain boundary areas [25]. In pellets with controlled porosity,
gaseous fission products are better accommodated and the increase
of pressure within the fuel is slowed. Composite fuels have also
been explored to reduce fission gas release rates [27,28]. Homog-
enization of UO2 powder is important for maintaining uniform
porosity within fuel pellets andmay be accomplished by addition of
Zn stearate [29]. Following fabrication, fuel pellets are placed
Fig. 1. A. Natural and enriched UO2 as received. b. Enriche
within Zr alloy (Zircaloy) tubes to be inserted in fuel assemblies
within nuclear reactors. Fuel assemblies then spend approximately
18 months in a commercial thermal neutron reactor.
1.4. Importance of forensic analysis of nuclear materials

Each of these aforementioned processes has the potential to
impart unique forensic signatures in the resulting UO2 fuel. If
similar materials were to fall out of regulatory control, determining
the intended use, geologic origin, and anthropogenic provenance of
these items is critically important [30]. Early stage fuel cycle ma-
terials such as U ores and ore concentrates have been extensively
investigated for trace element and isotopic signatures [4,6,17,31,32].
As a result, it is well established that the geochemical origin of U ore
imparts unique chemical and isotopic markers. Powder X-ray
diffraction (PXRD) and Raman spectroscopy have been utilized to
determine structural and morphological attributes of uraninite and
uranium oxides [33e36]; more recently these techniques have
emerged as nuclear forensic indicators of process history [37e39].
Attributes such as thermal conductivity, oxidation/corrosion sus-
ceptibility, dissolution, and thermochemical behavior have been
investigated for synthetic UO2 fuel (SIMFUEL) [26,40e43]. Addi-
tionally, there exists a robust body of work regarding the chemical
and structural properties of irradiated UO2 fuel [44e49].

Literature pertaining to the study of fresh (unirradiated) UO2
fuel intended for use in commercial nuclear reactors is currently
limited. As such, the persistence of chemical, structural, and/or
isotopic indicators of provenance in late-stage fuel cycle materials
remains unclear. To this end, two fuel pellets intended for use in
commercial nuclear reactors (Fig. 1) have been comparatively
investigated utilizing all analytical techniques available to the au-
thors. The purpose and goals of this work were threefold. First, to
differentiate between and examine unique signatures of the natural
and enriched fuel pellets. Second, to obtain as much information as
possible regarding the geologic origin and process history of the
fuel pellets while exploring novel techniques for provenance
analysis. Third, report results that can be used for comparative
purposes for future forensic investigations of similar materials.

To this end, inductively coupled plasma-mass spectrometry
(ICP-MS) was employed to determine and compare trace element
signatures within UO2 fuel pellets. Multicollector (MC)-ICP-MS was
used to measure U and Pb isotopic ratios. Powder X-ray diffraction,
and Raman and infrared spectroscopic techniques have been
d fuel immediately prior to preparation for analyses.
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applied to investigate structural properties. In addition, X-ray
fluorescence spectroscopy was utilized to obtain information
regarding the spatial distribution of impurities.

2. Materials and methods

2.1. Samples

Two UO2 fuel pellets (Fig. 1) have been examined for their trace
element content, U and Pb isotopic compositions, and structural
attributes. The first sample consists of U of natural isotopic abun-
dance (235U¼ 0.71%) and originates from South African mining
operations. The locality fromwhich the U for the second fuel pellet,
enriched to 3.98% 235U, originates was not provided. Other known
properties of the samples investigated in this work are listed in
Table 1.

2.2. Structural characterization

2.2.1. Powder X-ray diffraction
Powder X-ray diffraction (PXRD) data were collected using a

Bruker D8 Advance Davinci powder diffractometer in Bragg-
Brentano configuration. Cu-Ka radiation was produced with an
accelerating voltage of 40 kV and 40mA current. An incident-beam
slit of 1.0mm was reduced by a 0.6mm slit in combination with
0.02mm absorber and diffraction (0.6mm) slits. Data were
collected using a step scan with a step velocity of 0.8� min�1 in the
range of 5e70� 2q using a LynxEye solid-state detector. The
reflection positions and intensities of a-Al2O3 were used as a
calibrant.

