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ABSTRACT

Tanthinite ([U$+(UO,)406(0H)4(H,0),]-5H,0) is an exotic mineral that possesses U in both
tetravalent and hexavalent oxidation states and is structurally related to the U3Og polymorphs, which
are commonly encountered technogenic materials in the nuclear fuel cycle. Despite the similarities
between U3Og and ianthinite, and the importance of ianthinite in U paragenesis, no Raman spectra have
been reported for this mineral. To gain a more complete understanding of how structural attributes of
ianthinite give rise to observable spectroscopic features and how these may relate to important materials
in the nuclear fuel cycle, we provide, for the first time, Raman spectra of ianthinite. lanthinite readily
oxidizes at ambient conditions, complicating analysis of phase-pure material. Several analytical meth-
ods are employed herein to decouple the Raman features of ianthinite from its alteration product(s).
First, a simple difference spectrum is presented, then results of Raman spectroscopic mapping are
employed, and finally, we use a novel processing and analysis method. Each analysis method provides
different insight into structural features that are unique to ianthinite, in particular, features that are attrib-

utable to U(IV) in distorted octahedral coordination in both ianthinite and U3Og phases.
Keywords: Ianthinite, uranium mineralogy, Raman spectroscopy, U3zOg

INTRODUCTION

Tanthinite ([U3* (UO,),0¢(0OH),(H,0),]-5H,0) (Burns et al.
1997) is a rare mineral phase possessing U in both tetravalent and
hexavalent oxidation states in an identical anion topology to tech-
nogenic UzOg, which appears throughout the nuclear fuel cycle
(Miskowiec et al. 2019, 2020, 2022). The structural accommoda-
tion of multiple U valence states, as seen in ianthinite, is exceed-
ingly rare, and ianthinite is the only known mineral species that
contains essential U(IV) and U(VI). Of the hundreds of reported
minerals that contain U as an essential structural component
(Lussier et al. 2016), ianthinite, wyartite (CaU**(UO2)2(CO3)
04(OH)-7H20) (Guillemin and Protas 1959; Burns and Finch
1999; Hawthorne et al. 2006), wyartite-1I (so-called dehydrated
wyartite) (CaU>*(UO,)2(C0O3)04(OH)-3H,0), nollmotzite (Mg
[USH(UO,),04F3]-4H,0) (Plagil et al. 2018), richetite ((Fe?*,
Mg)o.sPbs s[UT(UO,)17015(0OH)14]-~19.5H,0) (Burns 1998;
Plasil 2017), and the recently described shinkolobweite (Pb; 333
[U3*O(OH)(UO,)504 67(0H)s 33]-5H,0) (Olds et al. 2023), are
currently the only minerals known to possess U in multiple valence
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states (Olds et al. 2023). Interestingly, all mixed-valence U miner-
als possess structural units associated with either the o- or f-U30g
anion topology (Burns 2005), or, in the case of shinkolobweite, a
modulated structure with a mixture thereof (Olds et al. 2023). The
propensity of mixed-valence minerals and technogenic phases to
adopt UzOg anion topologies suggests that this structural unit is
accommodating the differences in U coordination chemistry asso-
ciated with varied oxidation states, and as such, may have signifi-
cant implications for incorporating transuranic elements upon
oxidation of used nuclear fuel (Miller et al. 1997).

Recent computational and experimental investigations into
structural features of the UzOg polymorphs, which possess
mixed U(V) and U(VI) sites (~2:1), have elucidated exotic lat-
tice dynamics and electronic and magnetic properties. Perhaps
most interestingly, UzOg undergoes a continuous solid-solid
phase transition upon heating, ending near 300 °C, from
Amm?2 to P62m. During this transition, the number of crystallo-
graphically independent U sites is reduced from two to one. As a
result, the mixed U(V) and U(VI) valence in the P62m phase
approaches a single intermediate valence (effective charge of
—16/3 7). Miskowiec et al. discussed this transition in detail,
finding no evidence of superlattice ordering (time-independent
U charge ordering), suggesting a time-dependent (dynamic)
valence of the U sites (Miskowiec et al. 2020). Using neutron
scattering, they found evidence of a quasielastic scattering term
related to the lattice response to dynamic uranium valence, as
well as a new magnetic ordering at low temperature, wherein
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U3zOg exhibits antiferromagnetic ordering along the [0.5 1 1]
lattice direction (Miskowiec et al. 2021). To this last point,
the discovery of the [0.5 1 1] magnetic ordering configuration
represented a deviation from past theoretical investigations
(Yun et al. 2011; Wen et al. 2013; Brincat et al. 2015; Rana-
singhe et al. 2020; Isbill et al. 2022). Given the commensurate-
ness of the anion topology in ianthinite, previous studies on the
electronic properties of U3Og may be pertinent to our under-
standing of observable spectroscopic features related to struc-
tural attributes of U3Og and analogous materials. Relatedly,
an investigation into the structural and spectroscopic character
of ianthinite may provide new insight into mixed valence U
materials within the nuclear fuel cycle, such as U3Os.

