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Monazite-(Ce), a light rare earth elements (LREE) 
phosphate, is an accessory mineral that forms in a broad 
variety of geological environments, such as igneous and 

metamorphic rocks, and sediments (Williams et al., 2007, 
2017; Kylander-Clark, 2017). Xenotime-(Y) (YPO4) on the 
other hand, represents the member of the APO4 series that 
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Abstract: This work presents an investigation of naturally and experimentally unaltered and altered monazite-(Ce) 
and xenotime-(Y), as well as secondary phases and synthetic REE phosphates (YPO4 and LaPO4–LuPO4) with 
Raman microspectroscopy, using 488 nm, 532 nm, 633 nm and 780 nm excitation lasers, supplemented by electron 
probe microanalysis (EPMA) and laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS). 
Monazite-(Ce) spectra of the 532 nm laser from experimental products display a wide range of band positions 
of the v1(PO4) symmetric stretching band from 962 to 981 cm-1. Secondary fluorcalciobritholite spectra display 
a prominent band at 962–965  cm-1, a broader band at ca. 860 cm-1 and broad distinct luminescence effects at 
mid-range. Xenotime-(Y) spectra from experimental products display only minor spectral changes, except for  
a few spectra near secondary Y-rich fluorcalciobritholite. Spectra of Y-rich fluorcalciobritholite from 532 nm laser 
display characteristic broad luminescence effects at the range of 1500–3000 cm-1, including a strong luminescence 
band at ca. 2600 cm-1 (Sm3+ electronic transition), and are accompanied by a broad band at 974 cm-1 (488 nm  
laser) and 964 cm-1 (633 nm laser). The characteristic changes in monazite-(Ce) spectra near secondary phases are 
emphasised with hyperspectral maps and EPMA-WDS X-ray compositional maps, which provide spatial context 
and reveal underlying interferences, important to be noted, when evaluating altered minerals. In all cases, ex-
perimental and natural, high values of the full width at half maximum (FWHM) of the v1(PO4) band of unaltered 
monazite-(Ce) domains represent moderate radiation damage. In contrast, lower FWHM values were observed in 
altered domains. This work expands the Raman database onto examples of naturally and experimentally altered 
monazite-(Ce) and xenotime-(Y) enabling the identification of internal structural changes in unaltered and altered 
domains and differentiation of monazite-(Ce) or xenotime-(Y) from fluorcalciobritholite, Y-rich fluorcalciobritho-
lite and other secondary phases. 
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is dominated by Y and heavy rare earth elements (HREE) 
and, though less abundant in Earth’s crust than mona-
zite-(Ce), forms in a wide range of rocks, during diagenesis 
(Rasmussen, 2005; Vallini et al., 2005; Rasmussen et al., 
2010; McNaughton and Rasmussen, 2018), igneous pro-
cesses and low- to high-grade metamorphism (Hawkins and 
Bowring, 1999; Spear and Pyle, 2002; Broska et al., 2005; 
Hetherington et al., 2008; Budzyń et al., 2018, 2023a, b; 
McNaughton and Rasmussen, 2018) and in hydrothermal 
veins (Vielreicher et al., 2003; Sarma et al., 2011; Fielding 
et al., 2017; Jian et al., 2024). 

Both monazite-(Ce) and xenotime-(Y) are used in U-Th-
Pb geochronology (e.g., Harrison et al., 2002; Williams  
et al., 2007, 2017; Hetherington et al., 2008; Budzyń et al., 
2018, 2021; McNaughton and Rasmussen, 2018; Joseph  
et al., 2021) and as geothermometers (Kingsbury et al., 1993; 
Gratz and Heinrich, 1997; Heinrich et al., 1997; Andrehs and 
Heinrich, 1998; Pyle and Spear, 2000; Pyle et al., 2001). 
Their relevance for geochronology lies (i) in their capabil-
ity to incorporate significant amounts of Th (particularly in 
monazite-(Ce)) and U (Förster, 1998; Seydoux-Guillaume  
et al., 2002b), and (ii) a high closure temperature of ca. 
900  °C (Cherniak et al., 2004; Cherniak, 2006, 2010), 
which limits the diffusion of Pb in monazite-(Ce) and 
xenotime-(Y) within most geological environments in the 
Earth’s crust. High contents of Th and U lead to self-irradi-
ation in minerals and consequently cause the accumulation 
of structural damage over time (radiation damage). This 
process results in metamictisation, which is typical for zir-
con (Nasdala et al., 1998, 2001; Geisler et al., 2007; Ende  
et al., 2021), whereas monazite-(Ce) and xenotime-(Y) re-
main partially crystalline over a long time (Urusov et al., 
2012; Nasdala et al., 2018, 2020; Seydoux-Guillaume et al., 
2018). This is attributed to structural recovery by the ther-
mal annealing of monazite-(Ce) and xenotime-(Y), which 
occurs in monazite-(Ce) at temperatures as low as 180 °C 
(Urusov et al., 2012; Nasdala et al., 2018, 2020; Seydoux-
Guillaume et al., 2018). 

Alteration of monazite-(Ce) and xenotime-(Y), caused 
by alkaline fluids or metamorphic reactions, can under-
mine its stability at a broad range of P-T conditions (Broska 
and Siman, 1998; Finger et al., 1998; Harlov et al., 2007, 
2011; Harlov and Hetherington, 2010; Budzyń et al., 2011, 
2015, 2017, 2021; Williams et al., 2011; Harlov and Wirth, 
2012; Seydoux-Guillaume et al., 2012; Didier et al., 2013; 
Ruiz-Agudo et al., 2014; Grand’Homme et al., 2016, 2018; 
Macdonald et al., 2017). The dominant factors that sustain 
fluid-induced alteration are coupled dissolution-reprecipita-
tion processes due to the formation of interconnected micr-
oporosity, providing fluid pathways and partial or complete 
replacement of monazite-(Ce) or xenotime-(Y) by second-
ary phases and may result in significant element transport 
(Putnis, 2002, 2009; Harlov et al., 2007, 2011; Budzyń et 
al., 2010, 2011, 2015, 2017, 2021; Hetherington et al., 2010; 
Putnis and Austrheim, 2010, 2013; Williams et al., 2011; 
Seydoux-Guillaume et al., 2012; Didier et al., 2013; Ruiz-
Agudo et al., 2014; Grand’Homme et al., 2016). 