2.2.2. Raman spectroscopy
For Raman spectroscopic investigations, UO2 fuel pellets were

affixed on glass slides using carbon tape, and Raman spectra were
collected using a Bruker Sentinel linked via fiber optics to a Raman
spectrometer. A 785 nm, 100e200mW laser was focused on the
slide-mounted pellets, and data acquisitionswere conductedwith a
high-sensitivity TE-cooled 1024� 225 CCD array. Spectra were
collected in the range of 80e3200 cm�1 over 15 s with 3 signal
accumulations. Background measurements were taken at 5 s
intervals.

2.2.3. Infrared spectroscopy
Attenuated total reflectance (ATR) infrared spectra of the UO2

fuel pellets were investigated using a SensIR Technology
IllumanatIR-FT-IR microspectrometer. Fragments of fuel pellets
were placed on glass slides and the ATR lens was pressed into the
samples. Analyses were conducted for 45 s, and data were collected
in the range of 650e4000 cm�1.

2.3. Trace element analysis

2.3.1. Trace element concentrations
Inductively coupled plasma mass spectrometry (ICP-MS) was

used to determine trace element compositions within UO2 fuel
pellets. For solution mode (SM)-ICP-MS analysis, sample digestion
Table 1
Samples investigated in this work.

Natural Enriched

Weight (g) 6.0149 6.0581
Average Enrichment (%235U) 0.71 3.95
Mass235U (g) 0.038 0.212
Country of Origin South Africa Unknown
and preparation took place in a class 1000 clean room facility
housed within the MITERAC Facility at the University of Notre
Dame. Two aliquots of approximately 1.7 g of each of the two UO2
samples were weighed and placed in pre-cleaned Savillex ® Teflon
beakers. For each sample, ~2mL of double-distilled (DD) concen-
trated (16 N) HNO3 was added to the vessel. Samples were then
capped and heated at 110 �C for 48 h. Following initial digestion,
samples were removed from the hotplate and cooled for 1 h. The
beaker was uncapped and any sample residue adhered to the sides
of the beakers was rinsed with 18MU cm water. Samples were
heated at 150 �C to dryness (~24 h). Approximately 0.5mL of DD
16 N HNO3 was added to dried samples. The vessels were recapped
and placed on the hotplate for 24 h at 110 �C. The beaker was again
uncapped and rinsed with 18MU water. Samples were evaporated
to dryness at 150 �C (~24 h). This last step was repeated. Once dry,
~0.5mL of 16 N HNO3 was added to each beaker, and samples were
immediately heated to dryness at 150 �C. Approximately 2.5mL of
16 N HNO3 was added to dry samples and complete dissolutionwas
noted by visual inspection. Dissolved samples were transferred to
125mL polypropylene bottles and weighed. Ultrapure water was
added to bottles until a total weight of approximately 100 g was
reached. Samples were then analyzed for trace element concen-
trations using a spike addition method [50].

For SM-ICP-MS determination of trace element concentrations,
samples, standards, and blanks were analyzed in medium mass
resolution mode (M/DMz 3000) using an Attom (Nu Instruments)
high resolution (HR)-ICP-MS instrument. At the start of the
analytical session, the instrument was tuned and calibrated using a
multi-element solution (1 ng/g) inwet plasmamode equippedwith
a Meinhard concentric nebulizer and cyclonic spray chamber.
Additional analytical parameters employed are contained within
supporting information.

2.3.2. Trace element distributions

2.3.2.1. X-ray fluorescence spectroscopic mapping. Qualitative
chemical analyses and sample maps were acquired to provide an
assessment of sample homogeneity using an EDAX Orbis PC micro-
XRF system equipped with a 50 kV, 50W Rh tube, a 30 mm ultra-
high intensity poly-capillary optic, and a 30mm2 silicon drift de-
tector (Apollo XRF ML-30). The position of the Cu-Ka line from a
standard wafer was used as a calibrant. Each UO2 fuel pellet was
brought into focus and photographed using a CCD camera. X-rays
were generated using a 30 kV voltage and 0.3mA current.

2.4. U and Pb isotope measurements

2.4.1. U separations
Sample preparation for isotopic investigations also took place in

a class 1000 clean room facility and involved transferring dissolved
aliquots of the UO2 to pre-cleaned Savillex ® Teflon beakers, which
were subsequently placed on a hot plate at 110 �C and evaporated to
dryness. Prior to U ion exchange chemistry, samples were re-
dissolved into 0.5mL DD 4M HNO3. BioRad 5” columns were
rinsed with several aliquots of 18MU cm water and loaded with
1mL UTEVA (100e150 mm) resin. Columns were then primed with
2mL of 18MU water and 4mL 4M HNO3. Redissolved samples
were loaded onto resin beds and then rinsed with 4.5mL of 4M
HNO3. Columns loaded with sample aliquots were then rinsed with
1.5mL of 9M HCl, followed by 5mL of 5M HCl. U was eluted to pre-
cleaned Savillex ® Teflon beakers upon addition of 6.5mL 0.1MHCl.
U samples were then evaporated to dryness at 110 �C and subse-
quently re-dissolved into 1mL double-distilled concentrated (16 N)
HNO3 at 110 �C [51]. Lastly, samples were diluted in 2% HNO3 to
~50 ng/g solutions for MC-ICP-MS analysis.



