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Abstract

The use of copper canisters in the Swedish KBS-3 concept for spent nuclear fuel
disposal could result in the formation of copper-bearing uranyl phases should a canister suffer
from defects or if the containment were to fail before reducing conditions are established in
the repository. Most uranyl species would be expected to display higher solubility than the
original uranium(IV) dioxide fuel, leading to enhanced release, though this would depend on
the phase and prevailing groundwater conditions. Secondary alteration products may also be
poorly crystalline or even amorphous, making characterisation difficult during the pre-closure
period owing to the high radiation field close to the canister. Vandenbrandeite,
(CuUO2(OH)y), is a rare mineral in nature but known to form by alteration of primary
uraninite through interaction with oxidising groundwater containing dissolved copper
Consequently, an attempt has been made to characterise two vandenbrandeite specimens of
varying crystallinity by luminescence and multiple-laser Raman spectroscopy; techniques

amenable to remote, robotic deployment and which have proved useful in discriminating
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other uranyl oxy-hydroxides, silicates and phosphates. The first reported luminescence
emission and excitation spectra for vandenbrandeite revealed near-negligible luminescence,
with a slightly enhanced signal for the specimen displaying poorer crystallinity. This
observation agrees well with density functional theory calculations. The simulated projected
density of state and band structure show an unlikely transition from the U f-orbitals to Cu d-
orbitals, or O states, would be required for luminescence to be detectable; this probably
improves for poorly crystalline specimens as the spatial overlap between the orbitals
increases. Further, negligible differences in the number of peaks and peak positions were
detected in the laser wavelength-dependent Raman spectra although again, variation in
background noise and peak shape was observed based on the degree of crystallinity. Good
agreement was obtained between experimental and simulated Raman spectra, particularly
with the environmentally sensitive axial uranyl stretching modes, validating the crystal
system derived in this study. The findings of this study suggest luminescence spectroscopy,
when combined with Raman spectroscopy, may be able to both identify vandenbrandeite and
distinguish between crystalline and amorphous forms based on their relative luminescence
intensity.

Keywords: Raman spectroscopy; time-resolved laser fluorescence spectroscopy;

density functional theory Raman simulation; projected density of states.

Introduction
Understanding the processes governing uranium mobility is essential to minimise the
environmental impact from nuclear decommissioning and waste management. The KBS-3
concept for disposal of spent nuclear fuel (SNF) proposed by Sweden (Rosborg and Werme
2008), adopted by Finland (King et al. 2010) and considered by Canada (Hall and Keech

2017; Hall et al. 2021) envisages a composite, copper-iron canister, surrounded by a
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bentonite buffer, emplaced at depth in stable crystalline bedrock. Under anoxic conditions,
copper is thermodynamically stable, providing sulphide concentrations remain low (King
1995; Milodowski et al. 2000, 2002). Copper corrosion is enhanced under anoxic conditions
where sulphide concentrations are high (Marcos 1996; King et al. 2013: Hall and Keech
2017) or under oxic conditions (Rosborg et al. 2011) and in the presence of high radiation
fields (Bjorkbacka et al. 2013; Ibrahim et al. 2018). Even with the most stringent quality
control procedures in place, it is anticipated that a small proportion of the canister inventory
will be defective (Werme 1998) and that the copper barrier will be further compromised over
the long disposal timescales (> 10 years) that have to be considered. Should the SNF to
come into contact with the exterior canister, water and products of water radiolysis, there is
potential for the uranium dioxide fuel to oxidise and form secondary uranyl phases, with the
composition of the alteration products being dependent on the pH and local water
composition (e.g., Moulin and Ouzounian 1992; Read and Hooker 1992; Read et al. 2008;
Plasil 2014; Wen et al. 2018). With abundant copper present (7.5 tonnes per canister), one
phase that might form is the naturally occurring mineral, vandenbrandeite (CuUO,(OH),),
which is known to be stable in the presence of H,O,. Dehydroxylation and decomposition
products of vandenbrandeite may also need to be considered given the heat generating
potential of the SNF (Hall et al. 2021). Thermal analysis studies (Cejka 1994; Botto et al.
2002) indicate that vandenbrandeite dehydroxylates from around 250 °C, transforming into
crystalline CuU;019 and CuUQ4 phases around 500 °C, before decomposing at 950 °C. Other
candidate copper uranyl phases that could form owing to incorporation of metal cations from
groundwater, host rocks and the engineered system (e.g., Frondel 1958; Buck et al. 1996;
Roh et al. 2000; Plasil 2018; Qader and Kersten 2021), include silicates (e.g.,

cuprosklodowskite) and phosphates (e.g., torbernite, metatorbernite).
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tabular lozenge-shaped crystals were found lining small vuggy cavities in the dense matrix
(Figure 3b). The morphology of these crystals closely resembles that of a specimen of
vandenbrandeite (archived at the Royal Ontario Museum of Geology and Mineralogy,
Canada) from the type-locality at Kalongwe, in the Katanga-Copper Belt, that was described
by Milne and Nuffield (1951). The sample fragments are largely monomineralic, although
SEM-EDXA identified the presence of minor to trace amounts of fine-grained silica,
magnesium silicate and magnesium-aluminium silicate intergrown with the vandenbrandeite
(Figure 3a, b and Figure S.1 in the Supplementary Information). These may be clay mineral
impurities such as chlorite, talc, sepiolite and/or serpentine, although these were not detected
by XRD (Figure 5). No other uranium phases were identified in this specimen.