Despite the importance of ianthinite as a natural analog to
U30g anion topologies, in paragenetic sequences of U alteration,
and the predisposition of this phase to form during alteration of
used nuclear fuel (Taylor et al. 1991), no optical vibrational spec-
troscopic data have been reported for ianthinite. For the first time,
we provide Raman spectra for ianthinite, describe the structural
origins of spectroscopic features, and assess spectroscopic fea-
tures that are common between ianthinite and the topologically
identical technogenic phase -U3Og and the structurally similar
a-U30g. One challenge associated with the analysis of ianthinite
is the tendency for oxidation and alteration of this phase. At ambi-
ent conditions, ianthinite readily transforms to schoepite and/ or
metaschoepite, complicating detailed spectroscopic characteriza-
tion of this phase (Finch and Murakami 1999). To overcome this
challenge, we employ spatially resolved optical vibrational spec-
troscopic techniques to detail the unique features of the Raman
spectra of ianthinite relative to its alteration phase(s). Using a
novel analysis method, we also describe potential crystal chemical
origins of spectroscopic differences and find that the most likely
source of spectroscopic variability is related to differences in con-
nectivity between the bonding behavior of axial U-Oy O atoms
between the structural unit of ianthinite, and charge-balancing
interstitial complexes.

MATERIALS AND METHODS
Ianthinite Samples and Geologic Setting

The structure of ianthinite was determined by Burns et al. (1997) from a crystal
extracted from the Shinkolobwe (Kasolo) mine in Shaba, Democratic Republic
of the Congo. In that work, Burns et al. (1997) provide a detailed summary of
previous work on this mineral species. Briefly, ianthinite always occurs in close
proximity to primary uraninite and is often associated with uranyl oxyhydrox-
ide-hydrate minerals such as schoepite and becquerelite. At ambient conditions,
ianthinite oxidizes to schoepite or metaschoepite, with the alteration products often
referred to by their pseudonym, “epi-ianthinite.” Although some recent studies
have been done on the formation mechanisms of ianthinite in an Indian locality
in Andhra Pradesh (Singh et al. 2014), the overall mode of occurrence remains
understudied given the importance of ianthinite in paragenetic sequences of U
alteration, and the similarities between this mineral and technogenic phases
encountered in the nuclear fuel cycle.

A sample of ianthinite from the Shinkolobwe mine, Democratic Republic of
the Congo, provided by the Carnegie Museum of Natural History, was examined in
this work.

Powder X-ray Diffraction

X-ray diffraction (XRD) data for powdered ianthinite and oxidized ianthinite
(metaschoepite) from the Shinkolobwe mine were obtained using a Bruker Apex II
equipped with Photon III CPAD detector and IpS2.0 microfocus source with
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monochromatized MoKa radiation (0.71069 A). A pseudo-Gandolfi motion on
the ¢ and o axes was used to randomize diffraction from the samples. Unit-cell
parameters refined from the powder XRD data (Online Materials' Fig. S1) using
JADE Pro (Materials Data, Inc.) with whole pattern fitting based on known struc-
tures confirmed the identities of the minerals studied. For ianthinite (Burns et al.
1997), they are: space group P21cn, a=7.20(1) A, b=11.05(1) A, c=29.65(6) A,
¥=2359 A3 For oxidized ianthinite [metaschoepite; (Klingensmith et al. 2007)]
space group Phen: a=15.082) A, b=14.56(2) A, ¢=16.53(2) A, V'=3628 A>.

Raman Spectroscopy

A Renishaw inVia micro-Raman spectrometer was used to collect data
for samples of ianthinite, which were adhered to carbon tabs. An excitation
wavelength of 785 nm was used to collect spectra in the range of 35-1200 cm™!
in combination with a 1200 L/mm holographic notch diffraction grating and
resulting spectral resolution of ~2.5-3.1 cm™'. Corresponding power densities
of Raman measurements were ~100 W/cm? based upon laser power (10 mW)
and spot size (~1 pm). Reported spectra are the sum of 20 accumulations, each
with a 10 s exposure time.

