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Abstract

To support the role of proximal and remote sensing in geological rare earth element (REE) resource exploration, we stud-
ied the reflectance spectroscopy of synthetic single- and mixed-REE phosphate phases. Synthesis yielded monazite for the
elements La to Gd, and xenotime for Dy to Lu and Y. Visible-to-shortwave infrared (350-2500 nm) reflectance spectra
of synthetic single-REE monazites and xenotimes can be used to identify the ions responsible for the absorption features
in natural monazites and xenotimes. Nd**, Pr’* and Sm** produce the main absorption features in monazites. In natural
xenotime, Dy>*, Er**, Ho** and Tb** ions cause the prevalent absorptions. The majority of the REE-related absorption
features are due to photons exciting electrons within the 4f subshell of the trivalent lanthanide ions to elevated energy
levels resulting from spin-orbit coupling. There are small (<20 nm) shifts in the wavelengths of these absorptions depend-
ing on the nature of the ligands. The energy levels are further split by crystal field effects, manifested in the reflectance
spectra as closely spaced (~5-20 nm) multiplets within the larger absorption features. Superimposed on the electronic
absorptions are vibrational absorptions in the H,O molecule or within [OH]", [CO3]2_ and [PO4]3_ functional groups, but
so far only the carbonate-related spectral features seem usable as a diagnostic tool in REE-bearing minerals. Altogether,
our study creates a strengthened knowledge base for detection of REE using reflectance spectroscopy and provides a start-
ing point for the identification of REE and their host minerals in mineral resources by means of hyperspectral methods.
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Introduction
Rare earth element resources

The rare earth elements (REE), i.e., the lanthanides and
yttrium, are critical raw materials for our modern society.
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The element scandium is also sometimes included in this
group, but is not further considered below. The demand for
REE is predicted to grow strongly as a result of the energy
and mobility transitions, as the REE are essential for low-
carbon energy and mobility solutions such as permanent
magnets in electric generators and motors (Hund et al. 2020;
European Commission Joint Research Centre 2020; Inter-
national Energy Agency 2021). Concerns about the secu-
rity of supply of REE, mainly due to the strong geographic
concentration of mining and processing activities (Patrahau
et al. 2020), have led to an increase in exploration activi-
ties worldwide in an attempt to diversify the source (e.g.,
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Goodenough et al. 2016). While REE exploration and pro-
duction since the 1960’s has been focussed on rocks con-
taining REE-carbonate minerals such as bastnésite, there
is again an increasing interest in REE-phosphates such as
monazite and xenotime in both igneous, hydrothermal, and
sedimentary rocks (and placers) as REE resources (San-
tana et al., 2015; Goodenough et al. 2016; Chen et al. 2017;
Marien et al. 2018; Anenburg et al. 2018; Nazari-Dehkordi
et al. 2020).

Recent studies have shown that reflectance spectroscopy,
including imaging spectroscopy, is a promising tool to sup-
port detection and identification of REE-bearing minerals in
exploration and mining, either in hyperspectral airborne- or
UAV-based remote sensing (Rowan et al. 1986; Neave et al.
2016; Booysen et al. 2020; Jackisch et al., 2020), or in prox-
imal sensing like scanning of outcrop or drill core samples
(Turner et al. 2014a; Boesche et al. 2015, 2016; Coint and
Dahlgren 2019; Qasim and Khan 2022). Very recently, next-
generation hyperspectral satellites such as Prisma, EnMap
and Gaofen-5 have come on-line which theoretically have
the spectral resolution to detect the distinct absorption
features of REE-bearing minerals. It has been well estab-
lished that excitation of electrons in the 4f orbitals of the
lanthanides produce deep and narrow absorptions at discrete

wavelength of visible light, as well as in the near- and short-
wave infrared, which makes reflectance spectroscopy par-
ticularly well suited to detect REE-bearing minerals (e.g.,
Turner et al. 2014b, 2016, 2018). So far, applications have
relied almost exclusively on the clearly identifiable absorp-
tion features associated with the neodymium ion (Nd**) in
minerals near 750 and 800 nm (e.g., Boesche et al. 2015,
2016; Coint and Dahlgren 2019; Qasim and Khan 2022;
Fig. 1). We argue that spectral information resulting from
several other lanthanides is underused, partly due to a lack
of empirical reflectance spectroscopy data that can be used
to link observed electronic absorption features in natural
minerals to specific lanthanides.

Thus far, attributions of absorption features at specific
wavelengths to discrete lanthanide elements are mainly
based on reflectance spectra acquired on lanthanide oxide
powders, not on carbonates or phosphates that resemble nat-
ural host minerals for the REE. Most absorption features in
REE-minerals are controlled by intra-configurational 4f-4f
transitions of electrons between energy levels determined
by electron spin-orbit coupling in the trivalent lanthanide
ions. The lanthanide 4f electrons are relatively shielded
from the influence of surrounding ligands (e.g., O*7) in min-
erals by the 5s, and 5p subshells; therefore, the crystal field

Fig. 1 Selected reflectance spec-
tra for natural monazite crystals
from USGS and GSC spectral
libaries (Kokaly et al. 2017;
Percival et al. 2019). Spectra

are off-set for clarity and are
re-scaled such that the absorp-
tion minima at near 800 nm have
the same depth. Monazite: (1)
Ione, California, US (GDS947);
(2) Our collection, unknown
location; (3) Petaca District,
New Mexico, US (GDS957);

(4) Siglo Veinte, Potosi, Bolivia
(2178_NMC063108); (5) Betsi-
boka Valley, Madagascar (2179a_
NMC063733a); (6) Elk Moun-
tain, New Mexico, US (WS385);
(7) Iveland, Setesdal, Norway
(GDS955); (8) Gjerstad, Norway
(2174_NMCO018965). Xenotime:
(9) Ivedestrand, Norway (2187 _
NMC018948); (10) Iveland,
Setesdal, Norway (GDS966);
(11) Novo Horizonte, Bahia,
Brazil (2190 NMC067514) (3)

)
(1)

(11)

reflectance (re-scaled and offset for clarity)
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surrounding the lanthanide ion and the nature of the ligands
have relatively little influence on the energy levels of the
4f electrons. In this notion, the reflectance spectrum of a
lanthanide-bearing mineral would be insensitive to whether
this mineral is a carbonate (e.g., bastnésite), phosphate (e.g.,
monazite, xenotime), or silicate (e.g., eudialyte, britholite)
(Clark 1999). However, the question to what extent this
assumption is accurate for geologically important REE-
minerals has gained little attention so far.

In this paper we present new 350-2500 nm wavelength
reflectance spectroscopy data collected on laboratory-syn-
thesized monazite and xenotime with controlled chemical
compositions. Note that we use the mineral names monazite
and xenotime in the strict geological-mineralogical sense,
as phosphates with a monazite or xenotime crystal structure
and the formula unit [REE]PO,, where [REE] stand for one
or more of the trivalent ions of the following elements: La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, YD, Lu, as
well as the non-lanthanide Y. This usage is in contrast to the
materials sciences, where any compound with a monazite
structure but different chemical formula unit (e.g., CaSO,,
CeVO,, LaAsO,, e.g., Clavier et al. 2011) is also referred to
as ‘monazite’ as a shorthand for ‘with monazite structure’.
For simplicity we will refer to our synthetic compounds as
‘minerals’ because they are crystallographically identical
and chemically similar (albeit with a more limited range of
REE, and including single-REE phases) to naturally-occur-
ring minerals, even if they are not ‘formed in nature’. The
crystal structures of the synthesized compounds are verified
by X-ray powder diffraction and structural refinement. We
also compare the reflectance spectra of few different Nd-
bearing phases to assess the effect of the crystal field. Most
importantly, we compare our synthetic phases to their natu-
ral counterpart minerals, which are always solid solutions
of all the REE, and we define the most diagnostic spectral
features that can find application in proximal and remote
sensing of monazite- or xenotime-bearing rocks.

Reflectance spectra of natural monazite and
xenotime

The mineral monazite is a monoclinic (space group P
2,/n) anhydrous phosphate of REE in which the light REE
(LREE, La to Gd) dominate, and in which the REE ions
are 9-fold coordinated. The mineral xenotime is an anhy-
drous phosphate in which the heavy REE (HREE, Dy to
Lu and Y) dominate; the smaller-radius HREE ions are
8-fold coordinated, leading to the higher tetragonal sym-
metry (space group I 4,/amd). The most common hydrated
REE phosphates, with general formula [REE]PO,-nH,0],
are LREE-dominated rhabdophane (coordination 8 or 9)
and HREE-dominated churchite (coordination 8), both

crystallizing in the monoclinic system (Mesbah et al. 2014;
Clavier et al. 2018).