Under the SEM, the NMW specimen displays much poorer crystallinity than the BGS
specimen. It comprises a mixture of very fine-grained, porous, earthy-textured copper-
uranium oxide or hydrated oxide (corresponding to the blue-green material seen optically),
which contains irregular patches of denser interlocking crystalline copper-uranium oxide or
hydrated oxide (corresponding to the greenish-black material seen optically; Figure 3c, d).
No well-formed crystals are present, although fracture surfaces within the denser material
display a single prominent cleavage, as also seen in the BGS specimen. No chemical
differences were identified by EDXA between the porous earthy and more crystalline
components, and the EDXA spectrum was very similar to that obtained from the BGS sample
(Figure 4). The NMW sample appears to be less pure than the BGS sample: SEM-EDXA and
EDXA elemental mapping show that the NMW sample commonly contains trace amounts of
finely-disseminated silica (probably quartz or chalcedony), magnesium-aluminium silicate
(possibly chlorite or other clay minerals), a magnesium-aluminium carbonate (possibly
hydrotalcite), and calcium sulphate (probably gypsum; cf. Figure 3c. d; Figure 6). Other

copper minerals are present as minor to trace impurities, including: black copper oxide
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(probably tenorite, CuO), copper sulphide (possibly digenite, CuySs or chalcocite, Cu,S),
copper selenide, and copper silicate (possibly chrysocolla, Cu;xAlx(H2xSi,05)(OH)4-nH,0).
Although the presence of these phases has not been confirmed by XRD analysis (Figure 5),
they are plausible contaminant phases, since they have all been recorded in association with
vandenbrandeite from the supergene mineral assemblage in the Musonoi Mine (Dewaele et
al. 2006; Barton et al. 2014). However, and crucially for this investigation, no other uranium
phases were identified by SEM-EDXA in the NMW 83.41G.M3734 sample.

It should be noted that the SEM images obtained in this study found no evidence that
either of these two vandenbrandeite samples had suffered any crystal damage caused by
shrinkage due to dehydration either prior to or during SEM examination unlike some other
hydrated uranyl minerals (e.g., autunite and becquerelite; Frankland et al. 2020, 2021).
Published thermogravimetric (TG) and differential thermal analysis (DTA) data indicate that
vandenbrandeite does not readily undergo decomposition below 250 °C (Botto et al. 2002).
Further evidence for the lack of vandenbrandeite decomposition can be found in the d-
spacing, corresponding to the distance between copper uranyl sheets; i.e., the perfect cleavage
plane. For the BGS and NMW specimens, this feature was detected at 4.499 and 4.450 A
(Figure 5), respectively; similar to the distance obtained by Colmenero et al. (2019), in their
experimental and computational crystal structure analysis (4.44 and 4.43 A, respectively),
and also by Rosenweig and Ryan (1977; at 4.45 A). A shoulder at 4.460 A was observed for
the BGS specimen but remains unassigned.

Comparison of the XRD patterns obtained in this study to those in the RRUFF™
database (Lafuente et al. 2015) suggests that neither sample contains any other uranium
phase. However, differences in relative peak intensity were observed between these
specimens and the reference XRD pattern (Figure 5). The reflection at 4.499 A for BGS

756/1 is strongly enhanced and multiples of this plane were observed for both specimens at
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clearly show a much weaker signal for the NMW specimen, even though the total exposure
time was eight times longer than that used for BGS 756/1 (12 hours compared to 1.5 hours).
The significant reduction in signal reflects the poor crystallinity of the NMW specimen as

shown by SEM observations, possibly due to metamictization.

Modelled Crystal Structure

Two different vandenbrandeite crystal structures were created initially based on
previously reported X-ray structures (Colmenero et al. 2019). One was assigned to the
paramagnetic state with no initial spin moments, and the other to an A-type antiferromagnetic
state with opposing initial spins on the two Cu atoms in the unit cell. The forces on both
systems were relaxed to 1 meV A™ which revealed the antiferromagnetic state to be 0.3 eV
more stable than the paramagnetic at 0 K, indicating the former as the ground state.

Few differences were observed between the vandenbrandeite antiferromagnetic
crystal system derived in this study (Figure 1) and the crystal structure published by
Colmenero et al. (2019). The most noticeable of these changes is that the equatorial O atoms
form a more symmetrical pentagon around the U atom with a slightly longer U-Ocquatorial
average bond-length of 2.46 A, compared to 2.38 A, with the longer bond length agreeing
better with the XRD findings obtained in this study (Figure 5). The uranyl U-O axial bond
lengths are estimated as 1.781 and 1.812 A on the first U atom in the unit cell and 1.792 and
1.795 A for the second giving an average U-Ojyia bond length of 1.795 A. Shorter Cu-O bond
lengths are also predicted from the antiferromagnetic structure in this study at 1.88, 1.93, 2.01
and 2.02 A compared to the values of 2.25 and 2.30 A reported by Colmenero et al. (2019). A
value of 4.38 to 4.83 A was obtained for the distance between the equatorially arranged O
atoms in neighbouring sheets, which corresponds to the perfect cleavage plane spacing in the

BGS and NMW XRD patterns (Figure 5). The corresponding U---U interplanar distance is
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larger at 5.30 and 5.60 A, as the uranyl copper sheets are not directly aligned with each other;
however, XRD peaks with corresponding d-spacing values, within experimental error, were
observed (Figure 5). Overall, the similarities between the experimental XRD patterns and the
simulated crystal structure suggest that the model system derived in this study correlates well
with the mineral phase. Further validation was obtained by comparing experimental and

simulated Raman spectra.

Luminescence Spectroscopy

While luminescence and Raman spectroscopy are classed as two different techniques,
the underlying processes resulting in their characteristic features are similar and can result in
the features of one appearing in the spectrum of the other. A relevant example is a Raman
spectrum obtained using a laser wavelength in the visible (especially the blue-green) region,
which tends to be masked by luminescence effects (Driscoll et al. 2014; Lin et al. 2014; Ho et
al. 2015; Frankland et al.w 2019, 2020, 2021). Thus, exploration of the luminescence
emission and excitation spectra is essential when choosing laser wavelength settings designed

to minimise luminescence in Raman spectroscopy.

Emission and Excitation Spectra. Very weak luminescence emission spectra were
obtained for the two vandenbrandeite specimens, whereas an excitation spectrum could be
extracted only from the NMW specimen. The limited luminescence observed was not
unexpected (http://www.webmineral.com/data/Vandenbrandeite.shtml, accessed Sep. 1,
2021) and probably accounts for the lack of previous studies on vandenbrandeite
luminescence in the literature.

The emission spectra are displayed in Figure 7. For specimen BGS 765/1, the

experimental data deviate slightly from the instrumental baseline between ~ 495 to 555 nm.
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This deviation is more obvious for the NMW sample with a broad peak at ~500 to 605 nm.
The more pronounced signal emitted by NMW 83.41G.M3734 could reflect metamictization
and the presence of defect states or vacancies, and minor impurities within the microcrystal
matrix, as revealed by the SEM-EDXA data described earlier in this paper.