To examine potential spectroscopic variability associated with the oxidation of
ianthinite to schoepite/metaschoepite, we collected a Raman spectroscopic map on
an area of the ianthinite sample that was visually identified as a transition zone
between the mixed-valence phase and the U(VI) alteration product based on the
presence of dark and light crystalline aggregates. To do this, we collected spectra
every 3 pmin an 18 x 14 grid (252 total points). Each point was measured using 10
accumulations with a 10 s exposure time at 100 W/cm?. Average photon counts
were ~2000 counts/cm ', such that random noise levels were negligible. To ana-
lyze the data, we examined intensity ratios between three observed peaks in the
range of 800-900 em™! to explore differences in uranyl mode contributions.
We also calculated the mean Raman spectra across all data sets; then, calculated
the standard deviation of the spectral intensity at each Raman shift bin as extracted
from a normal distribution fit of the intensity histogram. We expect that if there are
significant chemical differences within the map that specific regions of the spectra
will show substantially higher standard deviation from the mean.

Non-negative least squares regression analysis, done in the WiRE software
package, was also employed to elucidate Raman spectroscopic features of ianthinite
from its oxidation products. We used point spectra collected on areas of the sample
that appeared visually altered, as indicated by a bright yellow color, in addition to
point spectra on the dark-violet regions of the sample that are consistent with the
reported appearance of ianthinite as spectroscopic end-members. We note that there
was no apparent change in crystallinity or crystallographic orientation between
altered and unaltered regions of the sample (e.g., Fig. 1). Using the Raman spectro-
scopic map data collected for the transition region described above, we calculated
contributions to each spectral data set from the altered and unaltered end-members.

Scanning Electron Microscopy with Energy-Dispersive
X-ray Spectroscopy and X-ray Fluorescence Spectroscopy

Scanning electron microscopic (SEM) images were collected using a Zeiss
Gemini 460 field emission SEM to explore crystal morphology of ianthinite samples
adhered to carbon tabs (Online Materials' Fig. S2). Backscatter electron images were
collected using an accelerating voltage of 20 kV and currents of 94-200 pA. Micro-
X-ray fluorescence spectroscopy was employed to image the spatial distribution of
elemental contributions on the specimens of ianthinite (Online Materials' F ig. S3).
This measurement was done using an IXRF Atlas instrument, equipped with a
motorized stage, 50 kV/50W/ 1 mA Rh X-ray tube with a 5 pm spot size, polyca-
pillary focusing optic, and four silicon drift detectors. Samples were analyzed in a
light-tight chamber under vacuum for element detection to Ca.

RESULTS AND DiscussioN
Spectroscopic Features and Their Structural Origins

We began our investigation of ianthinite by collecting Raman
spectra for numerous individual crystals, with representative spec-
tra shown in Figure 1. For Raman measurements, we examined
crystals that appeared dark violet-brown, as this is consistent with
the reported appearance of ianthinite, although significant alter-
ation is indicated in our sample by the presence of bright yellow
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Ficure 1. (a) Example Raman spectra collected for several crystals of ianthinite on a specimen from Shinkolobwe. (b) Significant differences in
relative spectroscopic intensity are observed in the range of 800-900 cm™, the region associated with symmetric stretching vibrations of axial
uranyl O. Numbered images below the spectra correspond to data shown in (a) and (b) and have corresponding colored borders. Spectra are offset

for clarity. (Color online.)

areas of material. We also collected spectra for areas of the sample
that appeared significantly altered and will discuss later how we
used these data to elucidate spectral contributions from ianthinite
and its alteration phases. In addition to the example data sets
shown in Figure 1, numerous other data sets for visibly unaltered
ianthinite were collected (see Online Materialsl), and we calcu-
lated an average spectrum (n = 15) from these data sets following
a 0,1 normalization of data to account for intensity differences and
provide an average Raman spectrum for ianthinite (Fig. 2). This
average spectrum was then fit to Voigt peaks using a Levenberg-
Marquardt nonlinear least squares method in the Fityk software
package (Wojdyr 2010) to further analyze spectroscopic features.
Proposed band assignments for the Raman spectra of ianthinite
are found in Table 1.