This study provides new insights to the characterisation of 
monazite-(Ce) and xenotime-(Y) using Raman microspec-
troscopy with various lasers (488 nm, 532 nm, 633 nm and 

780 nm) and two different instruments. Evaluation of Raman 
spectra includes primary Raman features and characteristic 
luminescence effects, caused by rare earth elements (REE). 
The investigations involved (i) monazite-(Ce) and xeno-
time-(Y) from experimental products from fluid-mediated 
alteration caused by Ca- and Na-rich fluids across wide 
range of P-T conditions, (ii) naturally altered monazite-(Ce) 
from Ankazobe (Madagascar), (iii) xenotime-(Y) from a 
pegmatite from Piława Górna (Poland) and, for comparison, 
(iv) synthetic end-members of REE phosphates (LaPO4–
LuPO4 and YPO4). This work demonstrates characteristic 
changes in monazite-(Ce) and xenotime-(Y) spectra, such 
as band narrowing or broadening, the appearance of addi-
tional bands and the rise of luminescence effects. The ad-
ditional Raman data on monazite-(Ce), xenotime-(Y), and 
secondary fluorcalciobritholite may serve as a reference for 
future investigations of monazite-(Ce) and xenotime-(Y). 
Implications drawn in this work highlight the importance 
of Raman microspectroscopy on monazite-(Ce) and xeno-
time-(Y) used in petrochronology to gain structural infor-
mation without affecting the mineral itself before isotopic 
U-(Th-)Pb measurements.

Background on Raman  
microspectroscopy  

of monazite-(Ce)  
and xenotime-(Y) 

Raman microspectroscopy of natural monazite-(Ce) (e.g., 
Seydoux-Guillaume et al., 2002c, 2018; Lenz et al., 2015) 
and comparison with Raman data of synthetic orthophos-
phates (e.g., Begun et al., 1981; Silva et al., 2006; Heuser  
et al., 2014; Clavier et al., 2018; Lalla et al., 2021) can provide 
important information about the vibrational contribution of 
REE. Vibrational features of the monazite-(Ce) structure are 
defined by factor group analysis (ΓT = 18Ag + 17Au + 18Bg 
+16Bu; Begun et al., 1981). Thirty-six of those vibrational 
modes are Raman-active (i.e., Γint = 9Ag + 9Bg, Γext = 9 Ag 
+ 9Bg; Begun et al., 1981). These Raman-active modes are 
based on the monoclinic structure of monazite-(Ce) (P21/n 
(Z = 4) space group symmetry), in which the PO4 tetrahedra 
are interconnected with the polyhedral structures in a nine-
fold oxygen coordination (Clavier et al., 2011; Lalla et al., 
2021). The polyhedral structure is arranged as monodentate 
tetrahedra with a pentagon of five oxygens on the equatorial 
plane. This structure is interpenetrated by a tetrahedron of 
four oxygen atoms, which belongs to two bidentate tetrahe-
dra (Ni et al., 1995; Clavier et al., 2011; Lalla et al., 2021). 
Raman spectra of monazite-(Ce) typically result in lattice 
modes ranging from 100 to 350 cm-1, internal PO4 bending 
modes ranging from 500 to 700 cm-1, and the most dominant 
symmetric stretching mode v1(PO4) in the range of ca. 960 
to 990 cm-1 (Geisler et al., 2016). These represent the prima-
ry Raman features of the monazite-(Ce) spectrum. 

Xenotime-(Y) is a tetragonal mineral, which is isostruc-
tural to zircon in a space group of D4h

19 (I41/amd), Z = 2 
(Wyckoff, 1965; Begun et al., 1981; Ni et al., 1995; Mullica 
et al., 1996; Boatner, 2002; Huminicki and Hawthorne, 
2002). The xenotime-(Y) structure contains twelve Raman 
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active modes (i.e., Γext = 2B1g + 3Eg : Γint = 2A1g + 2B1g + B2g 
+ 2Eg; Begun et al., 1981). The Raman spectrum of xeno-
time-(Y) can be divided, like spectra of monazite-(Ce), into 
primary Raman features that are lattice modes (ca. 100– 
300 cm-1), internal (PO4) bending modes (ca. 500–700 cm-1)  
and v1(PO4) symmetric stretching modes (ca. 900–1000 cm-1).

Luminescence effects are common in Raman microspec-
troscopy and can be recognised by comparison of spectra 
using multiple laser wavelengths. If bands are shifting posi-
tions, disappear, or new bands appear with different lasers, 
they are most likely caused by luminescence. Luminescence 
effects commonly show broad background bands that can 
completely superimpose Raman signals. However, lumi-
nescence effects caused by REE appear as relatively sharp 
and characteristic bands, because of the unique electronic 
configuration of the 4f orbital (e.g., Dieke and Crosswhite, 
1963; Lenz et al., 2013, 2015; Gaft et al., 2015). 

MATERIALS AND METHODS
Materials

Synthetic REE phosphates (YPO4, LaPO4–LuPO4), 
used in the Laboratory of Critical Elements AGH-KGHM 
(the Faculty of Geology, Geophysics and Environmental 
Protection, AGH University of Krakow) as reference 
materials for EPMA measurements were analysed with 
Raman microspectroscopy to compare spectra of high pu-
rity end-members with those of monazite-(Ce) and xeno-
time-(Y) from experimental products and natural examples. 
The crystals are up to several mm in size and embedded in  
a polished 1” grain mount. 

Monazite-(Ce) and xenotime-(Y) from various materi-
als with different concentrations of REE, U, Th, different 
ages and different degrees of alteration were investigated in 
this work. This includes monazite-(Ce) and xenotime-(Y) 
from (i) products of laboratory experiments focused on the 
stability of monazite-(Ce) and xenotime-(Y) (Budzyń and 
Kozub-Budzyń, 2015; Budzyń et al., 2015, 2017), (ii) altered 
monazite-(Ce) from Ankazobe (Madagascar), and (iii) al-
tered xenotime-(Y) from Piława Górna in the Góry Sowie 
Block, SW Poland (Budzyń et al., 2018; Tramm et al., 2021). 