The reflectance spectra of natural monazite and xeno-
time, which contain all 14 natural lanthanides plus Y in vari-
able abundances, are well known. Figure 1 shows selected
reflectance spectra of natural monazites and xenotimes in
the 350-2500 nm wavelength range (Kokaly et al. 2017;
Percival et al. 2019). In this figure the spectra are re-scaled
in such a way that the prominent absorption feature near
800 nm visible in both mineral types has approximately the
same depth in all the spectra. The spectra show many addi-
tional absorption features with varying depths, which could
suggest that they are not caused by the same element as the
800 nm features. Some prominent features seen in xenotime
but not in monazite, e.g., those between 900 and 1000 nm,
as well as the complex absorption near 670 nm, are prob-
ably caused by HREE. Likewise, the feature near 580 nm
in monazite is probably due to LREE, as it is not obvious
in xenotime. The absorption features at 750 and 800 nm,
widely believed to be both caused by Nd** in monazite,
have similar depths in monazite, but not in xenotime; this
suggests a role for a different ion in xenotime. Moreover,
the steepness of the drop in reflectance seen in all spectra
at wavelengths < 600 nm is variable, especially within the
xenotime group.

To gain a better understanding of these complex reflec-
tance spectra, reflectance spectra of single-REE monazites
are required; single-REE occupancy can only be achieved in
lab-synthesized monazite and xenotime of the kind prepared
in our project.

Electronic processes in lanthanide ions and
reflectance spectroscopy

There is a wealth of literature describing lanthanide absorp-
tion and emission features in the visible, near- and shortwave
infrared part of the electromagnetic spectrum in engineered
materials, such as glasses, laser crystals, waveguides, and
luminescent materials for lighting and display applications
(e.g., Carnall et al. 1978; Liu & Jacquier, 2006; Eliseeva
and Biinzli 2010; Semwal & Bhat, 2013; Reid 2016; Fre-
idzon et al. 2018). However, with some notable exceptions
(Turner et al. 2014a, b, 2016, 2018), there is only limited
translation of these modern insights into the spectral geol-
ogy and mineralogy literature. For instance, in the classi-
cal review papers of Hunt (1977) and Clark et al. (1990),
often used as introductory texts into the field, the four elec-
tronic processes that are described are related to: crystal
field effects, charge transfer, conduction band transfers and
colour centres. While these processes probably play a role
in lanthanide-bearing minerals, their contributions to reflec-
tance spectra in the visible, near- and shortwave infrared are
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only of secondary importance compared to that of another
electronic process: the intraconfigurational excitation of
electrons to energy levels within the same 4f subshell. This
intraconfigurational excitation mechanism as the main
cause for the sharp absorptions in lanthanide compounds
was already known for decennia (e.g., Van Vleck 1937;
Dieke et al. 1968). These different 4f energy levels result
from the coupling between the angular magnetic momenta,
i.e., the spin and the orbital motions, of electrons (e.g.,
Dieke et al. 1968; Carnall et al. 1978; Eliseeva and Biinzli
2010). It seems therefore appropriate to briefly review the
key electronic processes here, and to set the record straight
when it comes to the reflectance spectroscopy of monazite
and xenotime.

In interpreting the main absorption features in monazite
and xenotime caused by lanthanides, we follow the Rus-
sell-Saunders notion of the coupling of angular momenta
of electrons leading to the different energy levels of the 4f
orbitals (e.g., House 2020). The electron configurations of
the typical trivalent lanthanide ion, Ln**, is {Xe} 4", with n
ranging from zero for La to 14 for Lu. The element Y, which
is an REE but not a lanthanide, does not have 4f orbitals,
and in its trivalent state has fully-filled 3d, 4s, 4p orbitals.

Possible electronic energy states resulting from spin-
orbit coupling can be referred to by their Russell-Saunders
‘term symbol’:

QS+1LJ

Here, S is the total spin angular momentum, and 25+ 1 is
referred to as the total spin multiplicity. L is the total orbital
angular momentum (L=0, 1, 2, 3, 4, 5, 6 in f-shells). In
the term symbol notation these L values are replaced by the
capital letters S, P, D, F, G, H and I respectively. J is the
total coupled spin and orbital angular momentum, which
can range from L+.S down to |L-S|. Furthermore, Hund’s
rules are used to determine which of the possible states has
the lowest energy (House 2020).

We show the example of the Nd** ion (Fig. 2), which
has the {Xe} 4f°> 5d° 6s° electron configuration. The state
with the highest spin multiplicity has the lowest energy,
which is the case if all three 4f electrons have spin up (or
all spin down) configuration, so S,,,=3-" and the total
spin multiplicity (25+1),,,,=4, referred to as ‘quartet’.
The other option in this case is S=' (two 4f electrons in
spin up configuration, and one spin down, or vice versa),
where the spin multiplicity is 2S+1=2 (‘doublet’), but
this state has a higher energy than the quartet. For the same
spin multiplicity, the term with the highest orbital angular
momentum L has the lowest energy. Figure 2 shows that
L,.x=06, corresponding to the letter ‘I’. The resulting *I term
symbol is split into four ‘LSJ levels’, i.e., J=L+S=15/2,

@ Springer

L+S8-1=13/2, L+S-2=11/2, and |L-S|=9/2. The 4f shell
can contain a maximum of 14 electrons. Hund’s rules state
that if the 4f shell is less than half-filled, the lowest J has
the lowest energy. So, for Nd** with three 4f electrons the
ground state is “Iy . The first energy levels above the ground
state (in order of increasing energy) are all *I levels, labelled
1,12 113/, and *I;5; above that we find the *F levels (L =3)
*F3 *Fs)p, *F, ), and *Fy),, followed by — or partially over-
lapping with — various doublet levels (*H, G, °F, ?D) at
higher energies.

The splitting of the energy levels due to the SL terms is
in the order of 1 eV; the spin-orbit coupled interactions split
these levels further into LSJ levels separated from each other
by energies in the order of 0.1 eV (Reid 2016). These levels
are due to free-ion interactions and they are largely indepen-
dent of the crystal field, i.e., independent of the nature of the
ligands and the coordination. In a crystal field, the interac-
tions of electrons with ligands lead to further splitting of the
LSJ levels, with splitting energies in the order of 0.01 eV
(Carnall et al. 1978; Reid 2016). This means that in the
near-infrared part of a reflectance spectrum, LSJ levels are
expressed as absorption features c. 50 nm apart, further split
up as a result of crystal field splitting into smaller absorption
features c. 5 nm apart; the latter subject to the nature of the
crystal field.

In addition to these 4f-4f intra-configurational electronic
transitions, we can also consider transitions between the 4{"
and 4f"~'5d! configurations, i.e., the excitation of a 4f elec-
tron to a 5d orbital. These transitions have high energies and
only those of trivalent Ce**, Pr** and Tb>* are commonly
observed optically, typically in the ultraviolet domain (Eli-
seeva and Biinzli 2010). As the 5d orbitals extend much
further out from the nucleus, they interact directly with
ligands. Therefore, 5d crystal field splitting energies are
much larger (40 times, Reid 2016) as compared to those of
the 4f levels. Finally, charge-transfer transitions in the triva-
lent lanthanides are possible but it in general they have high
energies and are typically observed in the ultraviolet part of
the spectrum (Eliseeva and Biinzli 2010). However, below
we provide evidence suggesting that a Ce**-related charge
transfer process is in part responsible for the brown colour
of natural monazite.