Obtaining excitation spectra for vandenbrandeite was also difficult. Only the NMW
specimen exhibited any features above the instrument’s detection limit (grey line in Figure
8), again possibly due to the poorer crystallinity and/or inclusion of minor species of this
sample. A broad excitation feature was observed around 500 nm, which roughly coincides
with the start of the emission feature in Figure 7b. Another broad, but less intense, excitation
feature was observed, centred around 440 nm. Only two peaks at 361.4 and 423.0 nm could
be resolved in the excitation spectrum with any degree of confidence. To the best of our
knowledge, no luminescence excitation spectra have been reported for vandenbrandeite;
however similarly positioned excitation features have been reported for other metal-bearing
uranyl oxy-hydroxides (Frankland et al. 2020, 2021) suggesting that the uranyl ion may
exhibit some common excitation energy levels that are independent of the incorporated metal
cation. If this is the case, vandenbrandeite should still absorb near-UV/blue photons. These
features are unlikely to be detectable with the TRLFS apparatus as the photon wavelength
would be close to the excitation wavelength. Overall, it is unclear from the emission and
excitation spectra alone if the vandenbrandeite crystal structure quenches luminescence or
whether the incorporated metal cations are shifting the emission features into another region

of the electromagnetic spectrum.

Interpretation. Simulating the projected density of states (PDOS) provides an insight
into the energies and character of the allowed states in a given system. Converting the

difference in energies of these allowed states into wavelengths indicates those regions of the
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electromagnetic spectrum in which luminescence features could potentially occur. The PDOS
results for vandenbrandeite are shown in Figure 9a and reveal significant deviation between
the a- (spin up) and B- (spin down) channels, particularly the Cu d-orbitals near the Fermi
level (0 eV) and at around 1.6 eV. This asymmetry is indicative of a magnetic ground system
(e.g., Pakornchote et al. 2022), in this case an A-type antiferromagnetic ground state, which is
0.3 eV lower in energy than the paramagnetic state previously assumed to be the ground state
by Colmenero et al. (2019).

The dominant features in the PDOS (Figure 9a) correspond to the U f-orbital,
positioned between 2.1 and 3.6 eV, which is situated across the expected luminescence
emission (650 to 450 nm) and excitation regions (500 to 350 nm) for uranyl-bearing species
(e.g., Amayri et al. 2004; Wang et al. 2008; Arnold et al. 2009; Frankland et al. 2020, 2021).
The energy is highly sensitive to the value chosen for the Hubbard-U parameter, Uy, and the
relatively conservative theoretical value used in this study could lead to an underestimate in
the position of these states. The paucity of states projected at energies of ~ 2.7, 2.3, 2.0 and
1.6 eV (i.e., 457, 532, 633 and 785 nm) suggests negligible fluorescence effects would be
observed in the multiple-laser Raman spectra employed later in this study (Figure 10). The
appearance of unoccupied states over these energy ranges in the simulated results indicate
that vandenbrandeite may also absorb photons in the near-UV region at similar energies as
other uranyl-bearing minerals (Frankland et al. 2020, 2021). However, despite the presence of
states within the 450 to 650 nm region, near-negligible luminescence was detected in the
vandenbrandeite emission spectra (Figure 7). Possible explanations include, but are not
limited to, variations in crystallinity order, chemical quenching from the Cu?" cation or
impurities. Evidence for Cu>* chemical quenching has been found in other studies (Therien

2009; Warrier and Kharkar 2018) through the dramatic reduction in luminescence intensity as
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the fluorescing molecule binds to the free Cu”" ions; however, the lack of observable features
in the luminescence emission spectra (Figure 7) requires further investigation.

The simulated band structure indicates how the states vary in energy in reciprocal
space. Two wavelength axes are shown for vandenbrandeite (Figure 9b), one for excitations
from the highest occupied orbital of the a channel (red), and one for excitations from the 3
channel (blue). In the a channel case, excitation at 357 nm raises the electron into the [ state
situated between 2.8 and 4.4 eV above the Fermi level, from which decay can occur into one
of the a states situated between 2.2 and 2.4 eV (i.e., between 650 and 450 nm on the a
wavelength axis). Excitation from the o channel is less favourable as fewer states are
predicted at its highest occupied orbital compared to the B channel. Furthermore, the highest
occupied a orbitals have significant contributions from the Cu atoms (Figure 9a), which have
little spatial overlap with the U f-orbitals resulting in weak transitions, based on the Franck-
Condon principle. Greater overlap of the U and Cu orbitals would be expected in poorly
crystalline vandenbrandeite, such as the NMW specimen, which might result in a very weak,
broad luminescence emission (Figure 7b).

Excitation from the o channel could also result in the electron decaying into the B
states situated around 0.8 to 1.2 eV above the Fermi level (i.e., between 650 and 450 nm
using the B wavelength axis; Figure 9b) if the electrons undergo inter-system crossing (ISC),
which is possible due to the high strength of the spin-orbit interaction in a uranium-bearing
mineral. However, this pathway decays into states dominated by either Cu or O orbitals
(Figure 9a), both of which have little spatial overlap with the U f-orbitals, again, resulting in
very weak transitions being observed.

In the case of the B channel, excitation is more probable as its highest occupied band
lies entirely below the Fermi level and therefore, provides many more occupied states to act

as the source for the excitation (B axis in Figure 9b). Following excitation, the electron may
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drop into the highest occupied level of either spin channel located between 2.2 to 2.4 eV
above the Fermi level. However, contributions going to the o channel must first undergo ISC
and would lead to a peak in the 500 — 600 nm range, as observed in Figure 7b. Alternatively,
if no ISC occurs, the electrons may decay into the P states if a transition from the U f- to Cu
d-orbitals occurs. Both the U-f like states (2.2 to 2.4 eV range) and the Cu-d like states (0.8 to
1.2 eV) show a low degree of dispersion, which is indicative of a highly localised (almost
atomic-like) state, resulting in little overlap between these orbitals and decreasing the

probability of a transition occurring according to the Franck-Condon principle.

