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To develop strategies for incorporating transition metal taggants (Fe, Cr, and Ni) into oxide fuels and to under-
stand how these taggant candidates persist through early fuel cycle processes, synthetic procedures are modified
from established production routes to yield intentionally tagged early fuel cycle intermediates including uranyl
nitrate hexahydrate (UNH, UOZ(N03)2-6H20), uranyl peroxide tetrahydrate (studtite, U0202<4H20), and uranyl
peroxide dihydrate (metastudtite, UO2O -2H20). First, Fe, Cr, and Ni nitrate solutions are introduced to an aque-
ous solution of UNH followed by precipitation to produce tagged UNH. Then, studtite is precipitated from UNH
followed by dehydration to metastudtite. Structural influences of taggant incorporation within all synthesized
phases are investigated using powder X-ray diffraction (PXRD) and Raman spectroscopy to provide insight into
crystallographic modifications resulting from the addition of tags to these early fuel cycle materials and elucidate
the chemical form of taggants introduced at these stages. The possibility of segregation of taggant species into
discrete phases within U matrices was examined using scanning electron microscopy with energy dispersive X-
ray spectroscopy. Taggant concentrations in solid-phase materials were determined using inductively coupled
plasma-optical emission spectrometry. Observations from Raman spectroscopy and PXRD indicate that introduc-
ing transition metal tags during uranyl nitrate precipitation results in potential impurity phase segregation in
UNH, but transition metal incorporation is suggested by results for tagged uranyl peroxide materials. Results
from this study will inform strategies for optimizing taggant incorporation in UOZ.
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1. Introduction indicated by observation of these phases in sintered UO_ fuel suggests

that elemental concentrations and ratios of Cr, Fe, and Ni, for example,

Rare earth elements (REEs, La through Lu) are well-established as
powerful indicators of the provenance of early nuclear fuel cycle mate-
rials [1-6]. In particular, the shape of chondrite normalized REE plots
are strongly coupled to the geologic deposit type from which uranium
ores originate [3,4,7]. In some cases, limited fractionation of REEs is
observed during conversion from uranium ore to uranium ore concen-
trate (UOC), suggesting that this is a viable forensic indicator for prove-
nance assessment of early fuel cycle materials [2,8]. Regarding UO,
fuel pellets, however, lanthanide contributions to observed trace ele-
ment signatures are negligible, indicating that beyond enrichment,
provenance assessment via REE signature analysis is limited based on
previous work [9]. Conversely, transition metal concentrations in fuel
pellets with both natural and enriched U isotopic abundances were
found to correlate strongly with the geologic deposit type, and specifi-
cally, the uranium mine from which the ore originated [9]. The persis-
tence of transition metals throughout ore processing and enrichment as

may be valuable indicators of material provenance.

Keegan et al. [2] use transition metal signatures (e.g. Ti and Fe) as
characteristic impurities to identify uranium ore concentrate samples
based on the geologic deposit type from which they originated. Like-
wise, during a collaborative exercise to certify a new reference mater-
ial, anomalous Cr, Fe, and Ni signals attributable to corrosion of storage
containers was observed. While the transitional metals measured dur-
ing this study were characterized as impurities [10], understanding the
persistence and potential structural features resulting from incorpora-
tion of transition metals in U-rich matrices remains an open question in
nuclear forensics literature.

To systematically explore the persistence of transition metals
through analysis of products from bench-scale analogs of early fuel cy-
cle processes, we have prepared uranyl nitrate intentionally tagged
with Fe, Cr, and Ni and from this starting material, synthesize uranyl
peroxide tetra- and di-hydrate (studtite and metastudtite, respectively).
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This enables a detailed investigation of structural modifications, ele-
mental partitioning, and persistence of these transition metals in U
milling and conversion early fuel cycle processes.

2. Materials and methods
2.1. Synthesis

Uranyl nitrate hexahydrate was prepared via slow evaporation.
First, a 1 M uranyl nitrate stock solution was prepared by transferring
50.834 g U02(N03)2~6H20 to a Nalgene bottle to which 100.48 mL
deionized (di) H,0 was added. Taggant solutions were prepared by dis-
solving 11.5 g Cr(NO,),9HO in 57.4 mL di H,, 13.258 g
Fe(N03)3-9H20 in 49.016 mL di H20, and 14.218 g Ni(N03)2v6HzO in
47.086 mL di H 2O, with resulting concentrations of 0.5, 0.7, and 1.0 M,
respectively. These concentrations were chosen to ensure that tags
would be detectable using scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDS) to investigate the spatial dis-
tribution of transition metals in a UNH matrix. Tagged uranyl nitrate
solutions were made by combining 20 mL aliquots of uranyl nitrate
stock solution with 1 mL of aqueous Cr, Fe, or Ni-nitrate solutions re-
sulting in 21 mL of tagged uranyl nitrate solutions. An additional 20 mL
aliquot of untagged (blank) uranyl nitrate was prepared simultane-
ously. Each of the uranyl nitrate solutions were covered with perforated
parafilm and allowed to evaporate under ambient conditions resulting
in crystalline phases shown in Fig. 1.