Fig. 2. Powder X-ray diffractograms for natural and enriched UO2 fuel pellets. Labeled
reflections are those from UO2, all others originate from the a-Al2O3 internal standard.
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2.4.2. Pb separations
Pb isotope investigations were initially preceded by a two-step

anion exchange method [52] in which aliquots of previously dis-
solved UO2 were transferred to pre-cleaned Savillex® Teflon bea-
kers and evaporated to dryness. Due to the high U content (~88wt%
in solid samples) and low Pb concentrations (~25 ng/g), evapo-
rating samples proved problematic. The method developed by
Manhes, Minster et al. [52] requires evaporated samples to be
redissolved in ~0.5mL of 0.8 N HBr prior to loading aliquots on the
column, however, precipitation of large quantities of uranyl nitrate
precluded dissolution of samples in the HBr matrix. To this end, the
method for U separations described in Section 2.4.1 was modified
and applied to extract excess U from solutions prior to Pb separa-
tions. For the natural and enriched samples, aliquots of approxi-
mately 2.5mL were evaporated to dryness and redissolved in
0.5mL 4M HNO3. As described above, BioRad columns were pre-
pared and loaded with sample aliquots. The addition of six 1mL
rinses with 9M HCl following the initial 9M washes described by
Pollington, Kinman et al. [51] proved to be sufficient for Pb removal.
All eluents prior to elution of U via addition of 0.1M HCl were
collected and evaporated to dryness. Samples were once again
dissolved in ~0.5mL of 0.8 N HBr and loaded into pre-cleaned and
conditioned columns. The columns were then repeatedly rinsed
with 0.8 N HBr followed by elution and collection of Pb via addition
of 0.7mL of 6 N HCl. Subsequent to ion exchange separations,
samples were evaporated to dryness and redissolved in a 2% (v/v)
HNO3 solution spiked with ~5 ppb Tl immediately prior to MC-ICP-
MS analysis.

2.5. U and Pb isotope analysis

Uranium and lead isotope measurements were conducted using
a NuPlasma II MC-ICP-MS instrument. Sample and standard solu-
tions were self-aspirated into the plasma using a desolvating
nebulizing system (DSN-100 from Nu Instruments). U isotope data
were acquired in static, multi-collection mode using 2 F collectors
for measurement of 238U and 235U ion signals, and two discrete
dynode secondary electron multiplier (SEM) for acquisition of 234U
and 236U following protocols outlined by Brennecka et al. [31] and
Bopp et al. [53]. The SEM is equipped with a retardation/deceler-
ation lens filter that limits the abundance sensitivity to ~500 ppb,
whereas the latter value is< 5 ppm for all Faraday collectors as the
recorded baseline measurement at mass 237 with a large 238U ion
signal. Analyses of CRM 112 A (New Brunswick Laboratory) U
isotope standard bracketed each sample so as to monitor for
instrumental mass bias and drift. For standards and samples, U
isotope data were collected for a total of 400 s, consisting of 40
scans of 10 s integrations each. Mass bias corrections using the
exponential law were applied to samples based on the known
isotopic ratios of 238U/235U, 238U/234U, and 235U/234U in CRM 112 A.
Internal in-run precision (2s level) associated with individual U
isotope measurements are typically several orders of magnitude
better than the external reproducibility. The relative standard de-
viation reported for U isotopemeasurements are based on repeated
analysis of CRM 112 A during data acquisition for the fuel pellet
samples. Moreover, U isotope standards IRMM-184 and IRMM-185
were also analyzed during the period of study using the same
standard sample bracketing technique as was utilized for the fuel
pellet samples. The results are provided in the supporting infor-
mation and include the calculated, average values for the U isotope
ratios and their associated standard deviations (2s level), and these
are consistent with recommended/accepted values for both stan-
dards from the literature [54e56].