Summary of Luminescence Findings. Overall, the negligible luminescence features
observed for vandenbrandeite can be explained by its simulated PDOS and band structure.
The findings suggest that vandenbrandeite should absorb photons in the near UV region,
regardless of the spin channels used, but all the decay pathways require a transition from the
U f- to Cu d-orbitals or O states. Very little spatial overlap is predicted between the U f- to
Cu -d-orbitals or O states in a well crystalline system resulting in only very weak or
negligible emission features being detectable experimentally for the BGS specimen.
However, greater spatial overlap of orbitals is expected in poorly crystalline samples
increasing the probably of emission transitions being observed, which agrees well with the
NMW luminescence spectral data. Given that SNF alteration products are also expected to be
amorphous or poorly crystalline, the detection of vandenbrandeite (if present) may be
possible using luminescence spectroscopy when combined with other laser-based techniques
such as Raman and laser-induced breakdown (LIBS) spectroscopy to confirm chemical

structure and composition, respectively.

Raman Spectroscopy
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The extraction of information on chemical structure from Raman spectra is well-
established but can be prone to luminescence effects where regions of the spectrum are either
wholly, or partly, masked (Driscoll et al. 2014; Lin et al. 2014; Ho et al. 2015; Frankland et
al. 2019, 2020, 2021). The paucity of luminescence emission features for vandenbrandeite
implies that, in contrast to many other uranyl-bearing species, little if any luminescence
interference would be observed in the Raman spectral data, regardless of which laser
wavelength is used in the visible and near-IR region. Nevertheless, obtaining Raman spectra
using multiple lasers can be beneficial as the laser wavelength and energy will govern the
depth of penetration into the specimen enabling bulk and, if present, surface modes to be
assigned. Another aspect explored in this study is the effect of the degree of mineral

crystallinity on Raman spectra.

Experimentally-Obtained Multiple-Laser Raman Spectra. Raman spectra were
collected using lasers operating at 785, 633, 532 and 457 nm for the more crystalline BGS
756/1 specimen (Figure 10). All the spectra display a low, relatively flat background
indicating limited masking of Raman features by luminescence, as predicted from the
luminescence emission study above together with simulated PDOS and band structure. A
raised background was observed in the 457 nm spectrum covering the 2000 - 4000 cm™
region. Converting the wavenumbers, v, for this range into wavelength, 4, using the Raman
laser wavelength, A;, and Equation 1 gives values of 503 - 560 nm, which coincide with the
similar feature observed in the luminescence emission spectrum (Figure 7a), suggesting
minor luminescence masking at 457 nm.

As =1/1(A/4) — (v/1x 107)] (1

Some variation was observed in the Raman spectra for the BGS specimen at different

laser wavelengths (Figure 10). Below 1500 cm’', the most well-defined features were

19

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8272. http://www.minsocam.org/

obtained using the 785 nm laser whereas the 457 nm laser gave better resolution for those
peaks positioned at wavenumbers above 1500 cm™, notwithstanding the minor luminescence
effects noted previously. This change in peak definition could be linked to laser penetration
depth. Typically, only water and hydrogen bonding modes are observed above 1500 cm™,
suggesting surface or near-surface modal activation, whereas those associated with the uranyl
moiety (i.e., the bulk crystal sheets) are known to be positioned below 1500 cm™ (e.g., Ho et
al. 2014; Lu et al. 2018).

Variation in the degree of crystallinity also needs to be considered as this may alter
the width and, through this, the degree of resolution of the Raman features. A Raman
spectrum for the weakly crystalline NMW specimen is shown alongside the BGS sample in
Figure 10; only the 785 nm laser was used to characterise the NMW specimen as it produced
the most well-defined uranyl features. The elevated background observed probably reflects a
combination of poor crystallinity, minor impurities, as identified by SEM-EDXA and XRD,
and geometric effects. It is unlikely to be due to luminescence since no corresponding

masking was observed for the BGS 756/1 spectrum at 785 nm (Figure 10).

Simulated Raman Spectrum and Modal Assignment. The peak positions and
assigned Raman modes for the simulated vandenbrandeite spectrum are compared to
available experimental data and another computational study (Colmenero et al. 2019) in
Table 1. Overall, there is good agreement between the simulated and experimental datasets.
No additional experimental features were observed when compared to the simulated
spectrum, implying an absence of surface modes, which were not included in the model. The
experimentally-obtained Raman modes are attributed using the empirical method, which is
based on molecular rather than crystal structure. Given that the PDOS for vandenbrandeite

reveals the U f-orbitals exhibit atomic-like states (Figure 9a), the perturbations with U
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nearest neighbours will be restricted in the crystal matrix enabling the empirical method to be
used as a first-order approximation.

More features were simulated than resolved experimentally, which can be explained
by the following: First, there are several cases where close lying multiple simulated peak
positions have been assigned to the same mode, though due to limited resolution, only one or
two peaks were detected experimentally. Second, some modes are known to be Raman weak
resulting in features close to the experimental background. Third, the artificial ‘noise’
generated in the simulated spectrum is lower than that obtained for real samples due to higher
specimen purity.

The resolved Raman 785 nm spectra for the two vandenbrandeite specimens are
displayed in Figure 11.

A sharp peak was observed at 805 + 3 and 804 + 3 cm™ for the BGS and NMW
specimens, respectively, with the error taken as the variation between repeats. Using the
empirical method, this feature is attributed to the uranyl symmetric stretch, vi(UO,)*, mode.
A similarly shaped feature positioned at coincident wavenumbers, within experimental error
of those found in this study, have been reported in the literature (Table 1; Botto et al. 2002;
Colmenero et al. 2019). Empirically, this peak is attributed to the v;(UO,)*" mode (Botto et
al. 2002; Colmenero et al. 2019), although the simulated spectra (this study and Colmenero et
al. 2019) reveal an accompanying bending of the free-hanging H bond connected to an
equatorial uranyl O atom, 6(UOH), (Figure 1 and simulated Raman vector image in the
supplementary information), probably due to the lightness of this element compared to its
nearest neighbours. The position of the empirical vl(U02)2+ feature (or the computationally
simulated v1(U02)2+ and 6(UOH) modes) is known to be highly sensitive to its local

environment (Bartlett and Cooney 1989). A relationship between the position of this feature
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(in cm'l) and the U-O bond length, dy.o, in A, was derived by Bartlett and Cooney (1989;
Equation 2) and appears to hold well for all minerals (Bartlett and Cooney 1989).

dy_o = 106.5[v,(U0,)?**]"%/3 + 0.575 )

From the vl(UOz)2+ mode peak position, dy.o was calculated as 1.81 = 0.1 A for both
specimens (with the error in dy.o derived from the variation in the v;(UO,)*" mode peak
positions). Traditionally, dy.o values are extracted from XRD analysis; a technique restricted
to well-ordered crystalline materials but not those materials affected by, for example,
metamictization. Values of 1.786 and 1.801 A (Colmenero et al. 2019) have been reported for
axial dy.o from XRD analysis (compared to 1.792, 1.795, 1.781 and 1.812 A in this study) of
which the largest value coincides with the single value extracted from the Raman spectra
here.