In the Raman spectra of ianthinite, between 800 and 900 cm’l,
numerous apparent vibrational modes are observed (Figs. 1b
and 2). All spectra appear to show a peak centered at 845 cm™!,
with both, or either, high and low energy shoulders centered at
862 and 833 cm !, respectively (Fig. 1b). Vibrational modes in
this region are attributable to the v; symmetric stretching vibration
associated with the axial U-O (uranyl, U-Oy) bonds which are
abundant in U(VI) phases (Bartlett and Cooney 1989; Lu et al.
2018; Spano et al. 2023). The multiple peaks in our spectra are
attributable to multiple crystallographically distinct uranyl units
within the structure of ianthinite, and perhaps, varying degrees
of alteration from ianthinite to its oxidation products. Although
ianthinite possesses the f-UzOg anion topology, the namesake
of which possesses three unique U sites, ianthinite has six

independent U sites in its asymmetric unit and displays alternating
basal layers of U-O sheets (Fig. 3), making it structurally distinct
from the technogenic U oxide. Two symmetrically independent
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FiGurk 2. The average Raman spectrum of ianthinite from Shinko-
lobwe in the range of 80—1000 cm!. The average spectrum was calcu-
lated from 15 individual data sets collected for Shinkolobwe ianthinite.
The most notable features are a complex multiplet of modes in the uranyl
symmetric stretching region (~800-900 cm’l) and an asymmetric
band centered at 725 cm™!, which originates from symmetric stretching
of distorted octahedral coordination units of U(IV).
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TasLe 1. Proposed spectroscopic assignments for ianthinite
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Feature (cm™) Assignment Notes Reference

862 v1U(VI)-O stretching Primarily associated with altered ianthinite This work

845 v1U(VI)-O stretching Primarily associated with altered ianthinite This work

833 v1U(IV, VI)-O stretching Associated with altered and unaltered ianthinite This work

725 v1U(VI)-O stretching Primarily associated with unaltered ianthinite This work

736 v1U(VI)-O stretching Primarily associated with unaltered ianthinite This work

555 O-H bending Associated with altered ianthinite Colmenero et al. (2019); Kirkegaard et al. (2019a)
430 O-H stretching Associated with unaltered ianthinite This work; Kirkegaard et al. (2019a)
370 O-H stretching Associated with unaltered ianthinite This work; Kirkegaard et al. (2019a)
340 v1U(IV)-OH stretching Associated with unaltered ianthinite This work; Kirkegaard et al. (2019a)
310 Associated with altered ianthinite This work

255 U-O/U-OH bending Primarily associated with altered ianthinite Kirkegaard et al. (2019a)

191 U(IV)-O bending Associated with altered ianthinite Kirkegaard et al. (2019a)

156 U(IV, VI)-O bending Associated with altered and unaltered ianthinite Kirkegaard et al. (2019a)

117 Associated with unaltered ianthinite This work

U-O/OH sheets form the structural unit in ianthinite. Both sheets
adopt the -U30g anion topology, where edge-sharing chains of
pentagonal bipyramidal U units interlink through edge sharing of
distorted U-centered octahedra (U2 and U4) and vertex sharing
between pentagonal bipyramids of next-neighbor chains, forming
“bow-tie” voids. In the first sheet, shown in Figure 3a, edge-shar-
ing chains of pentagonal bipyramids (U1) link through vertex
sharing to neighboring U3 chains. Conversely, the second sheet
(Fig. 3b) contains edge-sharing chains of alternating pentagonal
bipyramids formed from the U5 and U6 sites. These two U oxide
sheets are connected via hydrogen bonding from interstitial water
(Fig. 3c). Sheets are stacked in an offset fashion (Fig. 3d), in
which pentagonal bipyramidal chains stack above rows of
distorted octahedra.

According to bond-valence analysis by Burns et al. (1997), U
sites in pentagonal bipyramidal coordination are U(VI), and, as a
result, contribute to the complexity of features observed in the
uranyl region, between 800 and 850 cm ™. Using the correlation
between U-Oy; bond length and position of the v; symmetric
stretching vibrational mode in Raman spectra described by Bart-
lett and Cooney (1989), we indeed see excellent agreement
between bond length and position of this mode. The three peaks
seen at 862, 845, and 833 cm ™! should correspond to uranyl bond
lengths of 1.75, 1.76, and 1.77 A, respectively. This is consistent
with the ianthinite structure provided by Burns et al. (1997),
where U-Oy bonds range from 1.76-1.80 A.