Tagged studtite (UO ,0,4H,0) was synthesized using a method after
Burns et al. where 30% H,0, was added dropwise to 1 M uranyl nitrate
solutions (described above) resulting in a pale-yellow precipitate [11].
The precipitated studtite was recovered via vacuum filtration and was
not washed. Metastudtite (U0,0,2H,0) samples were prepared from
synthesized studtite by transferring the material to porcelain crucibles
and heating at 353 K for 48 h following methods described previously
[12].

2.2. Characterization

Synthetized tagged and untagged uranyl nitrate, studtite, and
metastudtite were characterized with powder X-ray diffraction (PXRD),
Raman spectroscopy, SEM-EDS, and inductively coupled plasma-optical
emission spectrometry (ICP-OES). Approximately 50 mg of each sample
was combined with NIST 640e line standard and transferred to a zero-
background silicon substrate for PXRD analysis. Data were collected
with a Proto AXRD benchtop powder diffractometer in Bragg-Brentano
configuration. The samples were illuminated with a Cu-Ka
(A = 1.5406 f\) X-ray source, and data was acquired with a Dectris
Mythen 1 K 1D detector equipped with a p- filter. Incident and dif-
fracted beam Soller slits and a 0.2 mm divergence slit were used to re-
duce axial divergence of the X-ray beam. Data were collected with a
step velocity of 0.06° 20/min in the range of 10-55° 26. Zero shift cor-
rections were performed using the (111), (220), (311), (400), and (331)
reflections of NIST 640e.

Raman spectra were collected for UNH, studtite, and metastudtite
using a Renishaw inVia™ micro-Raman spectrometer. An excitation

wavelength of 785 nm was used to collect data in the range of
35-1000 cm-! in combination with a 1200 lines/mm diffraction grat-
ing, resulting in spectral resolution of ~2.5-3.1 cm -1 with a holo-
graphic notch filter providing spectral sensitivity to 35 cm-1. The re-
sulting power density for Raman measurements is ~100 W/cm2 based
on estimated laser power (10 mW) and spot size (~1 pm[2]). Reported
spectra are the sum of 20 accumulations, each with a 10 s exposure
time.

A field emission scanning electron microscope (FE-SEM, Zeiss Gem-
ini 460) equipped with two energy dispersive X-ray spectrometers
(Bruker) was employed to investigate the spatial distributions of tag-
gants in synthesized samples. This technique gives a detailed view of a
samples chemical composition and provides high-resolution images
with topographical and elemental contrast information. For this portion
of the experiment, particles were dispersed by dusting small quantities
of material on a 12 mm aluminum pin mount adhered with a double-
sided carbon adhesive tab. To maintain the original sample state,
mounts were not coated with C. Our objective is to use elemental maps
to determine the distribution of various taggants within synthesized U
compounds. To examine the robustness of the samples, the mounts
were each initially exposed to an accelerating voltage of 15 kV to deter-
mine whether they could withstand the amount of energy without alter-
ing or dislodging the position of the particles. Most samples were very
fragile and unstable at that higher voltage and had to be analyzed at
10 kV to ensure that no electron beam-induced chemical transforma-
tions occurred. While, an acceleration voltage of 10 kV did not provide
sufficient energy to adequately excite the U La line at 13.614 keV, this
voltage was still appropriate for taggant mapping as lower atomic num-
ber elements were of interest and the main U component was already
known[13]. The selected current minimized beam damage and ensured
adequate count rate for EDS collection. Images and EDS were collected
at either 10 or 15 kV with backscattered electron (BSE) signal and only
images at 2 kV with both secondary (SE) and backscattered electron
(BSE) signals were acquired to better understand the morphology and
the atomic contrast distribution for each particle. Sample charging was
observed when imaging, the scan rate and beam current setting were
optimized to minimize this effect. Elemental maps were captured and
quantified for each particle to display the distribution of the elements
detected, with quantification done using the Bruker Esprit software op-
tion Q Map which includea 2 X 2 or 4 X 4 tile size to bin the pixels for
better counting statistics and displayed results in normalized mass per-
cent.