Methods and materials

Synthesis of rare earth element phosphate powders
REE-phosphates were synthesized by a precipitation of a
hydrous phosphate followed by high-temperature transfor-

mation to the desired anhydrous phase. Therefore, starting
REE oxides used were purchased from Strategic Elements,
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Fig.2 (a) Two worked-out
examples of Russell-Saunders

notation of energy levels of the
4f electrons in the Nd>* ion with
configuration {Xe} 4f3. See also

S=3x1=3/;

2S+1=4

| ~ (a)
A ]

text for discussion. Both exam-
ples are cases with three electrons
spinning up, as shown by the
three upward pointing arrows (so
S =3/2), but with different orbital
angular momenta (L=6 and
L=3), and different spin-orbit

L=3+2+1=6(1"

J=L+5=15/,

coupling levels J. The *I,, level L+S—-1= 13/
is the one with the lowest energy, 2
i.e., the ground state for the Nd** L+S—2= 11/2

ion. (b) Schematic representation
of the energy splitting effects due
to coulomb-type electron-electron
interactions (*>*'L terms, i.e., I,
“F,2H, *G, ...), further splitting
into 2S*L; levels due to spin-
orbit coupling (*H and *K levels

Energy levels are:

IL -S| =9/, (ground state)

419/2 4111/2 4113/2 4115/2

3/2/1/0/-1|-2|-3
L=2+1+0=3(F")

J=L+5=9,
L+5-1=7/,
L+S5-2=5/,
IL=51=3/;

Energy levels are:
4
F3

4 4 4
FS/Z F'7/2 F9/2

i
~N

omitted for clarity, but see Fig. 9

for their positions), and further
splitting into so-called Stark Free-ion Electron-electron Spin-orbit coupling (b)
levels due to crystal field effects. configuration  coulomb interactions %*1L,levels crystal field
Relative positions of 2+, levels 4f2 54 2541 terms splitting levels
are based on data from Carnall
et al. (1978); number of crystal g 4G —
field levels per 2*1L; level are A n2 ==
for non-cubic site symmetry S— 469/2 ———
(Eliseeva and Biinzli 2010). D 4 4G
Energy levels are not to scale, B G 2 == Absorption of
but order-of-magntitude values of ;% f $ N 4GS /2 — photons due to
splitting energies (in eV) are indi- g Q ~leV electron transitions
cated. Two electronic transitions, c o 4 (two examples)
from the ground state *Iy,, to *F., 2 - " A F9/2 = 4
and *F, are highlighted on the = g i Ay B 4F — F_7/2__
right; these can be achieved by o aF | 2 - ~750 nm aF
absorption of photons with wave- e 4F5 /2 — 5/2
lengths of ~ 750 and ~ 800 nm a
respectively F3/2 — fo nm
4 et " l1s/2
; 4|13 /2 ———
ly, ===
Ground state 419./2 =="~0.01eV Y, /2

Deggendorf, Germany, with reported > 99.9% purity; La,O,
was purchased from Merck, also with reported>99.9%
purity. These oxide powders were dried at 105 °C for at least
an hour before weighing out desired masses. In the case of
cerium, Ce(IIl) phosphate powder was purchased directly
(Alfa Aesar/Thermo Scientific, 99% purity), character-
ized by us as having the rhabdophane structure by means
of X-ray powder diffraction (XRD). The general approach
was that a total amount of 5.0 mmol of rare earth elements
were weighed out and dissolved in 27 ml concentrated

orthophosphoric acid (H;PO,, Merck Emsure for analysis,
85%), and 5 ml ultrapure water (Millipore, resistivity > 18.2
MQ-cm at 25 °C) to reduce the viscosity. It took anywhere
between 15 min and 2 h to fully dissolve the oxide powders
in the acid with continuous stirring, and the HREE typi-
cally needed a heating to 50-60 °C to fully dissolve. The
solutions were then made up to 210 ml with ultrapure water
in 250 ml borosilicate glass beakers covered with a watch
glass. The solution was stirred with a magnetic stirrer and
brought to a vigorous boil on a hotplate, and left boiling

@ Springer
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for 1.5-2 h. This led to the precipitation of hydrated REE-
phosphates. The suspension was then filtered by means of a
2 pm filter paper and the material retained in the filter was
washed with ultrapure water until the liquid passing through
the filter had a neutral pH. The powder collected within the
filter paper was then left to dry at room temperature in the
fume hood overnight. The dried precipitate was weighed,
and analysed by X-ray powder diffraction. Small aliquots of
some of these precipitates were subjected to thermogravi-
metric analysis. Subsequently, the synthesized powders, as
well as the purchased Ce(Ill) phosphate, were transferred
to porcelain crucibles and heated for 6 h to 800 °C (for the
LREE: La to Gd) or 900 °C (HREE: Dy to Lu, and Y) in a
conventional muffle furnace in static air atmosphere. Test-
ing had shown that heated HREE-phosphates formed xeno-
time rather than monazite, but required a higher temperature
for a complete transformation from the hydrated precursor
REE-phosphate. The resulting powders were analysed by
XRD, and their reflectance spectra were collected by a 350—
2500 nm field spectrometer. The effects of the rare earth ele-
ments Tb and Ho were not studied; they have a very low
abundance in nature, and their oxides were prohibitively
expensive at the time of our experiments.

Following this general approach we prepared three
groups of synthetic phosphate compounds. Firstly, we made
single-REE monazites and xenotimes. Secondly, because
the synthesis of phosphates of HREE yielded the mineral
xenotime after heating, we also synthesized HREE-doped
monazite-(La) (e.g., LaPO,:Dy in materials science par-
lance), containing La, and one of the group Dy, Er, Tm, YD,
Lu, Y, in a 95:5 molar ratio. The idea behind this experiment
was that trivalent La does not show absorption features due
to spin-orbit coupling or crystal field electronic processes as
a result of its 4f° electronic configuration, hence we mainly
expect to see the absorption features due to the trivalent
HREE ‘dopant’ in the solid solution. In this experiment, the
HREE and La oxides (a total of 5.0 mmol REE) were each
dissolved separately in concentrated phosphoric acid (total
27 ml) with a few ml of ultrapure water with continuous stir-
ring; the HREE solutions needed to be heated to 50-60 °C
to fully dissolve. The solutions were poured together in a
250 ml beaker, made up to 210 ml with ultrapure water,
and brought to the boil. Thirdly, a ‘natural-like’ multi-REE
monazite was synthesized that contained lanthanum plus
four spectrally active, naturally-abundant lanthanides (La,
Pr, Nd, Sm, Dy). Ce was omitted from this experiment
because the monazite-(Ce) showed no absorption features
in the studied wavelength range (see below), and we wished
to avoid the complication of having tetravalent Ce in this
monazite; the effect of Ce*" was investigated separately
(see next paragraph). Oxide masses corresponding to 3.4
mmol La, 0.30 mmol Pr, 0.90 mmol Nd, 0.30 mmol Sm

@ Springer

and 0.10 mmol Dy (total 5.0 mmol lanthanide ions) were
weighed out, dissolved together, and synthesized into mona-
zite. The relative molar abundances of Pr, Nd, Sm and Dy
were informed by those in natural monazite, and, assuming
no fractionation during synthesis, would make a monazite
with a (Lag 45,P1 06, Ndg 13,5M 06,D¥0.02)PO, homogeneous
composition.

To investigate the spectroscopic effect of tetravalent Ce
in monazite, 5.0 mmol of pre-prepared synthetic monazite-
(Ce) powder was combined with an oxidizing solution
containing 0.050 mmol KMnO, in 250 ml ultrapure water,
stirred for 1.5 h at 80 °C. Within minutes the pink solution
turned colourless due to the reduction of Mn’* to Mn?*,
and the off-white monazite-(Ce) powder turned brick-red
brown, as a maximum of 5% of the present Ce** was oxi-
dized to Ce** (assuming that 1 mol of Mn’* can oxidize at
most 5 mol of Ce** to Ce*™). In the resulting oxidized mon-
azite, the presence of Ce** was most likely compensated by
structural defects such as vacancies in cation sites, as testing
showed that this powder lost its brown colour again after
heating to 800 °C for 6 h in air. Nonetheless, this experi-
ment gave us an insight in the nature of the brown colour of
natural monazite.

To investigate the spectral expression of different ligands
and coordination symmetries on the Nd ion, we put together
a series of synthetic Nd-bearing phases. This included
the Nd-oxide powder used for synthesis (Nd,O5) without
additional treatment, and rhabdophane-(Nd) from the sin-
gle-lanthanide monazite synthesis experiment but without
the subsequent heating step to monazite-(Nd). Moreover,
NdCl; hydrate was prepared by evaporating a solution of
Nd,O; dissolved in HCI (molar Nd: Cl=1:3) to dryness.
A synthetic variety of the mineral fluocerite-(La), i.e., Nd-
doped LaF; (i.e., (La, Nd)F;) was prepared by precipitation
from a solution of La(NO;);-6H,O and Nd(NO;);-6H,0
(La: Nd=9:1) and excess NaF (F: (La+Nd)~4:1), stirred
for 4 h at 70 °C. Finally, a Nd-carbonate (kozoite-(Nd),
NdCO;(OH)) was prepared by precipitation from a Nd-
chloride solution by adding a solution of dissolved Na,CO;
(molar Nd: CO;=1:1).