Based on bond-valence analysis from the structure descrip-
tion provided by Burns et al., the octahedrally coordinated U are
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Ficure 3. The crystal structure of ianthinite. (a) The first of two structural unit sheets that shows two chains (cyan and green) of crystallographi-
cally independent uranyl pentagonal bipyramids linked through distorted U(IV) octahedra (blue). (b) The second structural unit sheet in ianthinite,
where alternating U sites (yellow, purple) make up chains of pentagonal bipyramids linked through distorted U(IV) octahedra (fuchsia). (¢) Stacking
of U-O sheets viewed down a. Interstitial water atoms are shown as gray spheres. (d) Stacking of sheets viewed down c. (Color online.)

American Mineralogist, vol. 111, 2026



SPANO ET AL.: RAMAN SPECTRA OF IANTHINITE 495

likely U(IV), and do not contain U-Oy bonds, instead forming
long (~2.4 A) axial bonds to HyO groups. However, symmetric
stretching of slightly shorter equatorial U-O/OH bonds (~2.0—
2.2 A) may exhibit “uranyl-like” behavior and be the origin
of the intense vibrational mode observed at 725 cm™'. Notably,
the distorted octahedral sites in ianthinite possess slight differ-
ences in U-O bond lengths. Two short (relative to the remaining
4 U-0 bond distances) bonds are found in each distorted octa-
hedral site, with U-O lengths of 1.96 and 2.00 A in U2, and
2.05and 2.18 A in U4. If the intense mode at 725 cm ™' originates
from U-O symmetric stretching of the distorted octahedral U, we
would expect to see more than a singular mode here, given the
presence of two U sites with this distorted octahedral coordina-
tion environment, and/or the inequivalent short U-O bond
lengths about each site. Thinking of U-O bonds as harmonic
oscillators, the Raman signal associated with vibrations of lon-
ger bonds appears at lower energy than that of shorter, stronger
bonds. Following peak fitting of the average spectrum of ianthi-
nite shown in Figure 2, we observe that two peaks contribute to
the observed intensity at 725 cm™!, with a second, low-intensity
peak at 736 cm ™. The presence of this second feature may arise
from either the second crystallographically distinct distorted
octahedron (e.g., one mode originates from U2, the other from
U4, Fig. 3), or from variability in the bond length of U-O
(e.g., U2 and U4 each have two distinct “short” U-O bonds).
Nevertheless, the presence of two peaks strongly indicates that
the vibrational modes between 725 and 750 cm™! are a unique
signature of U(IV) in octahedral coordination.

Upon comparison of the spectrum of ianthinite to a- and p-
U;0g (Fig. 4), we see a similar feature in the technogenic U oxide
phases. In both a- and p-U3Og, this feature is centered at 750 cm!
(Miskowiec et al. 2019, 2022). However, in a-U30sg, the 750 cm !
peak is quite diffuse, and is almost entirely Gaussian in character
(Miskowiec et al. 2019). p-UzOg, conversely, has a sharper
750 cm™! peak, which is entirely Lorentzian (Miskowiec et al.
2022). Given the topological isomorphism between ianthinite
and B-U3Og, one may expect to see similar behavior of bands in
the region of 725-750 cm ', and to this end we analyzed the
two vibrational modes that contribute to the apparent feature at
~725 cm™! in the average Raman spectrum of ianthinite (Fig. 2)
using the same method as Miskowiec et al. (2019). From our fitting
results (Online Materials' Table S1) the more intense peak
(725 cm’l) in the Raman spectrum of ianthinite (Fig. 2) is ~50%
Gaussian and 50% Lorentzian in character. Conversely, the higher
energy, lower intensity feature, centered at 730 cni, is purely
Lorentzian. The purely Lorentzian peak at 730 cm™! in the Raman
spectrum of ianthinite indicates that dynamic phonon relaxation
mechanisms may be operative for this band, rather than a convo-
lution of dynamic (Lorentzian) and structural (Gaussian) effects as
observed for the more intense vibrational mode in this region at
725 cm ! Time-dependent phonon relaxation, indicated by Lor-
entzian bands or components in the Raman, may be attributable
to defect or grain-boundary scattering, or phonon-phonon/elec-
tron-phonon interactions. Although we cannot definitively ascribe
a specific relaxation process to the Lorentzian bands, we do note
the similar character between peaks in both 3-U30Og and ianthinite,
which we attribute to vibrational modes associated with lower
valence U in distorted octahedral coordination.
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FiGurke 4. The average Raman spectrum of ianthinite compared with
structurally similar technogenic U phases, a- and p-U3Og in the green
and purple traces, respectively. The box overlaid on the spectra shows
specific features that may be indicative of U(IV) in octahedral coordina-
tion. Of note, the highlighted band, centered at 725 cm ™! is more diffuse
in a-U3Og relative to its appearance in 3-U3Og and ianthinite the latter of
which adopts the p-U3Og anion topology. (Color online.)