ICP-OES measurements were used to determine taggant concentra-
tions in solid phase UNH, studtite, and metastudtite and are detailed in
Table S1 (Supporting Information). Uranyl nitrate samples and a blank
(untagged sample) of studtite were prepared by gravimetrically dissolv-
ing ~200 mg of material in ~50 mL of 8 M HNO 5 (Fisher Chemical, Op-
tima grade). For tagged studtite, less material was available relative to
UNH and the studtite blank, so ~30 mL of 8 M HNO3 was introduced to
~90 mg of sample in Teflon digestion vessels. Likewise, ~60 mg of
metastudtite samples were digested with 8 M HNO_. Owing to the low
solubility of studtite and metastudtite, these samples (after addition of
HNOB) were heated on a hotplate at 100 °C for 72 h prior to matrix re-
moval and analysis. U matrix removal was done via a Uranium and

Fig. 1. Uranyl nitrate samples prepared with Cr, Fe, and Ni. Horizontal field of view for each image is 150 pm.
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TEtra VAlent (UTEVA, Eichrom) ion exchange resin with an automated
separation system (microFAST MC, Elemental Scientific Inc., ESI, Om-
aha, NE). This automated separation procedure, developed by Manard
et al., has been previously described in detail[14,15]. Quality control
samples (certified reference material 124-1 [16], New Brunswick Labo-
ratory Program Office, Argonne, IL; CUP-2[17], Canadian Uranium
Product, Ottawa, Canada) were employed for analysis validation. After
separation, the fractions were collected, diluted to 4 M HNOB, and
quantified via external calibration with an iCAP PRO (Thermo Scien-
tific, Bremen, Germany) ICP-OES. Samples were introduced utilizing an
Elemental Scientific Inc. (ESI, Omaha, NE, USA) SC-2DXi autosampler
into a quartz nebulizer housed within a quartz spray chamber. The ICP-
OES is equipped with a simultaneous echelle spectrometer and a high-
speed charge injection device (CID) detector for the simultaneous de-
tection of all wavelengths (167 — 852 nm). All samples and quality con-
trol samples were prepared with gravimetric quantification using exter-
nal calibration with multi-element standards (High Purity Standards,
Charleston, SC, USA). Measurement uncertainty was determined with
an expanded uncertainty approach utilizing components such as analy-
sis uncertainty, calibration uncertainty, and quality control uncertainty
based on calculations from triplicate measurements of digested sam-
ples.

3. Results
3.1. Tagged uranyl nitrate

Zero shift corrected powder X-ray diffractograms for uranyl nitrate
prepared as described in the materials and methods section are shown
in Fig. 2. PXRD data are in excellent agreement with reflections simu-
lated from published experimental single crystal X-ray diffraction data
(Inorganic Crystal Structure Database Collection Code 23,814). When
comparing the blank (untagged) uranyl nitrate hexahydrate to the ex-
pected pattern, only slight differences are observed in reflection inten-
sity with all calculated reflections represented in the experimental data.
Higher intensities are observed for the (112) and (202) reflections in
the experimental data for untagged uranyl nitrate relative to calculated

intensities. The same increased intensity of the (112) and (202) reflec-
tions is seen in Cr, Fe, and Ni-tagged uranyl nitrate, suggesting that the
higher electron density observed for these reflections with PXRD is un-
related to taggant incorporation, rather, it is a function of preferred ori-
entation or similar measurement-related effect.

Uranyl nitrate tagged with Fe shows a striking addition to the pow-
der diffractogram, with a high-intensity doublet of Bragg peaks located
at 41.02 and 41.14° 26. Reflections for uranyl nitrate are expected in
this region, with the (224) and (600) appearing at 41° 20. However, the
observed intensity for these reflections is higher than that of the (200),
which is predicted to have the highest intensity. Attempts to map this
pair of reflections to a secondary phase were unsuccessful. We hypothe-
size that the origin of this observed intensity is related to a slight shift in
the coordinates of U sites within the uranyl nitrate structure and subse-
quent accommodation of Fe within the (600) plane. Scrutinization of
the diffractogram obtained for Ni-doped uranyl nitrate in the range of
14-16° 20 reveals potential additional complexity, with possible split-
ting of the (002) observed. A reduction of symmetry to accommodate Ni
atoms in interstices between uranyl nitrate coordination units is plausi-
ble. No significant differences in the Cr-doped uranyl nitrate are ob-
served when compared to untagged material.

Raman spectra collected for untagged uranyl nitrate prepared dur-
ing this work are shown in Fig. 3a with vibrational mode assignments
from Ohwada [18]. Like observations from PXRD for tagged uranyl ni-
trate, excellent agreement is observed between the spectra tagged and
untagged samples. Closer examination of the low energy region, be-
tween ~50 and 250 cm-1 (Fig. 3b) reveals intensity differences between
collected spectra. Likewise, the high-energy region of the spectra shows
considerable variability in the intensity, bandwidth, and high-energy
shoulder features in v, NO 3 modes (Fig. 3c).