Pb isotope data were also collected in static multi-collection
mode, with masses of 202 (Hg), 203 (Tl), 204 (Pb and Hg), 205
(Tl), 206 (Pb), 207 (Pb), and 208 (Pb) monitored simultaneously on
Faraday cups following a procedure outlined by Simonetti et al.
[57]. Each analysis involved acquisition of one block of data con-
sisting of 25 10 s scans, preceded by a 30 s baseline measurement.
Total Pb beams which correspond to the sum of all Pb isotope
signals under investigation were 5.4 V, and 4.58 V for the natural
and enriched UO2 fuel pellet samples, respectively. On-line cor-
rections for the 204Hg interference on 204Pb were conducted during
analyses and mass bias corrections were applied to samples using
the exponential law based upon the accepted isotopic ratios of NIST
SRM 997 thallium isotopic standard. Offline blank subtractions
were also conducted to correct for Pb contamination that may have
taken place during removal of the U matrix.

3. Results

3.1. Structural analysis

3.1.1. Powder X-ray diffraction
Powder X-ray diffractograms for UO2 fuel pellets obtained in

this study are shown in Fig. 2 and are nearly identical to themineral
uraninite [58]. Five diffraction peaks are observed for both fuel
pellets at ~28, 32, 46, 55, and 58� 2q which correspond to the 111,
200, 220, 311, and 222 reflections respectively [59]. Diffraction data
for the fuel pellets show evidence of peak splitting, particularly in
the 220 and 200 reflections (Fig. 3).

3.1.2. Raman and infrared spectroscopy
The Raman spectra for the fuel pellets are shown in Fig. 4. Both

spectra display the T2g U-O stretching vibrational mode at
approximately 445 cm�1 which is characteristic of fluorite struc-
tured UO2 and is caused by the triply degenerate T2g Raman active
vibration [60]. Although visible in both spectra, the response of
Raman intensity of this vibrational mode as a function of laser
power differs for the two samples (Fig. 5a and b). As shown in
Fig. 5c, although linearity of signal intensity is maintained for both
samples while laser power is increased, regression of these two
trends indicates that the intensity of the T2g peak in a sample of
enriched U is less responsive to an increase in laser power than a
sample of natural isotopic abundance.

Low intensity vibrational modes are present at ~640 cm�1 and



Fig. 3. Peak splitting observed in powder X-ray diffractograms of UO2 fuel pellets.

Fig. 4. Raman spectra for samples investigated in this study.

Fig. 5. A, b. Raman spectra collected with various laser powers for natural (top left) and e
function of increasing laser power.
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are likely attributed the A1g U-O stretching modes resulting from
structural accommodation of excess oxygen and subsequent
relaxation of selection rules [36,61]. While it is possible that con-
tributions to this signal arise from surface oxidation to U3O8 [61],
this assignment is unlikely as Raman spectra collected for both
exterior and interior (freshly broken prior to analysis) of fragments
of UO2 samples yielded identical vibrational spectra.

In stoichiometric to slightly hyperstoichiometric UO2, an addi-
tional vibrational mode, located at approximately 1150 cm�1

(Figs. 4e5) has been reported. This is considered a fingerprint of the
quasi-perfect fluorite structure [61]. Attributed to G5/G3
crystalline-electric-field (CEF) transitions, this vibrational mode
was not observed in the fuel pellets investigated here.

Infrared spectroscopic investigations of the two fuel pellets
yielded nearly identical results. Weak vibrational modes were
observed at 667 and 668.9 cm�1 for the natural and enriched fuel
pellets respectively (Supplemental Information, Figure S1). Also
present for the natural and enriched fuel pellets are vibrational
modes at 758.2 and 760.1 cm�1.
nriched (bottom left) samples. c. Observed intensity of the T2g vibrational mode as a
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3.2. Trace element content and distribution

3.2.1. Impurities in UO2 fuel
The fuel pellets examined in this study contain numerous trace

element impurities as summarized in Table 2 and Fig. 6. Very low
quantities of Sc, Ga, Ho, Lu, and Hf were observed in the fuel pellet
of natural U isotopic abundance and are below detection limits for
the enriched fuel pellet. Conversely, Tb, Dy, Er, Tm, and Ta were
detected only in the enriched fuel pellet. SM-ICP-MS analyses
reveal that Ca, V, Fe, Cr, Co, Ni, Cu, Sr, Zr, Nb, Mo, Sn, Sb, Ba, La, Ce, Pr,
Nd, Sm, Eu, Gd, Yb, W, Pb, Bi and Th are present in variable con-
centrations (0.03e3.4 mg/g) within both samples. All observed im-
purities fall below the accepted impurity values for UF6 prepared
for enrichment with the exception of W in the enriched fuel pellet
[62].
Fig. 6. Selected trace element concentrations (log scale) observed in fuel pellets.
3.2.2. Trace element distributions: X-ray fluorescence spectroscopic
mapping