At lower energy, consistent spectral features are seen for
most data sets, with well-resolved peaks observed at 117,
156, 191, 255, 340, and 430 cm™' in all spectra (Fig. 1). Most
peaks in this region are associated with U-O equatorial
stretching and bending motions based on assignments for shin-
kolobweite provided by Olds et al. (2023). The additional com-
plexity here, as was observed in the uranyl region, results from
the numerous equatorial coordination modalities that arise from
the multiple distinct U environments in ianthinite. In addition to
the well-resolved equatorial modes, several diffuse spectral
features are observed. We see a broad band with lower intensity
relative to other spectroscopic features centered at 555 cm™, and
shoulder modes at ~310 and 370 cm ™" are present in some spec-
tra. The peak at 555 cm™! may be attributable to O-H bending of
water molecules that decorate U-O structural units based on
assignments for similar species from the literature (Colmenero
et al. 2019; Kirkegaard et al. 2019a), and we would expect to
see variability in the intensity and position of this band when
comparing Raman spectra of ianthinite with its alteration
products.

Decoupling the Raman Spectrum of Ianthinite from
Alteration Species

Given ianthinite’s propensity to degrade to schoepite and/ or
metaschoepite under ambient conditions, we explored several
methods to isolate the Raman spectrum of the mixed valence phase
from its alteration species. Although separating the spectroscopic
features of ianthinite from its alteration products may not be
strictly necessary from a mineralogical perspective (e.g., for iden-
tification of this mineral via Raman, most natural samples are
likely altered, as our material is), we examined features of ianthi-
nite through the lens of U3Og phases and identified commonalities
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therebetween. To facilitate comparison of ianthinite and U3Og, we
first tried a simple “background” subtraction on normalized data.
Second, we used spectroscopic mapping to determine the spatial
distribution of spectroscopic features. Finally, we took a mathe-
matical approach to analyze hundreds of data sets collected during
spectroscopic mapping. Some of these techniques were more suc-
cessful than others in elucidating the spectrum of unaltered ianthi-
nite, but each provided unique insight into structure-property
relationships and is described below.

To remove potential spectroscopic features of alteration
phases from the Raman spectrum of ianthinite, a “background”
subtraction was attempted. This subtraction was done by taking
a spectrum (Fig. 5a) collected on a visibly altered bright yellow
area of our specimen (Fig. 5b), performing a 0,1 normalization,
and subtracting this unaltered spectrum from the average ianthi-
nite spectrum that was normalized in the same way. Of note, the
average spectrum of the alteration phase shown in Figure 5a is in
excellent agreement with features associated with synthetic
metaschoepite, albeit with slight shifts in position of one sym-
metric stretching vibrational mode, but does not correlate with
those of schoepite (Online Materials! Fig. S4). The resulting
difference spectrum shown in Figure 5a shows significant
negative spectral contributions at ~858 cm™!, indicating that
spectroscopic intensity is shared between alteration phases
and ianthinite here. Notably, this background subtraction
method highlights that the peak located at 725 em ™! is indeed
related to unaltered ianthinite and furthers our supposition that
this peak originates from symmetric stretching of O of distorted
U octahedra because similar spectroscopic features are observed
in U303 (Fig. 4). Our assignment in the previous section, in
which the peak at ~555 em™! was assigned to O-H bending

(@)
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modes is also indicated by the results shown in Figure 7,
although we see from the difference spectrum that this diffuse
band is more closely associated with alteration phases, rather
than ianthinite itself. Figure 5 also shows that many of the peaks
in the range of 175-300 em™! likely result largely, but not
entirely, from alteration phase contributions. Despite providing
some clarity regarding the Raman spectrum of unaltered ianthi-
nite, the difference spectrum shown in Figure 5b is not sufficient
to completely differentiate between alteration vs. pristine ianthi-
nite mineral phases.