Crystallographic and spectroscopic analytical
methods

The synthesized mineral powders of all above experiments
were analysed by X-ray powder diffraction (XRD) in a
Bruker D2 Phaser instrument with a Cu X-ray source. The
powders were lightly milled by hand in an agate pestle and
mortar to break up the larger crystal powder aggregates.
Powders were placed in a standard Bruker sample holder
and gently compacted and levelled with a glass plate. Inte-
gration of 10 or more scans with a 20 range from 6 to 80°
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Fig.3 (a) X-ray powder diffracto-
grams for synthesized phosphates
after heating. Single-lanthanide

synthetic phosphates of La to Gd
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with a step size of 0.012°, time step of 0.1 s, source slit
of 0.6 mm, knife of 1 mm and detector slit of 8 mm were
used, giving a typical total run time of 109 min per analy-
sis. Structural refinement was carried out with the MAUD
package, version 2.9993 (Lutterotti et al. 2007), using the
crystallographic data from Ni et al. (1995) found in crys-
tallographic information files 9,001,646 (CePO, monazite),
9,001,653 (GdPO, monazite), 9,001,654 (YPO, xenotime),
and 9,001,661 (LuPO, xenotime) from the Crystallography
Open Database (2023). Discrepancies between measured
and fitted diffraction data for the 20 range 15-60° of the
synthetic single-REE phases, as measured by the weighted
profile R-factor (R,,,%), were between 5.3 and 9.8.
Thermogravimetric analyses (TGA) were carried out on
selected synthesized powders by means of a Perkin Elmer

----------

29 angle (°)

8000 instrument. Circa 0.025 g of sample powder was held
at 40 °C for 2 min, then heated from 40° to 105 °C with a
temperature increase of 30 °C/min, held at 105 °C for 5 min,
and then heated to 900° C (10 °C/min) and held at 900 °C
for 10 min; all steps were carried out under a N, flow of
40 ml/min.

Reflectance spectra encompassing the 350 to 2500 nm
wavelength range were obtained with an ASD Fieldspec 3
instrument. An uncovered 40 mm diameter circular quartz
glass plate loaded with c. 1 g of compacted sample powder
in a 1.5-2 mm thick layer with a diameter of 30-35 mm
was illuminated by a 70 W ASD ‘Illuminator’ quartz-tung-
sten-halogen lamp with an incident angle of c. 60°, and the
reflectance spectra were recorded with a pistol grip attach-
ment (25° field of view, full conical angle) mounted in a
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laboratory clamp connected to the spectrometer by means of
a fibre-optic cable. The distance between the sample pow-
der and the pistol grip lens was consistently kept at 60 mm.
A 100% white-standard plate (Spectralon™) was measured
before every sample to allow measured intensity of radiant
energy to be converted to reflectance values between 0 and
1. The spectral resolution of the instrument, as reported by
the manufacturer, is 3 nm at 700 nm, and 10 nm at 1400
and 2100 nm (full width at half maximum), with a sam-
pling interval of 1 nm. As a quality control measure, reflec-
tion spectra of a sheet of Mylar (NIST SRM-1920a), and
of a natural ruby crystal with the characteristic emission at
695 nm, were obtained alongside the samples. It was found
that the accuracy of the wavelength of the absorption fea-
tures was better than 1.5 nm across the entire wavelength
range used.

Results
Precipitation products

The colour of the synthesized powders in natural light was
generally colourless or slightly off-white. However, the
phosphate of Pr was pale green, the phosphate of Nd pale
pink, and the phosphates of Ce and Sm had yellow hues.

X-ray powder diffraction showed that the precipita-
tion products of the experiments of La, Pr, Nd, Sm, Eu
and Gd had the structure of the hydrous REE-phosphate
rhabdophane. The purchased powder of CePO, was also
determined to have rhabdophane structure. The thermo-
gravimetric analysis of three representative products (La,
Nd and Gd) from our LREE experiments (see supplemen-
tary information, SI-Fig. 1) showed that the powders gradu-
ally lost mass between 40 and 105 °C depending on their
initial state of dryness (e.g., presence of absorbed water),
and that they quickly lost most of their structurally-bound
water (3—4 wt%) between 160 °C and 260 °C, followed by a
gradual mass loss c. 1% between 260 °C and 900 °C. Calcu-
lated n values (moles water per mol lanthanide phosphate)
at 105 °C in [REEJPO,-nH,0 are 0.68, 0.71 and 0.64 for
[Ln]=La, Nd and Gd respectively, and 0.15, 0.12 and 0.12
after the steep mass loss at 160-260 °C. In an additional
test, XRD results of NdPO,-nH,0O powders heated to dif-
ferent temperatures revealed that rhabdophane-(Nd) was the
stable phase at temperatures up to c. 650 °C; heating for 2 h
at 700 °C already yielded monazite-(Nd) as the only phase,
although the peaks in the XRD diffractograms were broader
and less well defined than those for the products of heating
to 800 °C for 6 h.

XRD analysis showed that the products of the precipita-
tion step of the synthesis using the HREE Dy, Er, Tm, Yb,
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Lu, and Y were mixtures of rhabdophane and churchite.
Upon heating in the muffle furnace for 6 h at 800 °C, the
phases recrystallized to anhydrous xenotime. It was found,
however, that a temperature of 900 °C was needed for a full
transformation. The experiments aimed to make HREE-
doped monazite-(La) as well as multi-element monazite all
initially yielded rhabdophane as the only precipitated phase,
which also successfully recrystallized to monazite after
heating.

Calculated effective yields (moles of the lanthanide in the
product vs. moles of the lanthanide in the dissolved oxide
powder) for all the experiments based on the masses of the
heated, fully dehydrated products were 50 to 99%. In some
of the (early) experiments, boiling time were probably not
sufficient to form the phosphate precipitates, or not all pre-
cipitated particles were retained on the filter. In later experi-
ments, vigorous boiling for > 1.5-2 h was maintained, which
routinely gave yields of 90-99%. The yields for the doped
monazites and for the multi-element monazite were > 87%,
precluding large fractionation between REE proportions in
the solutions and in the bulk synthetic crystalline products.
However, this does not rule out the formation of internally
zoned crystals or compositional differences between early-
and late-formed crystals due to fractionation of the REE
during crystallization.

Single-REE monazites and xenotimes

After heating to 800 °C, all the La, Ce, Pr, Nd, Sm, Eu
and Gd synthesized products had fully transformed to a
monazite structure (Fig. 3). There is a systematic shift of
the monazite peaks in the XRD diffractograms to higher
20 angles (i.e., smaller d-spacings) with increasing atomic
mass, as expected considering the decreasing ionic radii
associated with the lanthanide contraction. Structural refine-
ment results showed a linear decrease in unit cell dimen-
sions, and an increase in the  angle from 103.3 to 104.0°,
with decreasing ionic radii (Fig. 4); the measured values
and trend match the results of the high-resolution structural
monazite study of Ni et al. (1995) with an acceptable level
of accuracy: relative deviations of unit cell dimensions were
<0.16% (mean 0.12%).