Monazite-(Ce) and xenotime-(Y) grains were select-
ed from products of five experiments performed utilising 
cold-seal autoclaves on a hydrothermal line under P-T con-
ditions of 200 MPa / 350 °C, 400 MPa / 450 °C, and the 
piston-cylinder apparatus under P-T conditions of 600 MPa 
/ 550 °C, 800 MPa / 650 °C, and 1000 MPa / 750 °C (Tabs 
1, 2) at the GeoForschungsZentrum Potsdam (Germany). 
The Burnet monazite-(Ce) and NWFP xenotime-(Y) used 
in experiments were also selected for analysis. Starting ma-
terials for experiments with monazite-(Ce) included natural 
pegmatitic monazite-(Ce) from Burnet County, Texas, USA 
(Burnet monazite-(Ce); age 1100.5 ± 11.6 Ma, Budzyń et 
al., 2021), albite, sanidine, biotite, muscovite, SiO2, CaF2, 
Na2Si2O5 and doubly distilled H2O. Starting materials in 
the experiments with xenotime-(Y) included xenotime-(Y) 
from the North-West Frontier Province in Pakistan (NWFP 
xenotime-(Y); 38.4 ± 0.6 Ma, Budzyń and Sláma, 2019), al-
bite, labradorite, sanidine, biotite, muscovite, garnet, SiO2, 

CaF2, Na2Si2O5 and doubly distilled H2O. For more details 
on experimental procedures see previous works (Budzyń 
and Kozub-Budzyń, 2015; Budzyń et al., 2015, 2017).

The experimental products with monazite-(Ce) and 
xenotime-(Y) were embedded in epoxy. Polished 1” grain 
mounts were initially investigated with backscattered elec-
tron (BSE) imaging and energy dispersive spectroscopy 
(EDS) analysis without carbon coating using a field emis-
sion scanning electron microscope FEI Quanta 200 under 
a low-vacuum at the Faculty of Geology, Geophysics and 
Environmental Protection, AGH University of Krakow.

A piece of a fist-size crystal (ca. 278 g) of monazite-(Ce) 
from Ankazobe, Madagascar (henceforth, Ankazobe mona-
zite-(Ce)) was embedded in a 1” epoxy mount and polished. 
The Ankazobe monazite-(Ce) (515.4 ± 4.8 Ma, MSWD = 
0.90, LA-ICPMS U-Pb analysis; Budzyń and Sláma – un-
published data) was supplied by a mineral dealer. The stud-
ied crystal has finely porous domains and a narrow altered 
“rim” that contains xenotime-(Y), mica and Th-silicat.

A natural example of altered xenotime-(Y) is a large 
crystal, intergrown with zircon in a pegmatite from Piława 
Górna (Budzyń et al., 2018; Tramm et al., 2021). The xeno-
time-(Y) (PG xenotime-(Y), henceforth) crystallised in  
a Palaeoproterozoic pegmatite (ca. 2.09 Ga) and was incorpo-
rated into a newly formed Devonian pegmatite (ca. 370 Ma;  
Budzyń et al., 2018). The xenotime-(Y), investigated in  
a thin section of the pegmatite, is patchy-zoned in high-con-
trast backscattered electron (BSE) imaging and contains 
domains with extensive microporosity partially filled with 
secondary phases. The xenotime-(Y) demonstrates a patchy 
zoned domain (“outer” domain) and a domain with exten-
sive microporosity close to the phase boundary with zircon 
(Budzyń et al., 2018; Tramm et al., 2021).

Analytical procedure 

Raman microspectroscopy
Synthetic REE phosphates (LaPO4–LuPO4) were an-

alysed with two excitation lasers of 532 nm and 780 nm 
to distinguish primary Raman features from luminescence 
effects. Raman microspectroscopy measurements of the 
monazite-(Ce) and xenotime-(Y) from experimental prod-
ucts, the Ankazobe monazite-(Ce) and the PG xenotime-(Y) 
were predominantly conducted with the 532 nm laser excita-
tion. These Raman spectroscopic investigations were done 
using a Thermo Scientific DXR Raman Microscope (hence-
forth, instrument A) at the Faculty of Geology, Geophysics 
and Environmental Protection, AGH University of Krakow. 
Measurements involving the 532 nm excitation laser were 
performed at room temperature using an apparatus of  
a 25 µm pinhole, a 900 lines / mm grating, a CCD detec-
tor, and an air Olympus (100× / 0.80 NA) objective. Single 
spot measurements were conducted at 10 mW, an exposure 
time of 3 s, and 100 accumulations. Measurements with the 
780 nm excitation laser were performed at 15 mW power, 
exposure time of 3  s, 100 accumulations and a grating of 
400 lines / mm. All displayed Raman spectra collected with 
instrument A range from 150 to 3500 cm-1 to avoid artefacts 
below 150 cm-1. The spectra were processed using Thermo 
Scientific OMNIC software. Post-processing of the spectra 
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Table 1 

Summary of experimental conditions and notes on the experimental products from which monazite-(Ce)  
was selected for Raman microspectroscopy investigations in this study (modified from Budzyń et al., 2015, 2017).

Experiment T
(°C)

P 
(MPa)

Duration 
(days) Notes

Exp1 350 200 40 Monazite-(Ce) grains display dissolution pits and porosity at the rim. REE-rich 
steacyite formed at the surface of monazite-(Ce).

Exp2 450 400 18

Monazite-(Ce) grains are partially replaced by REE-rich steacyite and show 
dissolution pits along the rim. REE-rich steacyite formed accumulations  
of crystals at the rim of monazite-(Ce) and fills cracks in monazite-(Ce).  
Occasionally, small crystals of fluorcalciobritholite formed close to steacyite.

Exp3 550 600 8

Monazite-(Ce) grains display porosity. One grain displays patchy zoning.  
At the rim of altered monazite-(Ce), REE-rich fluorcalciobritholite formed small 
crystals. Occasionally, fine crystals of cheralite formed between 
fluorcalciobritholite and monazite-(Ce).

Exp4 650 800 6
Monazite-(Ce) grains display porosity and dissolution pits at the rim, where flu-
orcalciobritholite formed. Occasionally fine crystals of cheralite formed between 
fluorcalciobritholite and monazite-(Ce).