A second method involving Raman spectroscopic mapping,
described in the Materials and Methods section, was attempted
to help clarify spectroscopic contributions unique to ianthinite.
Raman peaks in the uranyl region (~800-900 cm ') were fit
with three pseudo-Voigt peaks using the WiRE software pack-
age, and peak intensities of the three constituents were mapped
for a data set collected in a region of the sample that appears to
show the transition between ianthinite and its alteration products
(Fig. 6a). The peaks in the uranyl region determined from this
method are centered at 862, 844, and 833 cm ™. Unsurprisingly,
given the paragenetic relationship between ianthinite, schoepite,
and metaschoepite, as well as our results that illustrate the coin-
cidence of peaks in both ianthinite and its alteration phases
(Fig. 5), the positions of these peaks are similar to those reported
for uranyl modes associated with schoepite and metaschoepite
(Colmenero et al. 2019; Kirkegaard et al. 2019b). Following
peak fitting, intensity ratios were generated for each combina-
tion of peaks at 862, 844, and 833 cm!, with resulting spectro-
scopic ratio maps shown in Figures 6b—6d. In Figure 6b,
significant intensity contributions from the vibrational mode
at 833 cm™! relative to the mode at 844 cm™' are visible for

(b)

Intensity (offset, a.u.)

ianthinite

alteration

-Wj\r difference

100 200 300 400 500 600 700 800 900 1000 1100

Raman Shift (cm™)

FiGURE 5. (a) Raman spectra collected for ianthinite (black trace) and a visibly altered region on the same specimen of ianthinite from Shinko-
lobwe (purple trace). The difference spectrum (green trace) was calculated by subtracting the spectrum collected for the visibly altered region from the
average Raman spectrum of ianthinte from Shinkolobwe. Significant negative intensity is observed in the uranyl region ~860 em™, suggesting that
spectroscopic features in this region are shared between ianthinite and its alteration species. (b) Optical image of the visibly altered area sampled,

horizontal FOV is ~300 pm. (Color online.)
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FiGure 6. (a) Optical image showing the transition region of an aggregate of crystals from the ianthinite specimen, progressing from dark violet

(less altered) to golden-yellow (more altered). (b) Intensity ratio map comparing spectroscopic features at 833 and 844 cm™
is more prominent in unaltered ianthinite. (c) Intensity ratio map comparing features at 833 and 862 cm™'. The 833 cm™ feature

the feature at 833 cm™

! This map indicates that

remains prominent, further indicating that this feature originates from unaltered ianthinite. (d) Intensity ratio map comparing features at 844 and

862 cm!,

showing that features in this region are more closely associated with alteration phases of ianthinite. (e) Intensity map of a peak centered

at 725 cm™', with higher intensity associated with unaltered ianthinite. (Color online.)

the portion of the sample that appears optically to be less altered.
This observation is again consistent with our findings from
examining the difference spectrum shown in Figure 5, in which
areas of spectroscopic intensity remain at the lowest energy
portion of the uranyl region of the difference spectrum upon sub-
traction of spectroscopic features that are more likely associated
with the alteration phase. Similarly, Figure 6¢ indicates that the
vibrational mode at 833 cm™' remains prevalent when compared
with the peak at 862 cm ™! and suggests that the 833 cm™! mode is
closely associated with unaltered ianthinite. When comparing
the 844 cm™' peak intensity to that of the 862 cm™! peak, signif-
icantly higher ratios are shown for the visibly altered region of
ianthinite (Fig. 6d), indicating that one or both of these peaks are
attributable to altered portions of the specimen. This observation
of higher energy contributions from more altered species is also
in agreement with results in the difference spectrum shown in
Figure 5a. To examine whether our hypothesis that the peak
at ~725 cm™! belongs to unaltered ianthinite is correct, we also
created an intensity map of this peak (Fig. 6e). We indeed
observe that spectroscopic intensity at 725 cm ™! is strongly cor-
related with visibly unaltered regions of our specimen. Although
a useful tool for visualizing the spatial distribution of spectro-
scopic contributions and confirming that the peak at 725 cm™!
is a feature of unaltered ianthinite, we still find it difficult to
definitively assign spectroscopic features in the uranyl region
to ianthinite vs. its alteration products from this mapping exper-
iment, thus necessitating additional analyses.

To further explore variability that may exist in the sample of
ianthinite, Raman spectroscopic map data were analyzed using
a novel processing method described in the Materials and
Methods section that allows examination of overall intensity
variability in regions of the spectra across all data sets included
in spectroscopic maps described previously. In Figure 7, normal-
ized intensity and associated variability are shown for the entire