Another variable that can be estimated from the resolved v(UO,)*" mode peak
position is the U-O bond force constant, k;.o, using Badger’s law (Equation 3; Badger 1935;
Jones 1959), which is expected to be useful to those modelling the alteration pathways of
SNF. Equation 3 calculates k.o in units of millidynes A™ (1 millidyne A™' equals 100 N m™)
and gives values of 4.90 + 0.07 and 4.88 + 0.07 millidynes A" for the BGS and NMW
specimens, respectively. These predicted values are lower than those calculated by Botto et
al. (2002) from their Raman spectra due to differences in the formulae used.

ky_o =1[1.08/(dy-o — 1-17)]3 (3)

Bartlett and Cooney (1989) also derived another relationship linking the uranyl
antisymmetric stretch, V3(U02)2+, mode to dyo (Equation 4). This equation is more
commonly used with IR characterisation as the 1/3(U02)2+ mode is IR-strong and Raman-
weak; however, both published Raman spectra display this mode (Table 1; Botto et al. 2002;
Colmenero et al. 2019), suggesting that the uranyl bond deviates slightly from linearity.

Further evidence for the non-linear nature of the axial uranyl bond is revealed by the
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simulated crystal structure (Figure 1), displaying a bond angle of ~ 176 °. The predicted
position of the v3(UO,)*" mode, based on our empirically assigned v;(UO,)*" peaks, are 872 +
4 and 870 + 4 cm™ for the BGS and NMW specimens, respectively. A weak intensity peak
was resolved nearby at 881 cm™ in the BGS specimen (Figure 11) and, based on this
evidence alone, is empirically attributed to the v3(UO,)*" mode. Other experimental Raman
studies have assigned this mode at 862 cm™ (Botto et al. 2002) and 844 cm™ (Colmenero et
al. 2019), again using the empirical method, whereas simulated spectra reveal that the
v3(UO,)*" mode is accompanied by (UOH) (Table 1). Given that the v3(UO,)*" feature is
known to be IR strong, the position of this peak can be estimated through comparison with IR
spectra. The IR spectrum published by Botto et al. (2002) reported the v3(UO,)*" feature at
897 cm™, which is close to the experimentally observed peak position in this study.

dy_o = 92.42[v3(U0,)?*]72/3 + 0.804 (4)

At higher wavenumbers, a broad but weak peak was resolved at 967 cm™ in the BGS
specimen and is empirically and computationally assigned to (UOH), which is an IR mode
and therefore, Raman-weak. It is plausible that this mode is present in the NMW specimen;
however, the overall Raman signal obtained was much lower preventing this very small peak
from being observed. It should be noted that both IR (Botto et al. 2002) and simulated Raman
(this study and Colmenero et al. 2019) spectra report multiple peaks for this mode as does the
experimentally obtained Raman spectrum by Colmenero et al. (2019). However, the
simulation of Colmenero et al. (2019) reports the environmentally sensitive v;(UO)*" and
v3(UO,)*" modes, both with accompanying 6(UOH), around 30 to 40 cm’ lower than
observed experimentally in this and other studies (Botto et al. 2002; Colmenero et al. 2019).
The discrepancy between Colmenero et al.’s (2019) simulated spectrum and that obtained
here could be due to differences in the magnetic configuration of the vandenbrandeite system

and the Hubbard-U corrections used.
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Both resolved 785 nm Raman spectra in Figure 11 reveal a single peak with weak
intensity at 658 cm™ (Table 1) in good agreement with Colmenero et al.’s (2019) findings.
No modal assignment is available using the empirical method; however, both simulated
studies attributed this feature to the S(UOH) mode.

Between 580 and 380 cm™, three and four peaks were resolved from the NMW and
BGS specimens respectively, and attributed to Cu-O vibrations, v(Cu-O) using the empirical
method. Other experimental studies have reported varying number of peaks for this feature
(Table 1; Botto et al. 2002; Colmenero et al. 2019), possibly due to differences in apparatus
detection limits given that all of these peaks exhibit weak Raman signals. Over the same
wavenumber region, ten peaks were simulated in this study, with all but one being attributed
to vibrations along the O-Cu-O or U-O-Cu part of the crystal structure (Table 1). It should be
noted that the computational modes in this region are accompanied by multi-directional
movements in the free-hanging H bond due to its small size (as shown in the Raman vector
images in the Supplementary Information), which would account for the general broadness of
these Raman features in the experimentally obtained spectra (Figure 11).

At lower wavenumbers, three peaks were resolved from both vandenbrandeite
specimens (Figure 11 and Table 1); all of which coincide, within experimental error, of
those observed by Colmenero et al (2019) but could not be attributed to any Raman mode
using the empirical method. Across this same region, ten simulated peaks were obtained
(Table 1) with most of these peak positions attributed to either multi-directional bending of
the 6(UOH) mode or asymmetric stretching of the uranyl bond in the equatorial plane,
v3(U02) equatorial.

Several peaks were resolved below 250 cm™ for both vandenbrandeite specimens
(Figure 11 and Table 1). Two peaks were resolved at 248 and 219 cm™ for the BGS

specimen and at 248 and 216 cm™ for the NMW sample. These correspond to published
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Raman spectra (Botto et al. 2002; Colmenero et al. 2019) where these peaks are attributed to
the uranyl symmetric bending, v2(UO,)*", mode. Five peaks are reported for both simulated
spectra, again corresponding well with those obtained experimentally (Table 1). These have
also been assigned to the v,(UO,)*" mode in the axial plane. All features observed below 215
cm™ in this study, both experimentally and simulated, were assigned to lattice vibrations
based on the Raman vector images (Supplementary Information).