Exp5 750 1000 4
Monazite-(Ce) grains are surrounded by a fine rim of fluorcalciobritholite.  
A cluster of monazite-(Ce) grains is embedded in melt and partially replaced by 
fluorcalciobritholite. 

Experiment T
(°C)

P 
 (MPa)

Duration 
(days) Notes

Exp1 350 200 40
Xenotime-(Y) grains are unaltered and there are no secondary phases 
on their surface. Minor amounts of tiny crystals of Y-rich silicate, Y-rich apatite 
and amphibole formed in this run.

Exp2 450 400 18
Xenotime-(Y) grains appear unaltered without the presence of secondary phases 
on its surface. Secondary phases formed delicate crystals composed of Y-rich 
silicate, Y-rich apatite and amphibole.

Exp3 550 600 8
Xenotime-(Y) grains appear unaltered without the presence of secondary phases 
on its surface. Secondary phases formed delicate crystals composed of Y-rich 
silicate, Y-rich apatite and amphibole.

Exp4 650 800 6
Xenotime-(Y) grains display dissolution pits on the surface. Y-rich fluorcal-
ciobritholite partially replaced xenotime-(Y) or formed on the surface  
of xenotime-(Y). 

Exp5 750 1000 4

Xenotime-(Y) grains display dissolution pits on the surface. Y-rich fluorcal-
ciobritholite partially replaced xenotime-(Y) or formed on the surface  
of xenotime-(Y). A cluster of xenotime-(Y) grains is embedded in melt  
and partially replaced by Y-rich fluorcalciobritholite.

Table 2 

Summary of experimental conditions and notes on the experimental products from which xenotime-(Y)  
was selected for Raman microspectroscopy investigations in this study  
(modified from Budzyń and Kozub-Budzyń, 2015; Budzyń et al., 2017).

was done using luminescence corrections and automat-
ic baseline correction. Deconvolution was done using the 
Gaussian-Lorentzian band shape after Ruschel et al. (2012). 
Obtained FWHM (full width at half maximum) values of 
the v1(PO4) symmetric stretching band were corrected ac-
cording to the instrumental broadening (Dijkman and van 
der Maas, 1976; Irmer, 1985; Nasdala et al., 2001). 

Additional investigations were done on selected grains 
of monazite-(Ce) and xenotime-(Y) from experimental 
products conducted at the highest and lowest P-T condi-
tions (350 °C / 200 MPa and 750 °C / 1000 MPa, Tabs 1, 2)  
for comparative spectroscopic evaluations using various 
excitation lasers (488 nm, 532 nm and 633 nm) and hyper-
spectral mapping (532 nm and 633 nm). The measurements 
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were conducted with a WITec confocal CRM alpha 300 
Raman microscope (WITec GMBH, Ulm, Germany; hence-
forth instrument B) at the Raman Imaging Group of the 
Jagiellonian University (Kraków, Poland). Measurements 
were performed at room temperature. The spectrometer 
was equipped with air-cooled solid-state lasers operating at 
488 nm, 532 nm and 633 nm, and a Charge Coupled Device 
(CCD) detector cooled to -60 °C. The excitation lasers were 
coupled to the microscope via optical fibre with a diame-
ter of 50 µm (488 nm and 532 nm) or 100 µm (633 nm).  
An air Olympus MPLAN (100× / 0.90 NA) objective was 
used. The monochromator of the spectrometer was ad-
justed using a radiation spectrum from a calibrated xenon 
lamp (WITec UV light source). The standard alignment 
procedure (single-point calibration) was performed before 
measurements using the Raman scattering line produced by  
a silicon plate (520.5 cm-1). The integration time for a single 
spectrum was 1 s, the number of accumulations per collect-
ed spectrum was equal to 100 (acquisition time per single 
spectrum 100 s), and a spectral resolution equal to 3 cm-1 was 
achieved. Hyperspectral maps were collected with a 0.5 s 
integration time and a step size of 1 μm. The Raman meas-
urements and data analysis were performed with WITec 
software (WITec Project Plus 5.1). 

Raman microspectroscopy measurements were per-
formed on the samples without carbon-coating, which 
has been applied later for xenotime-(Y) compositional 
analysis and BSE imaging with electron probe microa-
nalysis (EPMA). Trace element analyses were conducted, 
after removal of carbon-coating, with laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICPMS).  
The EPMA and LA-ICPMS compositional measurements 
were conducted closely to Raman spots.

Electron probe microanalysis
The EPMA measurements were conducted with a JEOL 

SuperProbe JXA-8230 electron microprobe equipped with 
five wavelength dispersive spectrometers (WDS) at the 
Laboratory of Critical Elements AGH-KGHM at the AGH 
University of Krakow. Analytical conditions included an accel-
eration voltage of 15 kV, a beam current of 100 nA and a spot 
size of 3 µm (see Supplementary Tab. S1 for more details). Data 
correction was done using an in-house ZAF procedure.

Laser ablation – inductively coupled plasma mass 
spectrometry

Trace element analyses were conducted using a Thermo 
Scientific Element 2 high-resolution sector field ICPMS 
coupled to a 193  nm ArF excimer laser (Teledyne Cetac 
Analyte Excite laser) at the Institute of Geology of the 
Czech Academy of Sciences (Prague, Czech Republic). 
The time-resolved signal data were processed using Glitter 
software (van Achterbergh et al., 2001). The precision of 
the analyses (1 RSD) ranges between 5 and 15% for most 
elements and accuracy was monitored by using a homog-
enized basalt reference material BCR-2 (USGS). See 
Supplementary Table S2 for more analytical details.