To explore structural influences of taggant incorporation in more
detail, we conducted two separate analyses of collected Raman spectra.
First, we quantitatively compare the spectra of tagged and untagged
UNH using a simple linear regression method (Fig. 4). Then, we exam-
ined difference spectra for the tagged UNH phases to understand poten-
tial mechanisms that govern taggant incorporation (Fig. 5). For linear
regression analysis, we first normalize all collected spectra to total

Intensity (a.u., offset)

| UUU

15 20 25 30

35 40 45 50 55

26(°)

Fig. 2. Zero shift corrected powder X-ray diffractograms for uranyl nitrate samples. The (111) and (220) reflections of NIST 640e are visible at 28.441 and 47.300 °

26, respectively. Diffractograms are offset for visibility.
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Fig. 4. Linear regression results for the average, normalized intensity of Cr, Fe, and Ni tagged uranyl nitrate spectra compared to the average, normalized intensity of

untagged uranyl nitrate spectra.

counts, resulting in data on identical intensity scales. Second, average
spectra are calculated for blank uranyl nitrate, and each of the tagged
samples. For example, in Fig. 3, several spectra for each variety of
uranyl nitrate are shown. To facilitate comparison, intensities at each
wavenumber increment are summed and then divided by the number of
spectra included. In the case of untagged UNH, for example, this in-
volved summing the three collected spectra, and dividing by three to
obtain the average spectrum. Following average spectra determina-
tions, the intensity at each datapoint for tagged UNH samples are plot-
ted as a function of the intensity at the same point in the average spec-
trum of untagged UNH. If the spectra of tagged and untagged uranyl ni-
trate are identical, linear regression of these biplots should result in a
slope and correlation coefficient of 1. Indeed, slopes of 1.13, 1.00, and
1.06 are observed for Fe, Cr, and Ni-doped uranyl nitrate, respectively,
when compared with untagged uranyl nitrate. Although we cannot de-
termine the origin of spectral deviations observed for Fe-tagged UNH
definitively, differences in signal intensity are observed and agrees with
observations from PXRD where the diffractogram of the Fe sample also
shows significant differences in the intensity of some reflections that
could indicate taggant incorporation or precipitation of a secondary
mixed Fe/U nitrate phase.

Utilizing the intensity-normalized average spectrum for untagged
uranyl nitrate, we computed difference spectra by subtracting the aver-
age uranyl nitrate spectrum from each spectrum collected for tagged

uranyl nitrate (Fig. 5). In general, increases in intensity are observed for
the Fe-tagged samples, particularly in the regions where U0,2+ transla-
tional (~100 cm-1) and UO 22+ symmetric stretching (~855 cm-1)
modes appear. Ni and Fe-tagged UNH both show higher intensity in v,
UO22+, v. NO_-and v, NOS—modes, located at ~200, 750, and
1100 cm-1, respectively. In contrast, UNH tagged with Cr shows lower
intensity upon examination of difference spectra.

Taggant incorporation and potential secondary phase precipitation
was further examined using SEM-EDS. Fe doped uranyl nitrate maps
were collected at a lower accelerating voltage relative to those obtained
for untagged UNH (see supporting information). The Fe-UNH sample
was prone to beam damage and particle distortion at the higher kV.
SEM-EDS results show that Fe is not homogenously mixed with the
uranyl nitrate but instead forms a separate layer underneath the uranyl
nitrate in flakes. UNH also appears as occlusions on the surface of Fe-
rich particles (e.g., Fig. 6). Therefore, we hypothesize that two phases
of uranyl nitrate are present, Fe-rich, and Fe-poor that are perhaps re-
sponsible for observed differences in Raman spectra for Fe-UNH com-
pared to the untagged sample during linear regression and difference
spectra analysis. Cr was found in either trace amounts or not visually
present via inspection of the spectra, however, Fig. 7 shows relatively
homogeneous co-location of Cr and U signal, suggesting that Cr incor-
poration may be occurring in UNH. Results from Raman spectroscopy
and PXRD for Cr-UNH displayed limited structural perturbations, fur-
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Fig. 5. Difference spectra for Cr, Fe, and Ni tagged uranyl nitrate.

Fig. 6. Secondary and backscatter electron images and elemental maps collected for Fe-tagged uranyl nitrate a. Secondary electron (SE) image at 2 kV, b.
Backscatter electron (BSE) image at 2 kV, c. BSE at 10 kV. d. Normalized weight% U map e. Normalized weight% N map f. Normalized weight% Fe map.

ther indicating that incorporation of Cr may be successful. The BSE im-
age mode was used extensively to locate particles that demonstrated ar-
eas with darker contrast to analyze. The Ni-tagged UNH followed simi-
lar mixing properties as the other taggants, with both separate phases
and colocation of Ni and U (and potential incorporation) suggested by
results show in Fig. 8 rather than homogenous incorporation. ICP-OES
measurements (Supporting Information, Table S1) indicate that tag-
gants are present in solid phase UNH samples, with varying levels of in-
corporation. CrUNH contains ~2732 ug g-1 Cr, FeUNH appears to have
lower taggant concentration, ~2000 ug g-1, and NiUNH displays the
lowest taggant concentration, ~1343 ug g-1. From these results and our
synthesis conditions, complete taggant incorporation is observed for
the Cr sample, whereas taggant concentrations for Ni and FeUNH are
lower than expected.