The final Raman mode observed in this study corresponds to H-bonding vibrations,
v(OH---0), between the OH" ions linking the copper-uranyl sheets (Figure 1). The definition
of the v(OH:--O) mode was observed to increase with decreasing laser wavelength in the
visible region (Figure 12), probably due to the lower wavelength (457 nm) laser penetrating
into the bulk crystal (Lee et al. 2017). The v(OH:--O) feature contains the broadest of all the
peaks resolved and can be explained as a combination of multi-directional vibrations (Raman
vector images in the Supplementary Information). As with the v,(UO,)*" mode discussed
above, the position of the resolved v(OH:---O) peaks is environmentally sensitive. A
relationship between the v(OH:---O) peak positions and the H-bond length, do.-m), was
derived by Libowitzky (1999) and is shown in Equation 5. Using the most well-defined
peaks (i.c., those at ~ 3505 and 3418 cm™), the H-bonding length in vandenbrandeite was
extracted as 2.90 and 2.81 A for the BGS sample, respectively, in agreement with those
obtained in the simulated crystal structure (2.71 —3.13 A; Figure 1).

d(o-tr-0) = —0.13211n[(3592 — V(OH) yarer)/3.04 x 10] (5)

Summary of Raman Findings. Overall, the dominant Raman modes identifying
vandenbrandeite could be obtained with little, if any, luminescence effects present regardless
of which laser wavelength was used in the visible and near-IR region. The most well-defined

features were typically observed in the 785 nm spectrum and agree well with other
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experimental and simulated vandenbrandeite Raman spectra (Botto et al. 2002; Colmenero et
al. 2019). Significant differences were observed in the overall Raman signal intensity,
possibly due to geometric effects and metamictization in the NMW specimen. It is likely that
any SNF alteration products would be measured with variable sample geometry, and it is also
possible that the specimen could be affected by metamictization where radiation levels are
high. Nevertheless, provided the key Raman features are intense enough to be resolved,
vandenbrandeite should be readily identifiable by this method.

Good agreement was found in the peak positions between the experimental and
simulated Raman spectra supporting the vandenbrandeite crystal structure derived in this
study. The smaller number of peaks observed experimentally may be explained by multi-
directional vibrations from the same mode. Only minor variations were revealed in the
computational Raman modal assignment compared to the molecular based empirical method.
The lack of additional peaks observed in the experimental Raman spectrum suggests a near-
IR laser penetrates far enough into the bulk crystal structure to prevent the detection of

surface modes.

Implications

Vandenbrandeite is known to form at uranium ore deposits through alteration of
primary uraninite in oxidising groundwater containing dissolved copper. Thus, the proposed
use of copper canisters in the KBS-3 concept for SNF disposal may result in the formation of
similar secondary copper-bearing uranium phases if the containment fails and/or where an
initial canister defect is present. These phases would be expected to display higher solubility
than the ceramic UO, fuel, leading to enhanced uranium release. Secondary alteration

products may also be poorly crystalline or even amorphous, making characterisation difficult

26

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8272. http://www.minsocam.org/

during the pre-closure period owing to the high radiation field close to the canister. An
attempt has been made to characterise two vandenbrandeite specimens of varying
crystallinity using laser-based techniques which are amenable to remote, robotic deployment
and have proved useful in discriminating other uranyl oxy-hydroxides, silicates and
phosphates. Raman and luminescence characterisation are useful techniques for identifying
potential phases, both in pre-disposal canister evaluation and in confirmatory experimental
studies provided reliable reference spectra for each potential phase are available.

Vandenbrandeite displays very limited luminescence, although the simulated PDOS and band
structure predict that this mineral should absorb photons in the near UV region, similar to
other uranyl-bearing species. The decay pathways which could result in luminescence
between 450 and 650 nm all require a transition from the U f- to Cu d-orbital or O states. As
there is little spatial overlap between U with Cu or O in vandenbrandeite, any emission
features observed would have very weak intensity. The relative absence of luminescence,
when compared to other uranyl-bearing species, is notable and simplifies interpretation of
Raman spectra. The resolved Raman features were similar for the two vandenbrandeite
samples and agree well with those published in the literature. Fewer peaks were resolvable in
the sample displaying poorer crystallinity, in part owing to elevated background. Good
agreement was found between experimental and simulated Raman spectra in terms of peak
position, particularly with the environmentally sensitive axial uranyl stretching modes. As
alteration products of SNF may also exhibit low or negligible crystal structure order, the
ability of Raman spectroscopy to extract useful structural information makes it a desirable
technique for incorporation into the nuclear waste management process. Furthermore, these
observations suggest luminescence spectroscopy, when combined with Raman spectroscopy

(ideally obtained using a near IR laser wavelength), may be able to distinguish between
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crystalline and amorphous forms of the same phase based on their relative luminescence

intensity.
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List of Figure Captions

Figure 1: Crystal structure image showing sheet plan (top) and side (bottom) view for
vandenbrandeite derived in this study: green represents uranium; blue the Cu** cation; red,
oxygen; white, hydrogen; and dashed lines, the hydrogen bonding interactions. The image
was created using VESTA 3 software (Momma and [zumi 2011).

Figure 2: Optical photomicrographs of selected vandenbrandeite fragments (a)
Sample BGS 756/1 is relatively uniform, blue-green vandenbrandeite with a glassy or
vitreous lustre; (b) Sample NMW 83.41G.M3734 is variably vitreous greenish-black, porous,
earthy, dull blue-green vandenbrandeite. The yellow patches observed in both images are the
effect of internal reflections from fracture planes positioned just beneath the surface of the
sample.

Figure 3: BSE images of typical fragments of the vandenbrandeite samples BGS
756/1 (a and b) and NMW 83.41G.M3734 (¢ with highlighted area in the white box shown in
d). Both specimens show porous and etched crystal surfaces. Minor inclusions of dark Mg-Al
silicate (Mg) were observed in the BGS specimen whereas the NMW sample is intergrown
with patches Cu-oxide, Mg-Al silicate, hydrotalcite and silica.

Figure 4: Qualitative EDXA spectra for vandenbrandeite samples: (a) Sample BGS
756/1; (b) Sample NMW 83.41G.M3734. a.u. — arbitrary units.

Figure 5: XRD patterns for the two vandenbrandeite specimens. Peaks are labelled
with the lattice spacings in A. The two broad features centred around 16 and 22 20° are from
the double-sided tape used to secure the fragments in place and were used to normalise
intensities. A library XRD pattern for vandenbrandeite from the RRUFF™ database

(Lafuente et al. 2015) is shown for comparison. a.u. — arbitrary units.
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Figure 6: BSE image of a typical earthy vandenbrandeite fragment, with
corresponding EDXA element maps of the same area, from sample NMW 83.41G.M3734.
The elemental maps reveal the presence and distribution of inclusions of copper sulphide (S),
silica (Si), hydrotalcite (Mg-Al), and gypsum (Ca-S) as minor contaminant minerals within
the vandenbrandeite groundmass.