The heating to 900 °C of the precipitated phosphates of
Dy, Er, Tm, Yb, Lu and Y produced high-purity xenotime
(Fig. 3). Here we also observe a shift of the main peaks in the
diffractograms to higher 28 values with increasing atomic
mass, from Dy to Lu; the peaks of Y are positioned between
those of Dy and Er (almost certainly between Dy and Ho if
Ho had been included in our study). The refinement results
show the tetragonal nature of xenotime (Fig. 4). Again, the
measured unit cell parameters match those of the study of



Physics and Chemistry of Minerals

Page90of19 16

7.1 - éa Ce p xenotime (Viil coordination)
] - O (_')r Nd & tetragonal
“ QO m
o ~ EU
»—~6.9 -1 \L:l ~ Gd D
< |dm _ O O Dyy © Dgfé
g O = Er Yb Ty L. 110 -
g 6.7 4 B B g 0 )
g i P P ® L e & » 0%
BES1C4 & - 100 @
E i A A —
263 - 4a —
5 ce oo e B- 90
6.1 - . o
monazite (IX coordination) Ay A
o monoclinic Aaa

1.241.221.201.181.161.141.12 1.101.08 1.06 1.04 1.02 1.00 0.98 0.96
ionic radius (A)

Fig. 4 Results of the structural refinement of the X-ray diffraction
data of synthesized monazite and xenotime, showing the systematic
decrease of unit cell dimensions a, b, ¢ with decreasing ionic radius of
the lanthanides from La to Lu (lanthanide contraction), and the switch

Ni et al. (1995): relative deviations of unit cell dimensions
were <0.27% (mean 0.18%).

The reflectance spectra from 350 to 2500 nm of the syn-
thesized single-REE monazites and xenotimes are presented
in Fig. 5. These spectra, and the observed absorption fea-
tures, are discussed below.

HREE-doped monazite-(La)

XRD diffractograms of heated La phosphates with a c. 5%
molar contribution of one of the HREE Dy, Er, Tm, Yb, Lu
or Y are presented in the supplementary information (SI-
Fig. 2a). The diffractograms show that these synthesized
phases are monazite, and they are near-identical to undoped
monazite-(La). Nonetheless, the very small shifts of peaks
to higher 20 angles and the absence of discernible xeno-
time peaks confirm that the products are HREE-La solid
solutions, and not mixtures of monazite-(La) with another
HREE-phase.

Reflectance spectra of the six HREE-doped monazite-
(La) powders are presented in SI-Fig. 2b. The spectra of
Dy-, Er-, Tm-, and Yb-doped monazite-(La) samples are
shown in Fig. 6, where they are compared directly to their
xenotime counterparts.

from monoclinic (B~103-104°) monazite to tetragonal (a=b>c,
B=90°) xenotime. lonic radii of trivalent La to Gd are for 9-fold coor-
dinated lanthanides; radii of trivalent Dy to Lu and Y are for an 8-fold
coordination (Shannon 1976)

Multi-element, ‘natural-like’ monazite

The synthesized phosphate with La, Pr, Sm, Nd, and Dy in
natural proportions is also confirmed by XRD as monazite
after heating (Fig. 3). The reflectance spectrum of this mon-
azite is presented in Fig. 7, together with that of a milled
natural monazite powder from our collection.

Monazite-(Ce3*) and monazite-(Ce3,Ce*)

XRD analysis showed no discernible structural differences
between the monazite-(Ce) sample before and after oxida-
tion in a KMnO, solution. The colour change from an off-
white powder with a yellow hue to a brown powder is seen
also in the reflectance spectra in Fig. 7: there is a very strong
drop-off in the reflectance values going towards shorter
wavelengths in the Ce**-bearing sample. For instance,
between 450 and 600 nm, the reflectance amounts 0.7-0.8
in the unoxidized sample, and is reduced to 0.1-0.3 in the
oxidized, brown sample. This indicates that, upon oxidation,
the wavelengths between 450 and 600 nm (violet — yellow)
are more effectively absorbed by the sample, whereas those
above 600 nm (yellow — red) are still strongly reflected;
leading to the brownish colour of the sample. The general

@ Springer



16 Page 10 of 19

Physics and Chemistry of Minerals

Fig. 5 Measured reflectance
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trend of the reflectance spectrum of the Ce**-bearing mona-
zite sample also closely follows the continuum ‘hull’ (the
shape of the reflectance curve without the discrete absorp-
tion minima) of the reflectance spectrum of natural, brown
monazite powder.

Other synthesized compounds
X-ray powder diffractograms of the additional synthetic
neodymium phases for comparison are provided in the sup-

plementary information (SI-Fig. 3). The ‘Nd-oxide’ start-
ing powder contains both cubic and hexagonal Nd,O;, and
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wavelength (nm)

Nd-hydroxide (Nd(OH);, peak at 20=16.0°). The highly
complex diffractogram for NdCl; hydrate, NdCl;-nH,0,
shows that it is a mixture of many hydrates in addition to the
common hexahydrate (n=06); no attempt was made to dis-
tinguish and identify them. The Nd-carbonate is confirmed
as orthorhombic kozoite-(Nd) (9-fold coordinated cation),
with no other phases. The Nd-doped La-fluoride, (La, Nd)
F;, matches hexagonal fluocerite-(La), LaF; (11-fold coor-
dinated cation), without any other phases; the broadness of
the peaks suggest the powder consists of nanoscale crystal-
lites. The reflectance spectra of these different Nd phases are
given in Fig. 8 and are discussed below.
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Fig. 6 Comparison between

reflectance spectra of xenotime-

HREE-doped monazite-(La)

(HREE) shown as grey curves,
and monazite-(La) doped with
the same REE (where molar =
HREE/(La+HREE) is c. 5%)

shown as black curves. There is

xenotime (as in figure 5)

a strong effect of the much lower
concentrations of the spectrally
active HREE in the doped mona-
zites, expressed as a reduced
depth of the absorption features.
The splitting of the absorption
features into multiplets, cor-
responding to the Stark levels due
to splitting of the energy levels
under the influence of the crystal
field, is also much more clearly
expressed in the xenotime pow-
ders. It is also noteworthy that
well-defined absorption features
at wavelength > 1600 nm in the
xenotimes of Dy and Tm are not
observed in the corresponding Dy
and Tm-doped monazites

reflectance (offset for clarity)

200 400
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Discussion
Synthesis

As shown by the results presented above, the described
synthesis — consisting of hydrous precipitation followed by
dehydration and recrystallisation at 800-900 °C - yielded
single-phase monazite and xenotime. We were also success-
ful in synthesizing HREE-doped monazite-(La) with 5%
molar HREE in solid-solution with La, and a multi-element
monazite by the same approach. Therefore, there can be
little doubt that the reflectance spectra obtained are repre-
sentative for the minerals monazite and xenotime, and that
our results and analysis will have significant relevance for
the spectroscopic study of their natural counterparts.

Reflectance Spectra of single-REE monazite and
xenotime

As Fig. 5 shows, individual single-REE monazites and
xenotimes have distinctly different reflectance spectra in the

| L LI B L L L

L L L L L . ... .

800 1000 1200 1400 1600 1800 2000 2200 2400

wavelength (nm)

studied wavelength range, in combination with a set of com-
mon features.

A common feature is the steep drop-off of reflectance
values resembling the start of an absorption edge at wave-
lengths below 400 nm, at the lower end of the studied wave-
length range. Absorptions due to f-d electron transitions are
typically observed well into the UV domain, and also can-
not explain the drop-off in monazite-(La) and xenotime-(Y)
seen in Fig. 5, given the absence of 4f electrons in the La>*
and Y** ions. Kumar et al. (2022) report valence-to-con-
duction-band transfer-related optical bands gaps in mona-
zite-type La-Nd phosphates with energies of 3.45-3.58 ¢V,
which agree well with the observed absorption features at
the high-energy, short-wavelength part of the reflectance
spectra of our synthesized monazites and xenotimes.