RESULTS
Raman microspectroscopy of synthetic REE phosphates 

(YPO4, LaPO4–LuPO4) – instrument A 
(532 nm and 780 nm lasers)

The Raman spectra of endmember REE-phosphates 
(YPO4, LaPO4–LuPO4) display typical primary Raman fea-
tures with an increasing spectral position of the symmet-
ric stretching band v1(PO4) from 965 cm-1 (LaPO4) to 985 
cm-1 (GdPO4) and a jump to 992 cm-1 (TbPO4) to 1009 cm-1 
(LuPO4) in accordance to the decrease of ionic radii with 
Z number of REE (Fig. 1; Tabs 3, 4; cf. Begun et al., 1981). 
Some REE phosphates resonate to the 532 nm with lumi-
nescence effects at mid-range (ca. 1400–2700 cm-1), such 
are NdPO4 (

2G7/2 → 5I9/2 electronic transition), SmPO4 (
4G5/2 

→ 5H7/2), EuPO4 (5D0 → 7F2) with luminescence effects 
that completely superimpose primary Raman features, and 
low-intensity luminescence effects of GdPO4 and LuPO4 
(Fig. 1). Strong luminescence effects superimpose lattice 
and bending modes at low-range (< 800 cm-1) in HoPO4 and 
ErPO4 spectra (5S2 → 5I8 and 4S3/2 → 4I15/2 electronic transi-
tions). However, primary Raman bands of the symmetric 
stretching v1(PO4) and antisymmetric stretching v3(PO4) are 
still distinguishable. Furthermore, the spectra of SmPO4 dis-
play weak and HoPO4 strong luminescence effects at high-
range (> 3000 cm-1) contributed by Sm3+ (4G5/2 → 6H9/2) and 
Ho3+ (5F5 → 5I8) electronic transitions. 

Electronic transitions of luminescence effects are de-
rived from energy levels of Dieke diagrams (Dieke and 
Crosswhite, 1963). A more convenient display of spectral 
positions for luminescence effects is the unshifted abso-
lute spectral position (cm-1), which is independent of the 
laser line and serves as a better indication for other works 
including luminescence data (the top axis in Figs 1, 2, 8). 
However, because luminescence effects are compared to 
primary Raman features (commonly displayed in Raman 
shift) of monazite-(Ce) and xenotime-(Y) in this work, 
all given values remain in Raman shift (cm-1) for clarity. 
Raman microspectroscopy of Burnet monazite-(Ce) and 
monazite-(Ce) from experimental products (Exp1–Exp5) – 
Instrument A (532 nm laser).

Raman microspectroscopy of Burnet monazite-(Ce)  
and monazite-(Ce) from experimental products  

(Exp1–Exp5) – Instrument A (532 nm laser)

Raman spectra of the Burnet monazite-(Ce) (532 nm) 
display primary Raman features of (i) lattice modes (150–
300 cm-1), (ii) internal bending modes (500–700 cm-1) with 
a dominant symmetric bending band v2(PO4) at 464 cm-1, 
(iii) a predominant symmetric stretching band v1(PO4) at 
973 cm-1 and (iv) the antisymmetric stretching band v3(PO4) 
at 1067 cm-1 (Fig. 2A; Tab. 5). The Burnet monazite-(Ce) 
spectrum contains luminescence effects caused by electron-
ic transitions of Nd3+ (2G7/2 → 5I9/2) and Sm3+ (4G5/2 → 5H7/2 ) 
ions that are present at mid-range 1500–2500 cm-1 and Sm3+ 
(4G5/2 → 6H9/2) at high-range 3000–3500 cm-1. The lumines-
cence effects at mid-range include two broad shoulders and 
a dominant band at 2029 cm-1. 
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532 nm(1)

YPO4 TbPO4 DyPO4 HoPO4 ErPO4 TmPO4 YbPO4 LuPO4

– – (w) 128 – – – – –
– (w) 138 (w) 138 – – (w) 136 – –
– – – l(vs) 167 – – – –

(w) 182 – – – – – – –
– – – l(vs) 232 – – – –
– – – l(vs) 252 – – – –

(w) 296 (w) 289 (m) 293 l(vs) 290 – (w) 301 – (w) 303
(w) 329 (w) 329 – l(vs) 316 – (w) 327 – –

– – – l(vs) 362 l(vs)377 – – –
– – – l(vs) 404 l(vs)410 – – –
– – – l(vs) 418 l(vs)424 – – –
– – – l(vs) 436 – – – –
– – – l,sh(vs) 445 l(vs)458 – – –
– – – l(vs) 468 – – – –

(w) 481 (w) 482 (w) 483 l(vs) 494 l(vs)477 (w) 486 (w) 487 (w) 486
– – – l(vs) 503 – – – –
– – – l(vs) 521 l(vs)523 – – –
– – – l(vs) 554 – – – –
– – (w) 574 l(vs) 577 l(vs)571 – – (w) 581
– – – l(vs) 593 – – – –
– – – l(vs) 624 l(vs)611 – – –
– (w) 649 (w) 651 l(vs) 645 l(vs)666 (w) 658 (w) 660 –
– – – – – – – –
– (w) 813 – – – – – –

(s) 999 (s) 993 (s) 995 (s) 999 (s)1001 (s) 1003 (s) 1006 (s) 1009
– – – – – sh(w) 1008 – –

(w) 1024 – (w) 1016 (w) 1019 (w)1021 (w) 1027 (w) 1030
(s) 1056 (s) 1048 (m) 1052 (s) 1055 (m)1058 (s) 1061 (s) 1065 (m) 1067

mid–range luminescence effects
– – – – – – – –
– – – – – – – –
– – – – – – – l(w) 1948
– – – – – – – l(w) 2013
– – – – – – – –
– – – – – – – –
– – – – – – – –
– – – – – – – –
– – – – – – – –

high–range luminescence effects
– – – l(vs) 3234 – – – –
– – – l(vs) 3257 – – – –
– – – l(vs) 3306 – – – –
– – – l(vs) 3327 – – – –
– – – l(vs) 3345 – – – –
– – – l(vs) 3414 l(vs) 3425 – – –
– – – l(vs) 3438 l(vs) 3467 – – –
– – – l(vs) 3482 – – – –

Table 4 

Raman data of synthetic YPO4 and TbPO4–LuPO4 obtained with 532 nm and 780 nm lasers.
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Notes: 
(1) – data collected with instrument A; 
(2) – assigned bands according to Begun et al. (1981).
In bold – Raman bands; l – luminescence bands; sh – shoulder. Intensities of presented data are normalized to v1(PO4) band (1B) 
equal to 1.0: weak (w) 0.05–0.2, medium (m) 0.2–0.5, strong (s) 0.5–1.0, very strong (vs) > 1.0. Only significant signals above 
background are presented.