Figure 7: Emission spectra for vandenbrandeite (a) BGS Ref BGS 756/1 and (b)
NMW Ref NMW 83.41G.M3734. A, was held at 357.6 nm. The black line represents the
experimental data with the red line providing an indication of baseline sensitivity in this A,
region. a.u. — arbitrary units.

Figure 8: Excitation spectrum for vandenbrandeite specimen NMW 83.41G.M3734).
The thick black line represents the experimental data, the grey line an indication of
instrumental noise, the blue lines are the individual resolved peaks and the red line the overall
resolved fit. a.u. — arbitrary units.

Figure 9: a) PDOS of vandenbrandeite showing only those states with a non-zero
contribution in the energy range plotted. Positive and negative density values indicate the a-
and B-spin channels, respectively. The black dotted line represents the Fermi energy. b) Band
structure of vandenbrandeite with a- and B-spin states in red and blue, respectively. The two
wavelength axes o) and PB) are offset to the highest occupied orbital for their spin channel.

Figure 10: Raw vandenbrandeite Raman spectra for BGS 756/1, obtained at four laser
wavelengths (785, 633, 532 and 457 nm), and a single spectrum at 785 nm for NMW
83.41G.M3734. a.u. — arbitrary units.

Figure 11: Resolved Raman spectra for BGS 756/1 (top) and NMW 83.41G.M3734
(bottom). The thick black line represents the experimental data, the blue lines are the

individual peaks and the red line the overall resolved fit. a.u. — arbitrary units.
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915 Figure 12: Comparison of resolved spectra for the BGS 756/1 specimen at high
916  wavenumbers. a.u. — arbitrary units.
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Electronic Depository Text

Figure S.1 displays a backscatter electron (BSE) image of a typical well-crystallised
vandenbrandeite fragment, with corresponding EDXA elemental maps of the same area, from
sample BGS 756/1. The elemental maps reveal the presence and distribution of trace amounts
of fine intercrystalline particles of magnesium silicate (MgSiO3) and quartz (SiO;) as minor
contaminant minerals on the surfaces of the vandenbrandeite crystals. Al may be present in
some fine particles, indicating that some particles may be magnesium-aluminium silicate
((Mg,AD)SiO3). No other contaminant phases were detected by EDXA element mapping in
sample BGS 756/1.

Vector images for all the simulated Raman modes are displayed in Figures S.2 to
S.11 revealing the dominant vibration occurring in the structure at each frequency. It should
be noted that very minor vibrations were observed occurring across the entire structure for
each mode; this is attributed to the presence of small residual forces following the geometry
optimisation performed on the system (all forces less than 1 x 103 eV A'l). A summary table
listing all the simulated Raman peak positions and their modal assignment can be found in
Table 1 in the main paper along with comparisons to experimental measurements obtained in
this study and those Raman spectra reported in the literature.

All eight images in Figure S.2 reveal multi-directional H-bonding vibrations between
the OH ions which link the Cu-uranyl sheets. The simulated v(OH:--H) peak positions are at
3614, 3576, 3555, 3445, 3408, 3400, 3365 and 3229 cm™. Figure S.3 shows eight multi-
directional vibrations of the free-hanging H atom bonded to an equatorial uranyl O atom,
0(UOH), occurring at 1044, 1018, 1009, 974, 969, 947, 943 and 917 em™.

The first three vector images displayed in Figure S.4 (at 889, 878 and 850 cm™) are

the uranyl axial asymmetric stretch, v3(UO2)* uia, Whereas the latter three images (at 828,
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800 and 791 cm'l) are assigned to the uranyl axial symmetric stretch vl(UOz)%axial. Both these
modes are known to be environmentally sensitive and are accompanied by J(UOH)
vibrations, probably due to the lightness of the H element compared to its nearest neighbours.

The first four vector images shown in Figure S.5 are attributed to more 6(UOH)
vibrations at 780, 760, 734 and 624 cm™. Figure S.5e and f are assigned to asymmetric and
symmetric stretches of the U-O-Cu bonds, v3(U-O-Cu) and v(U-O-Cu), in the
vandenbrandeite sheets at 579 and 546 cm™, respectively. The final two vector images in
Figure S.5 are asymmetric (at 496 cm™') and symmetric (493 cm™) O-Cu-O stretch, v3(O-Cu-
0) and v;(0-Cu-0), modes, respectively. Some of the simulated Raman modes in Figure S.5
were also attributed to lower wavenumber positioned features shown in Figure S.6. The
v3(0-Cu-0) is, again, simulated at 464, 446 and 430 cm™ (Figure S.6b-d), the v,(O-Cu-O)
mode at 403 and 382 cm™ (Figure S.6e-f) and another v3(U-O-Cu) peak at 372 cm™ (Figure
S.6Q). The first vector image in Figure S.6, at 484 cm™, is attributed to asymmetric bending
of the uranyl ion in the equatorial plane, V4(U02)2+equatorial, whereas Figure S.6h is assigned to
another S(UOH) vibration at 366 cm™. It should be noted that Figures S.5e-h and S.6a-h also
display multi-directional movements in the free-hanging H atom (i.e., the 6(UOH) mode) due
to the lightness of this element compared to its nearest neighbours.

Figure S.7a and e displays the simulated vector image for the asymmetric stretching
of the uranyl ion in the equatorial plane, V3(U02)2+equamrial, positioned at 350 and 293 cm'l,
respectively. Six further S(UOH) vibrations are revealed at 345, 320 and 309 cm™ (Figure
S.7b-d) and 290, 277 and 268 cm™ (Figure S.7f-h). All five Raman vector images shown in
Figure S.8 are assigned to the symmetric axial uranyl bending, vz(UOz)%axial, mode with
simulated peaks positioned of 246, 244, 239, 230 and 222 cm™'. The remaining simulated

vector images are assigned to general lattice vibrations in the vandenbrandeite crystal
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967  structure at 215, 203, 196, 187, 175 and 162 cm’ (Figure S.9) 156, 147, 132, 121, 114 and
968 109 cm™ (Figure S.10) and 99, 97, 78, 72, 57 and 43 cm' (Figure S.11).
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Electronic Depository List of Figure Captions

Figure S.1: BSE image of a typical earthy vandenbrandeite fragment, with
corresponding EDXA element maps of the same area, from sample BGS 756/1. The
elemental maps reveal the presence and distribution of inclusions of copper sulphide (S),
silica (Si), hydrotalcite (Mg-Al), and gypsum (Ca-S) as minor contaminant minerals within
the vandenbrandeite groundmass.