X-ray fluorescence spectroscopic mapping was utilized to
examine the macro-(cm)- scale distribution of selected trace ele-
ments in fuel pellet samples. Montage images of the fragments of
the fuel pellets investigated using XRF mapping are shown in
Fig. 7a. High resolution elemental maps were generated for Cr, Mo,
W, and Zr for exterior and interior areas of the natural and enriched
Table 2
Trace element contents of UO2 fuel pellets investigated in this study.

Element Enriched (ng/g) Natural (ng/g)

Li bdl bdl
Be bdl bdl
Ca 5.89 8.45
Sc bdl 1.14
V 49.64 313.76
Cr 2715.80 3468.84
Fe 70.40 77.43
Co 40.97 72.41
Ni 1057.76 1412.16
Cu 211.28 415.52
Zn bdl bdl
Ga bdl 0.11
Rb bdl bdl
Sr 2.53 7.72
Y bdl bdl
Zr 8.26 2437.27
Nb 2.68 3.15
Mo 1453.41 788.26
Sn 553.53 1536.38
Sb 5.54 7.26
Cs bdl bdl
Ba 20.35 28.15
La 38.56 46.02
Ce 3.45 4.71
Pr 0.46 0.90
Nd 0.91 2.53
Sm 1.54 1.42
Eu 0.68 0.62
Gd 4.08 2.86
Tb 0.07 bdl
Dy 0.82 bdl
Ho bdl 0.09
Er 0.90 bdl
Tm 0.03 bdl
Yb 2.14 1.18
Lu bdl 0.13
Hf bdl 4.60
Ta 9.15 bdl
W 3171.06 507.93
Pb 11.10 25.24
Bi 2.03 2.13
Th 384.63 248.11
fuel pellets (Fig. 7bee). Areas of elevated Cr content were homo-
geneously distributed throughout the exterior of both natural and
enriched fuel pellets. The interior of the enriched fuel pellet shows
similar Cr distribution to the exterior of both samples, whereas the
interior of the natural fuel pellet exhibits a relative enrichment in Cr
(Fig. 7b). Distribution of Mo is variable when comparing exterior
maps to those generated from the interior of fuel pellet samples.
The interior of the enriched fuel pellet shows lower concentrations
of Mo when compared to the exterior of the same sample, and to
the external and internal maps of the natural sample (Fig. 7c).
Conversely, W appears to be homogeneously distributed
throughout the interior and exterior areas of the natural and
enriched fuel pellets (Fig. 7d). Zr is highest in the interior of the
enriched fuel pellet compared with the other sampling areas
(Fig. 7e).

3.3. Isotopic analyses

3.3.1. Lead isotope analysis
Results of lead isotope analyses and their corresponding

analytical uncertainties are contained within Table 3. Measured
208Pb/204Pb, 207Pb/204Pb, 206Pb/204Pb, 206Pb/207Pb, 208Pb/206Pb, and
208Pb/207Pb values coincide with the isotopic composition of Pb
ores originating from North American Mississippi Valley type Pb
deposits [Fig. 8, modified from 63].

3.3.2. Uranium isotope analysis
Uranium isotope measurements and associated analytical un-

certainties (2s level) for the natural and enriched fuel pellets
yielded 238U/235U values of 137.75± 0.08 and 24.18± 0.08, respec-
tively. These results equate to 235U enrichments of 0.721% in the
natural sample, and 3.970% for the enriched sample. The natural
and enriched fuel pellets have 238U/234U values of 18746.1± 1.2 and
2822.0± 1.2, respectively. 235U/234U values and associated analyt-
ical uncertainties are 136.05± 1.18, and 116.69± 1.18 for the natural
and enriched fuel pellets, respectively. These results are summa-
rized in Table 4.