780 nm (1)

 

Assigned bands(2)

YPO4 TbPO4 DyPO4 HoPO4 ErPO4 TmPO4 YbPO4 LuPO4 symmetry #
– – (w) 131 (w) 131 (w) 131 – – – Bg 22B
– (w) 140 – (w) 139 (w) 139 – – (w) 139 Eg 21B

(w) 156 – – – – l(vs) 149 – – – –
(w) 185 – – – – l(vs) 182 l(w) 182 (w) 185 Bg 18B

– – – – – – – – – –
– – – – – l(vs) 263 l(m) 263 (w) 267 Eg 15B

(m) 299 (w) 291 (m) 294 (m) 297 (m) 299 l(vs) 309 l(w) 303 (m) 304 Eg 14B
(w) 331 (w) 331 – (w) 329 (w) 321 l(vs) 343 l(w) 345 – Bg 13B

– – – – (w) 384 l(vs) 388 – – – –
– – – – – – (w) 406 – –
– – – – – – – – – –
– – – – – – – – – –
– – – – (w) 440 l(vs) 456 – – – –
– – – – – – – – – –

(w) 484 (w) 484 (w) 485 (w) 485 (w) 486 – (w) 489 (w) 488 Ag 10B
– – sh(w) 507 – – – – – – –
– – – – – – – – – –
– – – – – l(vs) 531 – – – –

(w) 581 – (w) 576 (w) 577 (w) 579 l(vs) 576 (w) 581 (w) 581 Eg 8B
– – – – – – – – – –
– – – – – – – – – –

(w) 659 (w) 650 (w) 652 – (w) 657 – – (w) 664 Bg 6B
– – – – (w) 679 – – – – –
– – – – – – – – – –

(s) 1001 (s) 994 (s) 997 (s) 1000 (s) 1002 (s) 1005 (s) 1007 (s) 1010 Ag 1B
– – – – – – – – – –

(w) 1026 (w) 1017 (w) 1020 (w) 1023 (w) 1026 (w) 1028 (w) 1031 Eg 2B
(s) 1058 (s) 1049 (s) 1053 (s) 1056 (s) 1059 (s) 1063 (s) 1066 (s) 1068 Bg 3B

mid–range luminescence effects
– – – – – – – – – –
– – – – – – – – – –
– – – – – – – – – –
– – – – – – – – – –
– – – – – – – – – –
– – – – – – – – – –
– – – – – – – – – –
– – – – – – – – – –
– – – – – – – – – –

high–range luminescence effects
– – – – – – – –

 

– –
– – – – – – – – – –
– – – – – – – – – –
– – – – – – – – – –
– – – – – – – – – –
– – – – – – – – – –
– – – – – – – – – –
– – – – – – – – – –
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Fig. 1.	 Raman spectra of synthetic LaPO4–LuPO4 collected with instrument A (532 nm).
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Fig. 2.	 Raman spectra obtained with instrument A (532 nm) of (A) the Burnet monazite-(Ce) and (B–J) monazite-(Ce) from experimental 
products obtained with instrument. B–F. Raman spectra of monazite-(Ce), which display similar characteristics as the spectrum of Burnet 
monazite-(Ce), which can be divided into primary Raman features (150–1200 cm-1) and luminescence effects at mid-range 1500–2500 cm-1 
and high-range 3000–3500 cm-1, are collected in the core and rim of monazite-(Ce) grains. G–J. Raman spectra, which demonstrate major 
differences compared to the spectrum of the Burnet monazite-(Ce), were collected close to secondary phases. K. Fluorcalciobritholite 
spectra from experimental products of Exp4–Exp5. Right side – zoomed-in spectra corresponding to dotted rectangles. 
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Fig. 3.	 Measured FWHM values of v1(PO4) symmetric stretching band vs. chemical broadening of Burnet monazite-(Ce) and mona-
zite-(Ce) from experimental products. The chemical broadening is calculated based on compositional EPMA data using FWHM [cm-1] = 
3.95 + 26.66 × (Th + U + Ca + Pb) [apfu] after Ruschel et al. (2012).
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Fig. 4.	 Raman spectra of selected monazite-(Ce) grains from Exp1 and Exp5 collected with instrument B. A, B. 488 nm. C, D. 532 nm. 
E, F. 633 nm. Right side – detailed spectra from 900 to 1100 cm-1 corresponding to dotted rectangles. G–J. BSE images of monazite-(Ce) 
with marked Raman spots.  Diamonds – 488 nm laser, triangles – 532 nm laser, circles – 633 nm laser. Mineral abbreviations: Fcbri – 
fluorcalciobritholite, Mnz – monazite-(Ce).
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Raman microspectroscopy of monazite-(Ce) from ex-
perimental products was applied to grains in the core and 
rim, and closely to the reaction front where secondary 
phases (e.g., steacyite or fluorcalciobritholite) are present. 
Unaltered and altered domains were distinguished based 
on compositional and textural evidence for fluid-induced 
alteration (Supplementary Figs S1, S3). These include dis-
solution pits, developed microporosity and the formation 
of secondary phases. For detailed textural and composi-
tional characteristics of monazite-(Ce) and xenotime-(Y) 
from experimental products, see Supplementary Materials 
(Supplementary Figs S1–S4; Tabs S3, S4, S6, S7). 

Monazite-(Ce) spectra from experimental products re-
semble the Burnet monazite-(Ce) with only minor varia-
tions (Fig. 2B–F). These include small variations of intensi-
ties in the range of lattice modes, symmetric bending mode 
v2(PO4) and luminescence effects at mid- and high-range. 
Band positions of the v1(PO4) symmetric stretching band 
range from 969 to 982 cm-1 compared to that of the Burnet 
monazite-(Ce) at 973 cm-1 (Tab. 5). Monazite-(Ce) spectra 
from Exp3 and Exp4 (600 MPa / 550 °C and 800 MPa / 
650 °C) show an overall increased background at 800– 
1200 cm-1 caused by luminescence effects (spectra 7 and 8 
in Fig. 2D), and elevated luminescence effects at mid-range 
(spectra 8–11 in Fig. 2D, E). 