Another common feature is the presence of broad, shal-
low absorptions at 1925-1930 nm (depth < 10%) and 2223—
2224 nm (< 5%). These are best observed in the spectra of
La, Ce, Nd and Gd monazite, and in Dy, Er, Yb, Lu and
Y xenotime (Fig. 5). They are also seen in the spectra of
HREE-doped monazite-(La) in Fig. 6. In the monazites of Pr,

@ Springer



16 Page 12 of 19

Physics and Chemistry of Minerals

mnz-(La,Pr,Nd,Sm,Dy)

1 4
Sm ? A
0.8 T Dy S ’
S
Sm Pr, [H,0 Nd
8 06 - /) Gkl Nd
= mnz-(Ce) ' Sm Sm
8 Nd ‘ Sm Pr
o J Pr
ol 0.4 4 Nd natural monazite (brown)
Nd Nd Nd
ce4+
2 mnz-(Ce3*,Ce**)
0 ~3.35eV (370 nm)
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

wavelength (nm)

Fig.7 Reflectance spectrum for natural, brown monazite powder (bold
curve), compared with synthesized, ‘natural-like’ monazite-(La, Pr,
Nd, Sm, Dy), synthesized monazite-(Ce), and oxidized monazite-
(Ce**,Ce*t). The absorption features in the natural monazite are
labeled with the main lanthanide causing the absorption, based on the
reflectance spectra of the single-lanthanide monazites. The marked

drop in albedo towards short wavelength observed in natural mona-
zite, with a local minimum near 370 nm and an overall low albedo at
wavelengths < 600 nm causing the brown colour, is reproduced in the
synthesized Ce**-bearing monazite (see discussion about the possible
role of the O,,-Ce,; charge-transfer process)
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Fig. 8 Reflectance spectra of six synthesized neodymium compounds,
offset for clarity: Nd-doped lanthanumfluoride; rhabdophane-(Nd),
monazite-(Nd); kozoite-(Nd), a NdCO;(OH) carbonate; Nd-oxide; and
Nd-chloride hydrate. Note the different wavelength scales for the left-
hand panel (400-1000 nm range) and right-hand panel (1000-2500 nm
range). The absorption features seen in the <1000 nm range, which
are due to electronic transitions in the shielded 4f orbitals in the Nd**

Sm and Eu, and in xenotime-(Tm), they are partly obscured
by much more prominent electronic absorption features.
Given their presence in all the synthesized monazites and
xenotimes, these features are attributed to overtones and/or
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ion, are to a first order very similar. However, there are also clear dif-
ferences between the spectra, which can be attributed to the effects of
the nature of the ligands and their bonds to Nd, and of the crystal field.
The spectra in the > 1000 nm range include absorption features due to
electronic processes (marked) as well as expected absorption features
resulting from vibrational processes in bonds of the [OH]", [PO,]*~,
and [CO,]*~ functional groups and in H,O. See text for discussion

combinations of vibrational modes in the [PO4]3‘ functional
group (Hunt 1977).

The remaining absorptions that can be observed in the
single-lanthanide monazites of Pr, Sm, Nd, and Eu, and
xenotimes of Dy, Er, Tm and Yb are all unique in terms of
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their wavelength positions, depths and shapes. They tend to
be relatively sharp (<50 nm wide), especially in the visible
and near-infrared; it can be seen that they typically consist of
multiple narrower absorption features, so-called multiplets,
<10 nm wide. Lanthanide monazites with empty (La’™,
4% or half-filled (Gd>*, 4f7) 4f subshells do not show any
strong absorption features other than the common features
discussed above. The same is observed for Lu** (4f'4, i.e.,
fully filled 4f subshell), and for Y>* (no 4f subshell) in the
xenotimes or HREE-doped monazites. Spin-forbidden tran-
sitions associated with high-energy, UV photons (<310 nm)
are known for Gd** compounds (e.g., Carnall et al. 1978),
but are outside of the studied wavelength domain. Note
that there are very minor absorptions (depth of the absorp-
tion <0.02 in reflectance values) visible in the xenotime-(Y)
spectrum at the same wavelengths as the strong absorptions
in xenotime-(Dy), suggesting that the Y,0; starting oxide
contained some Dy,O; or that some contamination occurred
during synthesis. For Ce** (4f!), no electronic transitions are
observed in the studied wavelength range; the data for Ce**
in fluoride from Carnall et al. (1978) indicate that absorp-
tions due to intra-configurational 4f-4f transitions occur at
wavelengths > 3500 nm.

In Fig. 9, we have shown the example of the measured
monazite-(Nd) reflectance spectrum together with the
absorption wavelengths corresponding to transitions from
the ground state to the higher energy spin-orbit coupling

energy levels of the Nd** ion in Nd-doped LaF; from the
study of Carnall et al. (1978). The wavelength positions and
the spacing between the absorption features agree well. The
effect of the crystal field, i.e., the influence that the ligands
and their coordination exert on the energy levels within
the shielded 4f subshell can be seen in the splitting of the
absorption features into narrow multiplets, correspond-
ing to the crystal field splitting levels. These multiplets are
5-10 nm wide in the visible and near-infrared domain, and
somewhat wider, 15-20 nm at higher wavelengths. It is
noted that the measured absorption features in the synthe-
sized monazite-(Nd) occur at ~ 10 nm longer wavelengths
(lower energies) compared to those from the Carnall et al.
(1978) study. This shift exceeds the wavelength accuracy
of our spectrometer and is probably an effect of the differ-
ent ligands (e.g., F~ is more electronegative than O*>7). This
is supported by the observation that the absorption features
in our own synthesized Nd-doped LaF; shown in Fig. 9
are also shifted to lower wavelengths compared to those in
monazite-(Nd), albeit not as much as in the Carnall et al.
(1978) data. The topic of the wavelength shift of the spin-
orbit coupling related features is discussed below.
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Fig. 9 Annotated reflectance spectrum for synthetic monazite-(Nd).
Note the different wavelength scales for the left-hand panel (visible
and near infrared, 350—1000 nm range) and right-hand panel (1000—
2500 nm range). Absorption features are interpreted as resulting from
electronic transitions from the ground state (*Iy,) to higher energy lev-
els associated with spin-orbit coupling; marked transitions are taken
from the study of Carnall et al. (1978) measured on Nd-doped lan-
thanum trifluoride; some markers are offset vertically for clarity. The

reflectance spectrum of the Nd-doped lanthanum trifluoride synthe-
sized in our study is shown for comparison (dashed line labeled (La,
Nd)F;; reflectance values offset for clarity). Several complex absorp-
tion features can be seen in the monazite which consist of ¢. 5-10 nm-
wide multiplets in the visible and near-infrared domain (c. 15-20 nm
wide in the > 1000 nm domain) which result from further splitting of
the energy levels due to crystal field effects
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Synthetic xenotime and HREE-doped monazite
compared

When the reflectance spectra of the HREE-doped mon-
azite-(La) powders are compared with the correspond-
ing xenotimes (Fig. 6), a strong effect of the difference in
concentration of the spectrally active HREE’s Dy, Er, Tm
and Yb can be seen as a much-reduced depth of the absorp-
tions in the monazites. The splitting of the absorption fea-
tures into multiplets is also much more clearly expressed
in the xenotimes. The direct comparison also reveals that
well-defined and relatively deep absorption features at
wavelengths > 1600 nm, both in xenotime-(Dy) and xeno-
time-(Tm), seem to be absent in the corresponding Dy- and
Tm-doped monazites. This suggests that the difference in
the crystal field experienced by the REE cation in mona-
zite and xenotime, primarily the different coordination and
REE-oxygen bond length and strength, also strongly affects
the depth of spin-orbit coupling related absorption features.

A comparison to natural monazite

In natural monazite, the LREE are much more abundant
than the HREE. Our mixed-REE synthetic monazite with
bulk composition (Lag ¢5,Prg 06,Ndg 13,.5M0 96, D¥0.02)PO4
(quoted molar proportions assume that no significant frac-
tionation occurred during synthesis) contained the four
most abundant lanthanides found in natural monazite with
absorption features in the studied wavelength range (Pr, Nd,
Sm, Dy) in ‘natural-like’ abundances. These four elements
are in solid-solution with La (as confirmed by XRD, Fig. 2
in supplementary information), which lacks spin-orbit cou-
pling absorption features in the studied range. As seen in
Fig. 7, this produced a monazite with absorption features at
identical wavelengths, and with similar depths and shapes,
as those found in the natural monazite from our collection
measured alongside the synthetic sample. From the com-
parison it is obvious that the absorptions in natural monazite
are dominated by those of Nd, Sm and Pr. While the Nd
absorptions dominate the visible and near-infrared part of
the spectrum, those of Sm and Pr dominate the spectrum
between 1000 and 1600 nm. There are no significant absorp-
tion features in the natural monazite that are not also present
in our synthetic monazite-(La, Pr, Nd, Sm, Dy). However,
the absorption features at wavelengths < 500 nm seen in the
synthetic monazite are not seen in the natural monazite, due
to the sharp drop-off in reflectance of the natural monazite
at decreasing wavelengths; as a result, the only absorption
that can be attributed to the presence of Dy, near 455 nm,
is no longer visible in the natural sample. Interestingly, an
absorption feature at this wavelength can be observed in the
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natural monazite (4) from the Siglo Veinte mine in Bolivia
in Fig. 1.