3.2. Tagged studtite

PXRD data for synthesized studtite are shown in Fig. 9. Excellent
agreement between tagged and untagged studtite synthesized in this
work is observed. Slight shifts (~0.07° 20) in the (200) (110) doublet
are observed when comparing samples prepared with Cr and Fe to un-
tagged and Ni studtite. No additional deviations compared to the
tagged and untagged samples are seen, with all expected reflections vis-
ible, and no additional peaks that would indicate the presence of a sec-
ondary phase. We note that there are perhaps some contributions to the
diffractogram of Ni-studtite from an amorphous phase, indicated by
slightly higher background beginning at ~25 °20[19].

Raman spectra collected for studtite samples prepared during this
work are shown in Fig. 10 with vibrational mode assignments from
Colmenero et al. [20] Optical images of the specimens examined are
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Fig. 7. Secondary and backscatter electron images and elemental maps collected for Cr-tagged uranyl nitrate a. Secondary electron (SE) image at 2 kV, b.
Backscatter electron (BSE) image at 2 kV, c. BSE at 10 kV. d. Normalized weight% U map e. Normalized weight% N map f. Normalized weight% Cr map.

Fig. 8. Secondary and backscatter electron images and elemental maps collected for Ni-tagged uranyl nitrate a. Secondary electron (SE) image at 2 kV, b.
Backscatter electron (BSE) image at 2 kV, c. BSE at 10 kV. d. Normalized weight% U map e. Normalized weight% N map f. Normalized weight% Ni map.

shown in Fig. 11. Like observations from PXRD, excellent agreement is
observed upon visual comparison of Raman spectra of tagged and un-
tagged studtite samples. Using the same techniques for more quantita-
tive analysis of Raman spectra described in Section 3.1, which include
linear regression and difference spectra, we see strong agreement be-
tween intensity normalized Raman spectra of tagged and untagged
samples (Fig. 12). Slopes of 0.99, 0.99, and 1.09 are observed for Fe, Cr,
and Ni-doped studtite, respectively. These results suggest that the Ra-
man spectrum of Ni-studtite has a slightly higher intensity than the un-
tagged sample, which is consistent with visual examination of Fig. 10.
Of note, correlation coefficients of 0.999 are seen for all three samples
compared to untagged studtite. Fig. 13 shows difference spectra com-
puted for intensity-normalized spectra of tagged studtite compared to
the untagged sample prepared in this work. The intensity differences
between Ni and untagged studtite noted during our linear regression is
evident here, with significantly higher intensity observed in the region
of U-Oe combination bands, and v1U022+ and UIOO vibrational modes
relative to the untagged samples. Conversely, significantly lower Ra-
man signal is observed between the Cr studtite and untagged sample in
the same regions of the spectra, while Fe studtite has slightly lower Ra-
man signal in the vibrational mode located at ~136 cm-1. There ap-
pears to be closer agreement between the intensity of Fe studtite and

the untagged sample. Examination of the difference spectra suggests
that peak shifts or asymmetry may be present for the Fe-sample as indi-
cated by the negative intensity centered at 817 cm-1, and positive in-
tensity at slightly higher energy, 828 cm-1.

EDS maps detect only trace amounts of each taggant in association
with studtite particles. By visual inspection, brightness had to be raised
three times the highest peak to visually see taggants present in the spec-
tra (e.g., Supporting Information Fig. S1). Tagged materials were more
robust compared to untagged studtite and were able to withstand
higher kV and were analyzed at 15 kV without particle distortion.
Given the taggant sample robustness, colocation was evident despite
low overall taggant concentrations in the tagged studtite material. Fe
studtite shows evidence of U and Fe colocation (Fig. 14), although the
distribution of Fe appears heterogeneous. Cr content of tagged studtite
is low, but relatively homogenous dispersion of Cr is evidenced by EDS
maps shown in Fig. 15. Like results for other tagged studtite samples,
increasing acceleration voltage revealed areas of Ni intensity in tagged
studtite (Fig. 16). ICP-OES measurements indicate low, but detectable
taggant concentrations in studtite. For Cr, Fe, and Ni studtite, 281, 655,
and 754 ug g-1 of each tag are observed in the solid phase, respectively
(Supporting Information, Table S1).
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Fig. 9. Zero shift corrected powder X-ray diffractograms for studtite samples. The (111) and (220) reflections of NIST 640e are visible at 28.441 and 47.300 ° 26, re-
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Fig. 10. Raman spectra collected for tagged and untagged samples of studtite.