Some monazite-(Ce) spectra from Exp2–Exp5, collect-
ed closely to secondary phases, show significant differ-
ences compared to the Burnet monazite-(Ce) (Fig. 2G–J). 
A monazite-(Ce) spectrum, collected near secondary 
REE-rich steacyite (Raman spots 50–52 in Supplementary  
Fig. S1H), displays an additional distinct band at 1129 cm-1 and 
increased intensity and broadening of mid- and high-range 
luminescence effects (spectrum 15 in Fig. 2G). The shape of 
luminescence effects at mid-range differs significantly from 
those of the Burnet monazite-(Ce) and displays an asymmet-
ric band at 2027 cm-1 and a broad band at 2271 cm-1 (Fig. 2G). 

Some monazite-(Ce) spectra from Exp3–Exp5, collected 
closely to secondary fluorcalciobritholite, also show signifi-
cant changes compared to those of the Burnet monazite-(Ce) 
(Fig. 2H–J). These include (i) increased background at 
800–1200 cm-1, (ii) the appearance of a band at ca. 869 cm-1 
and (iii) a significant increase of intensity and broadening 
of luminescence effects at mid- and high-range (Fig. 2H–J; 
Tab. 5). Positions of the v1(PO4) symmetric stretching bands 
range from 969 to 983 cm-1 (Tab. 5). However, some spectra 
display a shift towards lower wavenumbers (962–963 cm-1; 
spectra 17, 18 in Fig. 2H, I) or a shoulder at that location 
(spectra 19, 20 in Fig. 2J; Tab. 5). Two spectra show splitting 
into two bands at ca. 965 cm-1 and 975 cm-1 (spectra 21, 22 
in Fig. 2J). 

The shape of mid-range luminescence effects of these 
spectra resembles that of the Burnet monazite-(Ce) but 
are of higher intensity, with one dominant band and two 
asymmetric shoulders (spectra 17, 18, 21, 22 in Fig. 2H–J).  
The dominant luminescence band, however, is shifted to-
wards a higher Raman shift 2081–2099 cm-1 compared to 
2028 cm-1 in the Burnet monazite-(Ce) and the shoulder at 
ca. 2260 cm-1 is more pronounced. Mid-range luminescence 
effects of two other spectra possess lesser pronounced lu-
minescence bands and resemble closer those of Burnet 

monazite-(Ce) (spectra 19, 20 in Fig. 2J). One spectrum, 
collected in the patchy-zoned monazite-(Ce) (Raman spot 
62 in Supplementary Fig. S1L), shows a broad increase in 
background luminescence at 300–1500 cm-1 and disappear-
ance of mid- and high-range luminescence effects (spectrum 
16 in Fig. 2H). 

The spectral differences observed in some monazite-(Ce) 
spectra from Exp3–Exp5 are reflected in fluorcalciobritho-
lite spectra (Fig. 2H–K). These display (i) a distinct band 
at 861–863 cm-1, (ii) luminescence effects which elevate the 
background at 800–1200 cm-1, (iii) prominent luminescence 
effects at mid-range with a dominant band at ca. 2100 cm-1  
and (iv) a distinct luminescence band at high-range.  
The dominant band of fluorcalciobritholite is positioned at 
960–962 cm-1, with one spectrum demonstrating splitting into 
two bands (960 cm-1 and 975 cm-1; Tab. 5; spectra 23–25 in  
Fig. 2K). Due to the small size of fluorcalciobritholite grains, 
a mixture of representative fluorcalciobritholite spectra with 
those of underlying monazite-(Ce) cannot be excluded. 

Broadening of the v1(PO4) symmetric stretching band of 
monazite-(Ce) can be caused by distortion of the lattice by 
incorporation of Th, U, Ca and Pb (Ruschel et al., 2012)  
The distortion effect (henceforth, chemical broadening) 
can be calculated with the formula: FWHM [cm-1] = 3.95 + 
26.66 × (Th + U + Ca + Pb) [apfu] (Ruschel et al., 2012). 
Comparison of FWHM values of the v1(PO4) band vs. 
chemical broadening provides valuable information about 
the structure of monazite-(Ce), particularly the accumula-
tion of radiation damage (Ruschel et al., 2012). The Burnet 
monazite-(Ce) displays significantly higher FWHM val-
ues (12.2–15.9 cm-1) vs. chemical broadening (7.2–8.7 cm-1;  
Fig. 3A). Monazite-(Ce) from Exp1–Exp3 follows a simi-
lar trend in unaltered domains and display FWHM values 
of 7.9–15.2 cm-1 vs. chemical broadening of 7.3–9.2 cm-1  
(Fig. 3B–D). On the other hand, altered domains demon-
strate lower FWHM values (1.7–6.4 cm-1) than chemical 
broadening (5.8–8.8 cm-1; Fig. 3B–D). 

Raman data of monazite-(Ce) from Exp4 and Exp5 be-
long solely to compositionally unaltered domains and show 
a wide spread of FWHM values (3.0–12.8 cm-1), which are 
generally lower than chemical broadening (7.6–10.2 cm-1; 
Fig. 3E, F). The Raman data of compositionally unaltered 
domains of all selected experiments (Exp1–Exp5) demon-
strate a general trend of decreasing FWHM values with in-
creasing temperature conditions.

A monazite-(Ce) spectrum, collected with the 780 nm 
laser (instrument A) from Exp1, displays extensive lumines-
cence effects, which completely superimpose the primary 
Raman features. Thus, the 780 nm laser is considered unsuit-
ed for Raman spectroscopic investigations of monazite-(Ce) 
in this work (for more details see Supplementary Fig. S5). 

Comparison of monazite-(Ce) spectra from Exp1  
and Exp5 – instrument B (488 nm, 532 nm  

and 633 nm lasers)

Two grains of monazite-(Ce) from Exp1 and a cluster of 
monazite-(Ce) grains from Exp5, which are embedded in re-
sidual glass, were selected for analyses with instrument B us-
ing 488 nm, 532 nm and 633 nm lasers (Fig. 4). Monazite-(Ce) 
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spectra (488 nm) show significant luminescence effects, 
which superimpose the primary Raman features (Fig. 4A, B).  
The v1(PO4) band of grains of Exp1 and in the core of 
monazite-(Ce) from Exp5 is located at 981 cm-1 (grains  
1 and 2, spectra 1 and 2 in Fig. 4A, B). The v1(PO4) bands 
of monazite-(Ce) spectra, collected closely to fluorca- 
lciobritholite, are shifted to 965–966 cm-1 together with  
a new band at 868 cm-1, which correspond to the dominant 
bands of the fluorcalciobritholite spectrum at 965 cm-1 and  
868 cm-1 (spectra 3–5 in Fig. 4B). 