The implications of this are that only Pr, Nd and Sm
are detectable REE in natural monazite using reflectance
spectroscopic techniques. Conversely, the absorptions due
to Nd can be used in the visible and near-infrared range,
while the absorption resulting from Pr and Sm (despite
their low abundances) can be used in the shortwave infra-
red range, to detect REE-bearing minerals such as monazite
using (imaging) reflectance spectroscopy techniques. Based
on the analysis in Fig. 7 we can define the most diagnostic
absorption features for the trivalent ions of Nd, Sm and Pr in
monazite. These absorptions should be relatively deep, have
the least amount of interference with those of other REE
ions (including Ce**) and should not have wavelength near
those of the well-known broad absorption features caused
by vibrational processes in the OH and/or H,0 molecules at
1400 and 1900 nm. The absorptions thus deemed diagnostic
are at wavelengths 580, 745, 800 and 870 nm for Nd; at
1080 and 1235 nm for Sm; and at 1570 nm for Pr.

The effect of Ce** in monazite

Natural monazite shows a gradual drop-off of reflectance
values (albedo) with decreasing wavelengths <900 nm,
which is associated with the brown colour. Nasdala et al.
(2020) showed that metamictisation, the partial destruction
of the crystal lattice due to radiation, which is often reflected
in darkening of minerals, is not common in natural brown
monazites. To investigate the cause for the reflectance drop
and colouring, we prepared an oxidized monazite-(Ce)
containing Ce** in addition to Ce**. The off-white mon-
azite-(Ce) acquired a brown colour during the oxidation,
similar to natural monazite. Figure 7 shows the change in
reflectance values with decreasing wavelength as a result
of the introduction of Ce**. The similarity of the shape of
the reflectance spectrum compared to the continuum hull of
natural monazite suggests that the presence of Ce** plays a
role in the reflectance drop-off at short wavelengths causing
the brown colour of natural monazite.

Ifthe Ce** is hosted in the monazite structure, unbalanced
by any divalent ions, this would require charge compensa-
tion probably (partly) accommodated by structural defects
such as cation vacancies. It is likely that the oxidation pro-
cess in our experiment introduced mainly Ce** and defects
near the surface of the crystals, so surface-bound O*~ or
OH™ anions could also play a role in locally balancing the
charge. Alternatively, the Ce** in partly oxidized monazite
could be hosted in another phase not easily detected by XRD
(cf. van Schaik et al. 1993), for instance, Ce;(PO,), (Borhan
et al. 2010). One of the probable causes for the absorption
at low wavelengths in the visible part of the spectrum is
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a ligand to metal charge-transfer process, where an elec-
tron from an oxygen 2p orbital is transferred to a cerium 4f
orbital with the absorption of a photon. In defect-bearing
ceria (Ce(IV) oxide), a much-studied photocatalyst, a Ce 4f
band is present between the O 2p valence band and the Ce
5d conduction band, and the O 2p to Ce 4f excitation of an
electron has a band gap of c. 3.0-3.2 eV; this causes a strong
absorption edge at a wavelength of ¢. 390—-370 nm (Yang
et al. 2017; Du et al. 2020). However, this charge-transfer
mechanism does not fully explain the reduction of reflec-
tance values extending to 900 nm, which is the main cause
for the brown colouration. It has been proposed that interva-
lence Ce**-Ce’* charge transfer processes in partly oxidized
cerium-compounds produce broad absorptions extending to
long wavelengths, as far as 1000 nm (van Schaik et al. 1993;
Griffiths et al. 1994); if the Ce** is hosted within the mona-
zite structure together with Ce** this could perhaps be a via-
ble colouring mechanism in monazite. It is also possible that
cation vacancies or Ce** site electron holes produce colour
centres affecting wavelengths 400-900 nm. This would be
supported by the observation that the brown colour disap-
peared after heating to 800 °C in air for 6 h. In conclusion,
based on this experiment we cautiously hypothesize that the
cause of the brown colour of natural monazite and the over-
all shape of the continuum hull with a drop-off of albedo in
the low-wavelength part of the visible spectrum is a func-
tion of the relative concentration of Ce**; as such, it could
therefore carry information about redox processes during or
after crystallization of the mineral in rocks. We note, how-
ever, this is by no means the final word on the physical-
chemical cause of the brown colouring of natural monazite.

A comparison to natural xenotime

Figure 10 shows the reflectance spectrum of a natural xeno-
time from Novo Horizonte, Bahia, Brazil, from the GSC

spectral library (spectrum (11) in Fig. 1). Like in other
xenotimes, Y is the dominant REE, followed by the even-
numbered heavy lanthanides Dy, Er, Yb; however, xeno-
times from Novo Horizonte are also relatively enriched in
the lighter lanthanides Gd and Tb compared to xenotimes
from other locations (Turner et al. 2016). Using the spectra
of the single-REE xenotimes and monazites, we can attri-
bute many of the observed absorption features to individual
lanthanides. We find that most of the absorption features can
be attributed to the trivalent ions of Dy and Er. Low ampli-
tude features in the visible and near-infrared are tentatively
attributed to Nd. The Dy-related absorption features at 760
and 810 nm could be confused with the ~ 750 and ~ 810 nm
absorptions of Nd seen in monazite. However, besides the
~10 nm longer wavelengths, the Dy features seem to be
narrower, especially in the deepest parts, and the 810 nm
feature is deeper than the 760 nm feature. The unequal depth
of the 760 and 810 nm Dy features can also be observed in
the natural xenotimes in Fig. 1. The single-REE xenotime
spectra show that the 810 nm Dy feature also partly over-
laps with absorption features resulting from Er and Tm at
slightly shorter wavelength. This should mean that the depth
of this feature - relative to the 760 nm feature - increases
with increasing abundance of Er and Tm in a mixed-REE
xenotime; in addition, the peak should become more asym-
metrical, developing a shoulder at the shorter wavelength
end. A feature at 975 nm can be attributed to both trivalent
Er and Yb. The depth of this absorption feature with respect
to other Er features can perhaps be used as an indicator for
YD enrichment in some xenotimes.

The drop-off of reflectance values going towards lower
wavelengths in the visible light is not likely to be caused
by the effects of Ce**, given the very low abundances of
Ce** in xenotime, and remains therefore poorly understood.
Interestingly, a well-defined absorption feature at 1410 nm
in natural xenotime (Fig. 10, also Fig. 1) is not observed in

Fig. 10 Reflectance spectrum of 0.2
a natural xenotime from the GSC
Spectral Library (Percival et al.
2019). Attributions of observed
absorption features to REE ions
are based on the the comparison
with our synthetic single-REE
xenotimes and monazites.
Features attributed to Ho and
Tb, which are not included in
the present study, are based on
the spectra of oxide powders

of White (1967). The sharp
absorption feature at 1410 nm

is interpreted as an overtone of
stretching vibration in a lantha- 0.0
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any of the single-REE xenotimes or monazites. Below, we
interpret a similarly sharp absorption feature observed in the
Nd,O; and La,O; oxide powders at 1420 nm as an over-
tone of an O-H stretching vibration in lanthanide hydroxide;
likewise, the 1410 nm feature in xenotime probably origi-
nates in a lanthanide-bound hydroxyl group (see also Turner
et al. 2016). An absorption feature at 1875 nm followed by
a broad absorption between 1900 and 2050 nm consisting
of as many as 6 multiplets can almost certainly be assigned
to trivalent Ho, based on the lanthanide oxide spectra pre-
sented by White (1967) and the lack of a match with any of
the other lanthanides from our study. Similarly, the series of
multiplets between 2200 and 2500 nm are also unmatched
by our data and are probably caused by trivalent Tb based
on the White (1967) study. These two lanthanides were not
included in our study because of their general low abun-
dance in minerals and their expensive nature. Ho and Tb
make up only 1-2 molar% of the total REE content of xeno-
time from Novo Horizonte (Gysi et al. 2016; Turner et al.
2016). Despite these relatively low abundances, the spectral
expressions of these elements are striking in this mineral.

Overall, we conclude that many absorption features in
the near- and shortwave infrared caused by trivalent ions
of Dy, Er, Ho and Tb are highly diagnostic for xenotime,
and can find application in proximal and remote sensing in
the future. Several strong Dy absorptions between 700 and
1350 nm, and at 1700-1800 nm are the most diagnostic in
practice for proximal sensing, as they are not near H,O or
OH related absorptions frequently seen in several common
minerals. The relative depth and shape of the 810 nm feature
may also carry information about the abundance of Er and
Tm in the sample.