3.3. Tagged metastudtite

Powder X-ray diffractograms collected for tagged metastudtite are
in excellent agreement with data obtained for an untagged blank sam-
ple of metastudtite prepared at the same time as the tagged samples. All
data show reflections that correspond with the expected diffraction pat-
tern for metastudtite[12]. No additional reflections that would indicate
the presence of a secondary phase are observed (Fig. 17).

Raman spectra collected for tagged and untagged metastudtite are
shown in Fig. 18. Similar to observations from PXRD, all major vibra-
tional modes are observed when comparing the Raman spectra of
tagged and untagged metastudtite. A slight shift in the v U0, 2+ and
v,00 vibrational modes may be present for Ni- and Cr-metastudtite rel-
ative to the Fe and untagged samples, however, this shift of ~1 cm-1 is
at the boundary of our instrument resolution. Intensity differences are
present when comparing the low-wavenumber modes (lattice vibra-
tions at ~154, 180, and 190 cm-1) for the tagged samples to untagged
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Fig. 11. Studtite samples prepared with Cr, Fe, and Ni. Horizontal field of view for each image is 150 um.
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Fig. 12. Linear regression results for the average, normalized intensity of Cr, Fe, and Ni tagged studtite spectra compared to the average, normalized intensity of un-

tagged studtite spectra.
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Fig. 13. Difference spectra for Cr, Fe, and Ni tagged studtite.

metastudtite. Differences in the observed intensity of modes in the re-
gion of 180-190 cm-! for tagged metastudtite when compared to the
untagged sample may be due to slight differences in hydrogen bonding
networks present in the interstices of the metastudtite structure[12].
Following methods described for analysis and comparison of tagged
and untagged uranyl nitrate and studtite in Section 3.1, we also investi-
gated the difference in spectra for Cr, Fe, and Ni-metastudtite (Fig. 19).
Using this method, variability is observed between the position of low-
energy modes in Fe-metastudtite. In particular, modes between ~100
and 400 cm-1 in Fe-metastudtite are shifted to higher energy relative to
Ni and Cr-metastudtite. Shifts in position and intensity of v, U0, 2+ and
v,00 vibrational modes are also observed for tagged metastudtite sam-

ples [12,20]. While Fe and Ni are in relatively good agreement with the
untagged sample as evidenced by primarily positive intensity suggest-
ing only differences in intensity, negative intensity observed for Cr
metastudtite here suggests that there is a slight shift in the v UO_2+ and
v,00 modes of this sample to lower energy. The intensity differences
observed in overlays of intensity-normalized and difference-spectra
seen during comparison of tagged and untagged metastudtite are fur-
ther confirmed by results of linear regression of average spectra of un-
tagged metastudtite compared with Fe, Cr, and Ni samples (Fig. 20).
Slopes of 0.83, 0.90, and 0.77 are observed for Fe, Cr, and Ni metas-
tudtite respectively, were calculated from linear regression results.
While correlation coefficients remain relatively stable (0.998 Fe, 0.990
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Fig. 14. Secondary and backscatter electron images and elemental maps collected for Fe-tagged studtite. Secondary electron (SE) image at 2 kV, b. Backscatter elec-
tron (BSE) image at 2 kV, c. BSE at 10 kV. d. Normalized weight% U map e. Normalized weight% N map f. Normalized weight% Fe map.

Fig. 15. Secondary and backscatter electron images and elemental maps collected for Cr-tagged studtite. Secondary electron (SE) image at 2 kV, b. Backscatter elec-
tron (BSE) image at 2 kV, c. BSE at 10 kV, d. Normalized weight% U map, e. Normalized weight% N map f. Normalized weight% Cr map.

Cr, and 0.991 Ni), these results suggest that there are taggant influences
on the observed Raman spectra of metastudtite.

Based on images and EDS maps for metastudtite, this phase appears
to react to the electron beam similarly to studtite. The samples are ro-
bust enough to withstand 15 kV and Fe concentrations, although low,
appear to coincide with U (Fig. 21). Ni and Cr taggants however, are
primarily observed in higher concentrations as fiber-like particles with
the uranium adhered to it (Figs. 22 and 23). A line scan collected for the
fiber-like particle shows low z material containing Cr or Ni and bright
regions as predominately uranium (see supporting information). These
results suggest that segregation of taggant species into secondary
phases may occur during the thermal treatment of studtite used to form
metastudtite.