4. Discussion

4.1. Structural distortions in UO2 fuel

Splitting of reflections in the diffraction pattern of both the



Fig. 7. A. Montage images and X-ray fluorescence spectroscopic maps of b. Cr (green), c. Mo (cyan), d. W (red), and e. Zr (yellow) as observed on the exterior and interior (freshly
broken fragments) of natural and enriched fuel pellets. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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isotopically natural and enriched fuel pellets likely indicates a
phase transition to tetragonal from cubic symmetry, or potentially a
mixture of two isometric UO2 phases with differing unit cell pa-
rameters [Fig. 3 [64,65]]. Further confirming this assessment is the
intact 111 reflection, which, upon transformation from a cubic to
tetragonal phase, will not split. Whether originating from cubic to
tetragonal transitions or from the presence of multiple isometric
UO2 phases, this observation indicates that structural trans-
formations and defects are present/occurring in both fuel pellets
examined here.

In addition to peak splitting observed using PXRD, evidence of
phase transformations and deviation from stoichiometric, ideally
fluorite-structured UO2 is indicated by Raman spectroscopy.
Table 3
Pb isotope compositions of UO2 fuel pellets.

Sample 208Pb/204Pb 207Pb/204Pb 206Pb/2

Natural 37.734 15.713 20.089
Enriched 37.929 15.693 19.582
Standard Error 5.34E-04 2.35E-04 2.65E-
Reduced intensity of the T2g mode has been found to correlate with
increasing incorporation of oxygen, and subsequent progression
towards hyperstoichiometry [36,48]. The differences in the Raman
spectra indicate that the enriched fuel pellet is more susceptible to
structural distortion than the natural sample. As a result, the slope
of the intensity of the T2g vibrational mode of a potentially seized
uranium oxide sample when examined as a function of increasing
laser power may be compared with the linear regressions pre-
sented in this work as means to rapidly identify the intended use
(enrichment level) of fuel pellets that have fallen out of regulatory
control. Despite unique Raman signal responses observed for the
fuel pellets investigated here, the cause of these signal variations
requires further investigation beyond the scope of this work.
04Pb 206Pb/207Pb 208Pb/206Pb 208Pb/207Pb

1.278 1.878 2.401
1.248 1.937 2.417

04 8.61E-06 1.77E-05 5.49E-04



Fig. 8. Pb isotopic compositions and associated analytical uncertainties of UO2 fuel pellets. Groups correspond to statistical clusters among global lead deposits based upon principal
components analysis. The Pb isotopic composition of both fuel pellets coincide with the expected values for Pb ores originating from North American Mississippi Valley type
deposits (red and cyan). Modified from Sangster et al., 2000. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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The absence of the ~1150 cm�1 vibrational mode may indicate
that despite a greater degree of hyperstoichiometry in the enriched
sample as observed via an examination of the T2g peak, defects in
the fluorite structure are present in both fuel pellets. Similar to the
absence of the G5/G3 CEF transition in the Raman spectra,
increased ordering of lattice oxygen and deviation from the ideal
fluorite structure is evidenced by results from IR spectroscopy. The
absorption bands at ~668 cm�1 likely result from local b-U3O7 or b-
U4O9/[U4O(8/3)O4] ordering in the normally fluorite-structured UO2
[66e69].
4.2. Trace element contents of UO2 fuel

4.2.1. Forensic implications
Separation and detection of impurities in fuel cycle materials

(e.g., UF6, UO3, U3O8) has been the focus of numerous investigations
[14,26,70,71]. Despite well-defined analytical methods for deter-
mining trace element contents in U-materials from early stages in
the nuclear fuel cycle (e.g.; uranium ores and ore concentrates), the
residual geologic and process-related anthropogenic sources of
these impurities and thus, forensic implications for their presence
are not addressed in detail [8,10]. While it is probable that many of
the trace elements observed in the samples examined in this study
relate to the geologic origin of the U used in fuel fabrication, the
current lack of knowledge regarding potential process-related im-
purity sources of trace element contents within UO2 fuel warrants
discussion here.

To determine the trace element contents that are unique to each
UO2 fuel pellet, impurities detected in both samples are shown in
Fig. 9. Trace element constituents that were below detection limits
for either sample are not included. Each point in Fig. 9 represents
the concentration (mg/g) of a given element in the enriched sample
plotted as a function of its corresponding content in the natural UO2
fuel. A prominent 1:1 linear trend with few deviations is observed
for most elements. For elements that exhibit deviation from unity,
the orthogonal distance between each pair of trace element
Table 4
U isotope composition of UO2 fuel pellets.