Different Nd-bearing phases compared

Figure 8 shows that the reflectance spectra for several Nd-
bearing phases are very similar, especially in the < 1000 nm
wavelength range. The absorption features in this range,
and between 1500 and 1700 nm as well as 2300-2500 nm
can all be attributed to intraconfigurational 4f-4f electron
excitations. The spin-orbit coupling energy levels in the 4f
subshell of the lanthanide ions are largely independent of
the coordination and bonding characteristics to the ligands,
given that the 4f subshell is relatively shielded by the 5s
and Sp subshells which extend further out in space. How-
ever, in detail, the multiplets which can be recognized
within the broader absorption features, especially those at
745, 800 and 870 nm, differ in number and relative depths.
The same is also true for the multiplets between 1500 and
1700 nm, which are well defined in monazite-(Nd) but less
well defined or even largely absent in the other phases. As
shown in Figs. 2 and 9, these multiplets are related to the
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crystal field splitting levels. Theory predicts that the num-
ber of crystal field splitting levels increases with decreasing
site symmetry of the lanthanide ion (e.g., Liu & Jacquier,
2006; Eliseeva and Biinzli 2010). Also the transition intensi-
ties, which should be reflected in the relative depths of the
absorption features, are crystal field dependent.

Figure 8 also shows that the wavelength position of the
absorption features is dependent on the nature of the ligand
bonding. For instance, the wavelength median of the main
absorption feature near 800 nm occurs at lower wavelength
(< 800 nm) in the fluoride phase; it is located around 800 nm
in the phosphate and carbonate phases (where oxygen is the
main ligand for the lanthanide ion); it occurs at > 800 nm
in the oxide and chloride phases. This shift to longer wave-
length (i.e., lower energy) of the absorption feature is a
manifestation of a shift of the spin-orbit coupling energy
levels with respect to the energy level of the free ion; this
shift to overall lower energies (i.c., a type of ‘red shift’)
increases with increased covalent bonding of the anion
ligands with the Nd** ion, and with larger anion polarizabil-
ity, the so-called nephelauxetic, or ‘cloud expanding’ effect.
The observed shift matches the nephelauxetic sequence of
ligands that accounts for these effects (e.g., House 2020),
F<O<CL

In the 1000-2500 nm wavelength range there are more
prominent differences between the different Nd-bearing
phases. In this domain there are typically broad (~100-
200 nm) absorption features which are caused by overtones
and combinations of vibrational modes, mainly stretching
and bending vibrations, in the H,O molecule or in [OH]",
[CO,;]*™ and [PO,]*~ functional groups (e.g., Hunt 1977;
Clark et al. 1990). It was already noted that the synthetic
monazites and xenotimes contain common absorption
features at 1925-1930 nm and 2223-2224 nm associated
with vibrations in [PO,]*~ functional groups; however, the
observed relative absorption depths are low (<0.1 reflec-
tance value), and they are partly obscured in monazite by
Pr- and Sm-related electronic absorption features occurring
at similar wavelengths. In the Nd-carbonate kozoite-(Nd), a
broad absorption feature centred at ~ 2355 nm corresponds
to a well-known overtone of a C-O stretching mode in the
carbonate group (Hunt 1977). A relatively narrow absorp-
tion feature at 1420 nm in the Nd,O; oxide powder was
also seen in several other lanthanide oxide powders at the
same wavelength. XRD analysis showed that these pow-
ders contained a small fraction of lanthanide hydroxide. A
well-known fundamental O-H stretching vibration in metal-
bound hydroxyl molecules occurs at 2.7-2.86 um, with the
wavelength depending on the metal-oxygen bond strength;
therefore, the absorption at 1420 nm is most likely the first
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overtone of an O-H stretching vibration in a lanthanide-
bound hydroxyl group bound to a lanthanide ion (see also
Mara et al. 2019).

In summary, we identify several spectral differences
between different Nd-bearing phases: the number and rela-
tive depths of the multiplets; the magnitude of the observed
small red-shift in the position of the main absorption fea-
tures; and the absorption features related to the presence of
the H,O molecule or [OH]~, [CO,]*~ and [PO,]*~ functional
groups. However, the multiplets are poorly resolved at the
current wavelength resolution of modern laboratory spec-
trometers, let alone UAV- or satellite-based ones. Observed
centroid shifts of lanthanide-related absorption features in
phosphate versus carbonate are <5 nm and are probably
also outside the scope of most spectrometers. However, in
combination, these features produce spectra that can perhaps
be distinguished from each other by spectroscopic classifi-
cation techniques which take the whole spectra into account
(e.g., spectral angle method). Especially if wavelength reso-
lutions of field spectrometers and/or hyperspectral cameras
improve sufficiently to the point where the narrow multi-
plets are better resolved (spectral resolution <1 nm), then
the number and depths of the multiplets within an absorp-
tion feature can be used to determine the site symmetry of
the lanthanide ion, which can help to determine the mineral
species hosting the lanthanide ion.

Absorption features of [PO,4] groups are probably too
shallow to be used as a diagnostic tool to identify mona-
zite or xenotime. The carbonate absorption near 2355 nm in
lanthanide carbonate such as kozoite, however, is probably
sufficiently prominent to distinguish REE carbonates from
REE phosphates in proximal sensing applications.

Conclusions

1. In this study we showed that single-REE, monazites and
xenotimes, multi-element monazite, as well as HREE-
doped monazites can be synthesized using a simple
precipitation method from a REE phosphate solution
followed by heating to 800-900 °C in air. The phase
products of this synthesis were confirmed by XRD and
structural refinement.

2. We have shown that the visible, near- and shortwave
infrared (350-2500 nm) reflectance spectra of synthetic
single-REE monazites and xenotimes can be used to
identify the REE ions responsible for the absorption
features in natural monazites and xenotimes. Trivalent
Nd, Pr and Sm are the REE ions which produce the main
absorption features in natural monazites. The most diag-
nostic absorptions in monazite are at wavelengths 580,

745, 800 and 870 nm for Nd**; at 1080 and 1235 nm
for Sm>*; and at 1570 nm for Pr**. In natural xenotime,
trivalent Dy, Er, Ho and Tb ions cause the prevalent
absorptions, predominantly in the near- and shortwave
infrared regions. Absorptions at 920, 1110, 1260-1350
and at 17001800 nm for Dy**, and at 1500—1600 nm
for Er**, are deemed the most diagnostic.

3. The majority of the REE-related absorption features are
caused by excitations of electrons within the 4f subshell
of the trivalent lanthanide ions to elevated energy lev-
els resulting from spin-orbit coupling. There are small
(<20 nm) shifts in the wavelengths of these absorptions
depending on the nature of the ligands. The energy lev-
els are further split by crystal field effects, which are
manifested in the reflectance spectra as closely spaced
(c. 5-10 nm in the visible and near-infrared domain, c.
15-20 nm in the > 1000 nm domain) multiplets within
the larger absorption features. The number of multi-
plets and their relative depths are also a function of the
coordination symmetry and nature of the ligands. As a
result, spectra of different minerals containing the same
lanthanide are very similar, but there are some differ-
ences that carry information about the ligands and coor-
dination. They may therefore have future applications
in proximal or remote sensing for the identification of
the minerals hosting the REE, especially as wavelength
resolutions of detectors improve.

4. Superimposed on the electronic absorptions are vibra-
tional absorptions in the H,O molecule or within [OH],
[CO,]* and [PO,]* functional groups, but so far only
the carbonate related spectral features seem usable as a
diagnostic tool in REE-bearing minerals.

5. The steep drop-off of reflectance values towards lower
wavelengths in the visible part of the spectrum asso-
ciated with a brown colour in many natural monazites
is cautiously attributed, pending future research, to the
presence of Ce** and may carry information about redox
processes during or after formation of the minerals.

6. Altogether, our results provide a strengthened knowl-
edge base for detection of rare earth elements using
reflectance spectroscopy and provides a starting point
for the identification of host minerals in mineral
resources by means of proximal and remote sensing.
Future work could focus on the relation between ele-
mental abundances and the depths of the corresponding
absorption features, and thus on obtaining semi-quanti-
tative information about compositions of monazite and
xenotimes using hyperspectral data.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00269-
024-01284-7.
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