As one may expect from dehydration, higher taggant concentrations
are observed from ICP-OES in metastudtite relative to studtite. ~912,
966, and 290 ug g-1 of Cr, Fe, and Ni in the solid phase, respectively
were determined for tagged studtite samples (Supporting Information,
Table S1).

4. Discussion

Observations from SEM images and EDS spectral maps show that
tagged uranyl nitrate forms separate phases rather than mixing with the
uranyl nitrate matrix, whether as an occlusion or in trace amounts that
were not able to be detected within the primary phase. Only one of the
tagged uranyl nitrate samples showed distinct evidence that a sec-
ondary phase may be present from PXRD, and no secondary phases
were observed from Raman spectroscopy. Although we attempted to
gain an understanding of the overall concentration of taggants in the
solid phase by ICP-OES, the heterogenous distribution, and possible
secondary phase precipitation likely led to the observed discrepancies
between expected (from synthesis conditions) maximum and actual
(measured with ICP-OES) taggant concentrations, as our total tagged
uranyl nitrate samples were ~10 g of material, and we only digested
200 mg of material for ICP-OES measurements. While the concentra-
tion of Cr in CrUNH was within the expected range for complete tag-
gant incorporation, the relatively low incorporation indicated by ICP-
OES for Fe and Ni may be the result of sampling a portion of solid phase
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Fig. 16. Secondary and backscatter electron images and elemental maps collected for Ni-tagged studtite. a. Secondary electron (SE) image at 2 kV, b. Backscatter
electron (BSE) image at 2 kV, c. BSE at 15 kV. d. Normalized weight% U map, e. Location image, f. Normalized wt% Ni map.
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Fig. 17. Zero shift corrected powder X-ray diffractograms for metastudtite samples. The (111) and (220) reflections of NIST 640e are visible at 28.441 and 47.300 °

26, respectively.

uranyl nitrate that did not have abundant co-precipitation of the tag-
gant phases (e.g., see Fig. 8).

While limited homogeneous taggant incorporation was observed for
uranyl nitrate phases, incorporation in studtite in low concentrations
may be possible based on our analyses. This incorporation behavior
could be attributable to the limited solubility and resulting rapid pre-
cipitation of studtite from tagged uranyl nitrate solutions[21]. While
crystallization attempts for tagged UNH required slow evaporation,
upon addition of H,0, to aqueous uranyl nitrate solutions, studtite im-
mediately precipitates, perhaps leading to the observed SEM-EDS re-
sults that suggest low-concentration taggant incorporation for Cr, Fe,
and Ni (Fig. 14-16). Albeit low, taggant concentrations were still de-
tectable using ICP-OES. These potential low-concentration incorpora-
tions are consistent with limited structural perturbations observed for
tagged studtite compared to untagged studtite using PXRD and Raman

spectroscopy. Slight perturbations in the (110) reflection of studtite are
observed from PXRD, suggesting that slight contraction of axial U-O
bonds may be a possible incorporation mechanism for transition metal
tags in studtite [11]. This hypothesis is further supported by analysis of
slight differences in frequency observed for the v1U022+vibrational
mode. Based on the relationship between vibrational frequency and
uranyl bond length established by Bartlett and Cooney, a U-O bond of
1.7913 A is calculated for untagged studtite, whereas tagged samples
have a calculated U-O bond length of 1.7910 A [22]. Additional studies
beyond the scope of this work, including density functional theory in-
vestigations may provide additional insight into the incorporation
mechanism of transition metal taggants in studtite.

SEM-EDS results indicate that some taggant species may be segre-
gated from the main U phase in metastudtite, perhaps as a consequence
of calcination from studtite, wherein loss of two loosely-bound water
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Fig. 18. Raman spectra collected for tagged and untagged samples of metastudtite.
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Fig. 19. Difference spectra for Cr, Fe, and Ni tagged metastudtite.

molecules may result in decreased stability and exsolution of taggants
incorporated in the precursor. Loss of these two water molecules during
calcination is also a likely cause of the higher concentrations of taggant
observed in metastudtite samples from ICP-OES, combined with hetero-
geneous bulk samples as was seen for tagged UNH samples. Because the
transition from studtite to metastudtite occurs in the solid state, a lower
molecular mass for the calcination product would result in higher tag-
gant concentration. Likewise, exsolution of taggants during heating is
possible, resulting in long-range sample heterogeneity that could give
rise to the observed elevated taggant concentrations in portions of
tagged metastudtite implied by results from ICP-OES measurements.