Figure S.2: Raman vector H-bonding, v(OH---H), vibrations for vandenbrandeite at
a) 3614, b) 3576, c) 3555, d) 3445, ¢) 3408, f) 3400, g) 3365 and h) 3229 cm™. Blue
represents U, brown as Cu, red O and white H.

Figure S.3: Raman vector bending motions of the free-hanging H bond connected to
an equatorial uranyl O atom, 6(UOH), for vandenbrandeite at a) 1044, b) 1018, ¢) 1009, d)
974, e) 969, f) 947, g) 943 and h) 917 cm’™’. Blue represents U, brown as Cu, red O and white
H.

Figure S.4: Raman vector images of the axial asymmetric uranyl stretching
vibrations, V3(U02)2+axial, at a) 889, b) 878 and c) 850 cm’! and axial symmetric uranyl
stretching vibrations, Vi(UO2)* wial, at d) 828, ¢) 800 and f) 791 cm™. All uranyl modes
shown in this figure are accompanied by 6(UOH) vibrations. Blue represents U, brown as Cu,
red O and white H.

Figure S.5: Simulated Raman vector vibration images for vandenbrandeite a) 780, b)
760, c) 734, d) 624, e) 579, f) 546, g) 496 and h) 493 cm™. Blue represents U, brown as Cu,
red O and white H.

Figure S.6: Simulated Raman vector vibration images for vandenbrandeite a) 484, b)
464, c) 446, d) 430, e) 403, 1) 382, g) 372 and h) 366 cm’™’. Blue represents U, brown as Cu,

red O and white H.
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Figure S.7: Simulated Raman vector vibration images for vandenbrandeite a) 350, b)
345, ¢) 320, d) 309, e) 293, f) 290, g) 277 and h) 268 cm’’. Blue represents U, brown as Cu,
red O and white H.

Figure S.8: Axial uranyl symmetric bending, v,(UO2)* a1, simulated Raman vector
images for vandenbrandeite at a) 246, b) 244, ¢) 239, d) 230 and ¢) 222 cm™. Blue represents
U, brown as Cu, red O and white H.

Figure S.9: Simulated Raman lattice vibrations for vandenbrandeite at a) 215, b) 203,
¢) 196, d) 187, ¢) 175 and f) 162 cm™. Blue represents U, brown as Cu, red O and white H.

Figure S.10: Simulated Raman lattice vibrations for vandenbrandeite at a) 156, b)
147, ¢) 132, d) 121, ) 114 and ) 109 cm™. Blue represents U, brown as Cu, red O and white
H.

Figure S.11: Simulated Raman lattice vibrations for vandenbrandeite at a) 99, b) 97,

c) 78,d) 72, e) 57 and f) 43 cm’!. Blue represents U, brown as Cu, red O and white H.

43

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8272. http://www.minsocam.org/

1009

1010

Tables
Empirical Vexperimental (€M) Vimoder (CM™) Computational
Assignment BGS NMW Published Colmenero  This Assignment
756/1 83.41G. etal. (2019) Study  (This Study)
M3734
v(OH"-0) - - - - 3614 v(OH:--0)
- - - - 3576
3505 - 3510°,3505° - 3555
3438 - - - 3445
3418 - 3419° - 3408
- - - - 3400
3300 - - 3331 3365
- - - 3311 3229
- - - 3146 -
- - 2827° 2775 -
8(UOH) - - 1153° 1224 - §(UOH)
- - - - 1044
- - - 1014 1018
- - 1008 ° - 1009
967 - 967 ° 991 974
- - - - 969
- - - - 947
- - 941 ° 936 943
- - - - 917
- - 884 ° 894 -
vi(UO,)* 881 - - - 889  v3(UOy)" axial +
- - 862 ? - 878 8(UOH)
- - 844 ° 834 850
vi(UO,)* - - - - 828  vi(UOy) axial +
805 804 805 % 803 ° - 800 §(UOH)
- - - 772 791
Unassigned - - - - 780 6(UOH)
- - - - 760
- - - - 734
658 658 656 ° 631 624
v(Cu-0) - - - - 579 v3(U-O-Cu)
556 - 554 ° - 546 v1(U-O-Cu)
- - - 516 496 v3(0-Cu-0)
492 496 492° - 493 v1(0-Cu-0)
- - - - 484 V4(UO2)2+equatorial
466 467 474°% 463 ° 474 464 v3(0-Cu-0)
- - - 440 446
433 429 - - 430
- - 409 ° 419 403 v1(O-Cu-0)
- - - 394 382
Unassigned - - - - 372 v3(U-O-Cu)
367 - 362° - 366 8(UOH)
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- 354 351° 355 350 v3(UO2) equatorial
- - 331° 348 345 8(UOH)
319 317 316° 324 320
- - - 312 309
- - - - 293 VZ(U02)2+equatorial
- - - - 290 8(UOH)
277 277 276 ° - 277
- - - - 268
va(UOy)™" - - - 271 - V2(UO2)™ axia
248 248 2522 246" 249 246
- ; - - 244
- - - - 239
- ; - 232,228 230
219 216 216° 213 222
Lattice - - - - 215 Lattice
vibrations - - - - 203 vibrations
- : - - 196
181 178 1862, 179° - 187
- : - 171 175
- . - - 162
157 - 152° 155 156
147 147 144 ° 141 147
- ; - - 132
- . - - 121
- ; - - 114
111 108 110° - 109
- - - - 99
- - - 92 97
- - - - 78
74 - 74 ° 72 72
66 62 65° 52 57
- ; - - 43

1011

1012  Table 1: Summary of experimental and simulated Raman data with literature comparisons for
1013  vandenbrandeite. The experimental error in the peak position for specimens BGS 756/1 and
1014 NMW 83.41G.M3734 is + 3 cm” based on the variation between repeats. Superscript
1015  notation: * Botto et al. (2002), ® Colmenero et al. (2019).
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