Information Provided with Pellets

Sample 235U/238U Average Enrichment 235U/238U Maximum Enrichment Sta

Natural 0.00710 0.00713 ±0
Enriched 0.00395 0.03978 ±.0
concentrations and the line representing constant abundances
were calculated and are summarized in Table S3 (Supporting In-
formation). These calculations indicate that Ca, Fe, W, Zr, Sn, Cr, Mo,
Ni, V, and Cu contents are important indicators that enable dis-
tinguishing between the natural and enriched fuel studied in this
work.
4.2.1.1. Transition metals in UO2 fuel. Given the depletion in rare
earth elements (REEs) reported here and in previous studies of a
similar nature, this then necessitates examination of other possible
trace element signatures for provenance identification (e.g., U de-
posit type, locality) of the U used in UO2 fuel. To explore the pos-
sibility that trace element impurities observed in fuel are indeed
artifacts (and forensic indicators) arising from the source U ore,
binary plots were generated for each combination of W, Cr, Mo, Ni
and V. In addition to trace element contents observed for fuel
pellets in this work, uraninite samples from granite-related, sand-
stone, tabular sandstone, unconformity, metamorphite, and intru-
sive U deposit types are also reported in Fig. 10 [7,17]. Overlap
between fuel pellets and intrusive deposits is observed (Fig. 10).
This is of particular interest as the source U ore for the natural fuel
pellet is South African, and deposits in this province are classified as
intrusive [5,16]. The lack of coincidence observed in binary plots
containing Cr may result from addition of or contamination by this
element during fuel fabrication.

To further explore the possibility that transition metal signa-
tures may be applied to determine the origin of the U contained
within the fuel pellets, transition metal ratios for several South
African U deposits are compared with those of the UO2 fuel. Tran-
sition metal contents reported for uraninites from Vall Reefs, Stil-
fontein, West Driefontein, Saaiplass, and President Steyn Mines are
compared with UO2 fuel [72]. For each possible combination of
transition metal ratios (e.g. V/Cr, V/Fe, etc.) the average value for
each locality was determined (Table S4, Supporting Information).
Binary plots were then employed to compare the ratio signatures in
the UO2 fuel pellets with the averages of the South African Umines
Measured

ndard Deviation Enrichment 235U/238U 234U/238U 234U/235U 235U wt%

.00002 7.26E-03 5.33E-05 7.35E-03 0.72070
0011 4.14E-02 3.54E-04 8.57E-03 3.97000



Fig. 9. Trace element concentrations in natural and enriched UO2 fuel pellets. De-
viations from the diagonal line represent unique signatures in natural (below line) and
enriched (above line) fuel pellets.
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listed above (Fig. 11). For both the natural and enriched fuel pellets,
transition metal ratio values appear to correlate with those of
uraninites from Saaiplass and West Driefontein mines. Although
the linear regression for each of the binary plots for transitionmetal
ratios of South African U mines and UO2 fuel results in the highest
correlation coefficient and slope closest to unity for West Drie-
fontein Mine, depletion in several transition metals (and resulting
lack of available ratios for comparison) leads to the conclusion that
both fuel pellets originate from the Saaiplass Mine, or from U de-
posits in close proximity thereof.
4.2.1.2. Possible anthropogenic impurity sources. Although addition
of W to UO2 has been shown to extend fuel burn-up and lead to
more economically favorable fuel materials in experimental ma-
terials [28] a likely source of W may arise from the use of sintering
vessels and related materials composed of W-based alloys [73].
Another, less-likely scenario is the fabrication of structural com-
ponents that contain trace amounts of W in the same facility where
fuel production is occurring [74].

Zr is an important constituent of nuclear reactors and is a pri-
mary component of the cladding that contains the fuel pellets
during burn-up within a reactor. Zircaloys are resistant to corrosion
at high temperatures and serve as a protective barrier between fuel
pellets and water/steam during reactor operations. Furthermore,
the low neutron absorption cross section of Zr results in this
element being used in structural components of reactor cores [74].
Similar to Zr andW, Sn is utilized in fabrication of reactor materials,
including Zircaloy cladding. This is due to the ability of Sn to
improve corrosion resistance of cladding components [75].