Significant spectroscopic differences between tagged and untagged
metastudtite are also observed for Cr and Ni studtite (Fig. 20). Despite
the potential taggant segregation observed in metastudtite relative to
studtite, initial incorporation of taggant species in studtite suggests that
this is a plausible starting point for development of tagged higher ox-
ides such as UO, or U,O, that could be used to produce intentionally
tagged vo,.
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Fig. 20. Linear regression results for the average, normalized intensity of Cr, Fe, and Ni tagged studtite spectra compared to average, normalized intensity of un-
tagged metastudtite spectra.

Fig. 21. Secondary and backscatter electron images and elemental maps collected for Fe-tagged metastudtite. Secondary electron (SE) image at 2 kV, b. Backscat-
ter electron (BSE) image at 2 kV, c. BSE at 15 kV, d. Normalized weight% U map, e. Normalized weight% O map, f. Normalized weight% Fe map.

Fig. 22. Secondary and backscatter electron images and elemental maps collected for Cr-tagged metastudtite. Secondary electron (SE) image at 2 kV, b. Backscat-
ter electron (BSE) image at 2 kV, c. BSE at 15 kV, d. Normalized weight% U map, e. Normalized weight% O map, f. Normalized weight% Cr map.

5. Conclusions

We explored structural features of Cr, Fe, and Ni taggant incorpora-
tion in uranyl nitrate, studtite, and metastudtite as a preliminary inves-
tigation into the plausibility of incorporating intentional forensic indi-

cators in early nuclear fuel cycle materials. Using PXRD, we detect a po-
tential secondary Fe-rich phase in uranyl nitrate that may have more
complete taggant incorporation than the bulk uranyl nitrate precipi-
tate. Secondary phases are not observed from PXRD for Cr and Ni UNH.
Raman spectroscopic results for tagged uranyl nitrate are consistent
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Fig. 23. Secondary and backscatter electron images and elemental maps collected for Cr-tagged metastudtite. Secondary electron (SE) image at 2 kV, b. Backscat-
ter electron (BSE) image at 2 kV, c. BSE at 15 kV, d. Normalized weight% U map, e. Normalized weight% O map, f. Normalized weight% Cr map.

with those of PXRD, where the largest differences between tagged and
untagged sample spectra are observed for FeUNH. SEM-EDS results also
confirm that taggant incorporation into uranyl nitrate is limited, with
distinct secondary phases observed for Fe and Cr that are, nevertheless,
co-located with U. Colocation of U and Ni from SEM-EDS suggests that
this transition metal is the most likely to incorporate in uranyl nitrate,
but it remains unclear whether Ni is intercalated within the uranyl ni-
trate phase, or is a secondary phase that coprecipitates. Heterogeneity
observed using SEM-EDS is also suggested by ICP-OES measurements.

Taggant incorporation in studtite is possible, either in the form of
structurally incorporated transition metals, or perhaps as a minor sec-
ondary phase entrained within particles of studtite that rapidly precipi-
tate from aqueous solution. Secondary phases are not seen with PXRD,
and the only observable perturbations to the Raman spectra originate
from slight shifts in the v, UO,2+vibrational mode, which could be a re-
sult of structural accommodation of taggants. Similarly, slight shifts in
the reflection corresponding to interplanar spacing of axial U-O may
further indicate that this is a viable mechanism for intentionally incor-
porating tags in early fuel cycle materials. While it appears that tag-
gants are not completely incorporated during studtite precipitation, the
presence of Cr, Fe, and Ni is indicated by ICP-OES measurements, sug-
gesting that this intermediate material is viable for intentional forensic
tagging and may result in more homogeneous incorporation of taggants
in U,0, or UO,,.

SEM-EDS measurements of tagged metastudtite reveal segregation
of taggant signal, suggesting that heating of studtite reduces the fidelity
of taggant incorporation. However, no secondary phases are observed
from PXRD measurements, indicating that studtite may still be a viable
precursor for formation of tagged higher oxides.

This work represents a foundation toward understanding the incor-
poration of intentional tags in early fuel cycle nuclear materials for
forensic applications. We show that coprecipitation of uranyl phases
(UNH and studtite) with transition metal taggants is possible and pro-
vide insight into potential mechanisms of incorporation in these bulk
phases. We also observe that exsolution of taggant species occurs dur-
ing thermal treatment of studtite, resulting in potential taggant segrega-
tion in metastudtite. Our work also informs potential methods by which
naturally occurring trace elemental constituents relating to the geologic
origin of nuclear materials may incorporate or partition during various
stages of early fuel cycle processes. While detailed investigations into
direct incorporation of taggant species via oxide mixing prior to sinter-
ing UO, are ongoing, we have explored the possibility of introducing

taggant species at the earliest stages of the nuclear fuel cycle. Our fu-
ture work to this end will involve intermediate calcination of these pre-
cursors to uranium trioxide polymorphs and direct calcination to U 0%
and UO, as a means of understanding how the timing of taggant incor-
poration influences the performance and structure of sintered UO,,.
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