spectral range. Unsurprisingly, significant intensity differences
are visible in peaks within the uranyl region (~800-900 cm ™) of
the spectra, indicating that inconsistencies in U-Oy bond length
(and bond strength) are present within the examined sample.
Variability in this region is expected; as ianthinite undergoes
alteration to schoepite, and/or its dehydrated counterpart
metaschoepite (or a mixture thereof), significant differences in
connectivity between anionic sheets of U-O polyhedra, which
are linked to interstitial species via bonding between Oy atoms
and OH and/or H,O within the interlayer, would lead to variance
in U-Oy bond strengths, bond lengths, and resultingly, in the
position of the symmetric stretching vibrational modes associ-
ated with uranyl centers. Figure 7 also shows marked variability
in spectroscopic peaks in the range of 150-200 cm™'. From
assignments of metaschoepite in the literature (Kirkegaard et al.
2019a), Table 1, vibrational modes in this region are attributable
to bending modes of the uranyl ion, which may also be suscep-
tible to slight changes resulting from differences in interlayer
connectivity and, as a result, bond strength and length. Another
notable observation from this analysis is that the intensity of the
peak(s) located at ~725 cm™! (Figs. 1, 2, 4, and 5) that we posit
originates from symmetric stretching vibrations of shorter U-O
bonds about distorted U(IV) octahedra (Fig. 3) is extremely var-
iable across the map area (the same area shown in Figs. 6b—6d),
as would be expected in an area of the specimen where spectro-
scopic contributions from ianthinite are decreasing and those
from (meta)schoepite are increasing. As was hypothesized ear-
lier in this section, variability is also visible in the intensity of the
peak at ~555 em™, indicating that differences in O-H bending of
water molecules that decorate U-O structural units lead to differ-
ences in the Raman spectra of ianthinite and its alteration phases.
More broadly, the results shown in Figure 7 strongly suggest that
the Raman spectra of ianthinite and its alteration species exist in
a continuum, where gradual phase transitions between mineral
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FIGURE 7. Average Raman spectra with intensity variations depicted
as a channel plot. At each Raman shift, the mean Raman intensity is cal-
culated, as well as the standard deviation for all intensity values at that
point. The standard deviation is plotted as a positive and negative chan-
nel extent extending from the mean value. This analysis highlights
regions of larger intrasample variation in the spectra, such as the region
between 150 and 200 cm ™. Furthermore, the Raman spectra with their
intrasample variation provide a more complete picture of the overall var-
iability of this material. (Color online.)

species result in subtle but detectable variability in the Raman
spectra thereof.

CoNCLUDING REMARKS

This article examines ianthinite from Shinkolobwe. For the
first time, we report Raman spectra for this exotic mineral
phase and describe features that are indicative of U(IV) in dis-
torted octahedral coordination. Several methods are presented
for decoupling the Raman spectrum of ianthinite from associ-
ated alteration phases. First, a difference spectrum calculated
by subtracting an intensity-normalized alteration-phase spec-
trum from that of pristine material is presented, and from this
data, we begin to see evidence of spectroscopic features of U
(IV) coordination polyhedra. This difference spectrum also
indicated that bands in the Raman spectrum of ianthinite are
shared with those in the spectrum of alteration phases thereof.
Additionally, we used Raman mapping to clarify the spatial
distribution of various spectroscopic features, and further show
that Raman peaks around ~725 cm™' are attributable to the
pristine material. Finally, we present a novel analysis method
that further indicates that the spectra of ianthinite and its alter-
ation products should be thought of as a continuum, with many
shared features. Most importantly, we ascertain that similarities
indeed exist between ianthinite and the structurally related
technogenic U phases, a- and p-U3Os.

IMPLICATIONS

Understanding the crystal-chemical origins of spectroscopic
features is a unique challenge encountered as Raman spectros-
copy emerges as a state-of-practice technique for forensic anal-
ysis of nuclear materials (Schwantes et al. 2022a, 2022b). In
particular, small particles, non-ideal samples that have under-
gone environmental degradation, and mixed-phase materials

American Mineralogist, vol. 111, 2026

are often encountered in the field of nuclear forensics (Lin et al.
2013,2014; Said et al. 2021). The work presented here describes
multi-method techniques for determining spectroscopic features
of one part of a phase mixture. Specifically, we examined ianthi-
nite, which is a rare mixed-valence U mineral, and the only U
mineral reported to contain essential U(IV) and U(VI). In addi-
tion to elucidating the structural origins of spectroscopic features
of ianthinite, we present new insight into indicators of mixed
valence U phases in Raman spectra through comparison with
structurally related fuel cycle materials a- and p-U3Os, the latter
of which possesses an identical anion topology to ianthinite. In
addition to providing the first Raman spectra for ianthinite, com-
paring the Raman spectra of ianthinite to related alteration
phases provides new insight into the ways in which the under-
lying crystal structure of a material translates into observable
spectroscopic features.
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