The presence of Cr was detected in both fuel pellets, with a
greater concentration in the fuel pellet of natural isotopic U
abundance (3.47 mg/g). Based upon results shown in Fig. 10, the Cr
content of the fuel pellets does not appear to be related to residual
impurities from the geologic origin of U ores used to produce the
pellets. Cr addition to UO2 fuel is well documented in experimental
literature as an additive capable of modifying the initial pellet
microstructure and altering diffusion behavior of both gaseous and
solid fission products during fuel burn-up [27,76,77]. Additionally,
Cr is used in fabrication of brick refractory, which is employed to
line furnaces and kilns. Thus, it is possible that Cr contamination of
UO2 fuel occurs during sintering [78].
The addition of Mo to U oxide promotes corrosion resistance,
particularly from high temperature waters during reactor opera-
tions. Addition of Mo also enables retention of the body-centered-
cubic g phase during irradiationwhich improves in-reactor stability
of fuel, thereby increasing irradiation performance parameters [25].
Similar to tungsten, molybdenum is another primary material
contained within furnace boats for pellet sintering. In addition to
contributions from the trace element content of U ores used to
fabricate fuel, Mo may also exist in fuel pellets as an artifact of this
process. Similarly, Ni and Cu impurities may arise from the use of
Monel cylinders that are employed to filter UO2 powder generated
during IDR deconversion processes [79]. Ni-based alloys are char-
acterized by high thermal stability and may also be used in nuclear
reactor structure materials [74].

The vanadium content (0.31 mg/g) for the fuel pellet of natural U
isotopic abundance is approximately six times higher than that
contained within the enriched sample (0.05 mg/g). Given that ura-
nyl vanadate minerals are ubiquitous within the alteration zones of
numerous U deposits and are mined as sources for U ore [80e83], it
is likely that this higher V abundance in the natural U pellet is the
result of incomplete separation of V during early ore processing.

4.3. Pb isotopes

Examination of the Pb isotopic compositions of the natural and
enriched UO2 fuel indicate that regardless of where mining and
enrichment took place, fuel fabrication was either conducted in the
United States, or fabricated using materials produced therein. This
is evidenced by overlap/close proximity the measured Pb isotopic
ratios for the fuel pellets with the expected isotopic composition of
anthropogenic sources of Pb ores within the United States; this
despite being composed of South African U ores [63]. Although Pb
isotope overprinting during fuel fabrication inhibits determining
the geologic provenance of fuel pellet constituent materials, iden-
tification of the location at which manufacturing/fabrication of
manufacture components took place is possible. In addition to
obtaining forensic information regarding the provenance of fuel
fabrication, the effective chromatographic separation of Pb from U-
rich matrices has been demonstrated.

4.4. U isotopes

Results of U isotope analyses coincide with expected enrich-
ment values that were provided upon receipt of the fuel pellets. The
sample enriched to 3.97wt% 235U was likely intended for use in
either a boiling or pressurized water type commercial nuclear
reactor as are utilized in the United States. Conversely, the 0.71wt%
235U enrichment level observed in the other sample would likely be
used in a pressurized heavy-water reactor (e.g. CANDU (Canada
Deuterium Uranium)).

5. Summary and conclusions

In this work, structural attributes, trace element contents and
distributions, and the U and Pb isotopic compositions of two UO2
fuel pellets have been explored for nuclear forensic applications.
Powder X-ray diffraction and Raman spectroscopic investigations
have illuminated differences between short-range ordering in the
crystalline structure of samples examined in this study. Evidence of
peak splitting, which corresponds to reduced symmetry in the
structure of UO2 has been observed in both samples. Additionally,
differences in Raman signal response to increasing laser power
have been detected when comparing natural and enriched fuel
pellets.

Trace element abundances indicate that although numerous



Fig. 10. Selected transition metal binary plots for uraninite and UO2 fuel. Colors indicate U deposit types. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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impurities are present in both UO2 fuel pellets, each sample pos-
sesses a distinct chemical signature (e.g., Sc, Ga, Ho, Lu, and Hf in
the natural sample, Tb, Dy, Er, Tm, and Ta in the enriched fuel).
Transition metal contents and ratios have been examined and
applied to determine that the U used for fuel fabrication originates
from an intrusive ore source; likely Saaiplass mine in South Africa.
Although the sample size is limited, these elemental compositions
appear to be unique signatures for each fuel pellet. Furthermore,



Fig. 11. Transition metal ratio binary plots for natural and enriched fuel pellets and South African U localities.
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the W concentrations in the enriched sample investigated in this
work are higher than standard limits (ASTM), indicating that
contamination may have occurred after deconversion from UF6.
Variations in the spatial distribution of trace elements was
observed via X-ray fluorescence spectroscopic mapping, and
unique Pb isotopic signatures can assist in determining the process
history of nuclear material that has fallen out of regulatory control.
Lastly, U isotope signatures were found to be consistent with
enrichment levels provided for the fuel pellets examined in this
work.
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