The monazite-(Ce) spectra collected with instrument B 
(532 nm) generally show the same features as spectra meas-
ured with instrument A (Fig. 4C, D). However, the spectra 
from Exp1 show additional luminescence effects at 2900–
3000 cm-1, which are not documented in any Raman spec-
trum from instrument A. A monazite-(Ce) spectrum close to 
fluorcalciobritholite shows the splitting of the v1(PO4)  band 
into two bands (965 cm-1 and 979 cm-1) and a weak band at 
868 cm-1 (spectrum 3; Fig. 4D). 

Spectra collected with the 633 nm laser, display the least 
luminescence effects from 100–2600 cm-1 compared to oth-
er excitation lasers (Fig. 4E, F). Spectra of monazite-(Ce) 
from Exp5, display an increased background in the range 
of 750–1000 cm-1 (Fig. 4F). All band positions are slightly 
shifted towards lower wavenumbers, compared to spectra 
collected with 488 nm and 532 nm lasers, with the v1(PO4) 
band located at 974–976 cm-1 and the dominant bands of 
fluorcalciobritholite at 863 cm-1 and 961 cm-1.

Compositional and Raman characteristics  
of the Ankazobe monazite-(Ce)  
– instrument A (532 nm laser) 

The Ankazobe monazite-(Ce) contains unaltered do-
mains, mostly homogeneous in BSE imaging, and altered 
porous domains (Fig. 5A–C). Numerous inclusions of 
xenotime-(Y), mica with a composition similar to phen-
gite, and Th-silicate accompany the extensively altered do-
main. The unaltered domains of Ankazobe monazite-(Ce) 
display a composition typical for common monazite-(Ce) 
(25.83–26.41 wt.% Ce2O3, 7.19–7.58 wt.% ThO2, 0.33– 
0.38 wt.% UO2 and 0.17–0.19 wt.% PbO; Supplementary 
Tab. S3). Altered domains contain 26.33–32.81 wt.% 
Ce2O3 and are depleted in Th, U and Pb (5.00–7.18 wt.% 
ThO2, 0.07–0.17 wt.% UO2 and 0.11–0.16 wt.% PbO; 
Supplementary Tab. S3). 

Raman spectra of unaltered domains of the Ankazobe 
monazite-(Ce) are similar to that of the Burnet mona-
zite-(Ce). Similarities include (i) lattice modes, (ii) pro-
nounced internal bending modes (500–700 cm-1), (iii)  
a lesser symmetric bending v2(PO4) mode at 466 cm-1, (iv) 
the v1(PO4) band at 976 cm-1 and (v) similar luminescence 
effects at mid-range, but no luminescence effects present 
at high-range (Fig. 5D). Spectra of altered domains show 
increased background-luminescence (800–1500 cm-1) and 
either a low-intensity spectrum with negligible mid-range 
luminescence effects or a spectrum with a new broad band 
at ca. 1325 cm-1 (spectrum 27 in Fig.  5D). Unaltered do-
mains of the Ankazobe monazite-(Ce) show generally high-
er FWHM values (10.5–13.2 cm-1) than chemical broadening 

(6.5–6.6 cm-1), whereas altered domains follow this trend 
to a lesser degree (6.3–10.2 cm-1 FWHM vs. 4.3–6.3 cm-1 
chemical broadening; Fig. 5E). 

Hyperspectral maps of monazite-(Ce)  
– instrument B (532 nm and 633 nm lasers)

Hyperspectral maps (instrument B; 1 µm step size) were 
collected with 532 nm and 633 nm lasers in selected areas 
of monazite-(Ce) grains from Exp5 (1000 MPa / 750 °C; 
Fig. 6). The monazite-(Ce) grains are embedded in residual 
glass from partial melting. Secondary fluorcalciobritholite 
formed in the gaps between monazite-(Ce) grains, dissolu-
tion pits and micropores at the monazite-(Ce) rim (Fig. 6;  
Supplementary Fig. S1W, X). True compound analysis 
(TCA) images were achieved by combining characteristic 
spectra of various phases. The TCA image correlates well 
with the BSE image (Fig. 6A–C). Intensity maps (532 nm 
and 633 nm) of the v1(PO4) band reveal two domains in 
monazite-(Ce), one at 978 cm-1 and a domain with a signifi-
cant shift towards lower wavenumbers 962 cm-1 (Fig. 6F–J). 
The EPMA-WDS compositional X-ray maps, collected at 
the same location as the hyperspectral maps, demonstrate 
only small compositional variations (Fig. 7). The mona-
zite-(Ce) is homogeneous and contains Th-rich microinclu-
sions in the rim (Fig. 7B).

Raman microspectroscopy of NWFP xenotime-(Y) 
and xenotime-(Y) from experimental products  

(Exp1–Exp5) – instrument A (532 nm laser)

The NWFP xenotime-(Y) spectrum is composed of (i) 
primary Raman features including the v1(PO4) symmetric 
stretching band and the v3(PO4) antisymmetric stretching 
band, and (ii) strong luminescence effects, which superim-
pose the lattice modes and internal bending modes at low-
range (100–800 cm-1; Fig. 8A; Tab. 6). The NWFP xeno-
time-(Y) shows weak to moderate luminescence signals at 
mid-range (1500–3000 cm-1), which are contributed by Eu3+, 
Sm3+ electronic transitions (Figs 1, 8A; cf. Lenz et al., 2015), 
whereas moderate to strong luminescence effects at high-
range (3000–3500 cm-1) are contributed by Sm3+ and Ho3+ 
ions (Figs 1, 8A; cf. Lenz et al., 2015). 

Raman microspectroscopy of xenotime-(Y) from ex-
perimental products was applied to xenotime-(Y) grains 
as described for monazite-(Ce) above. Most xenotime-(Y) 
spectra from experimental products are very similar to 
the spectrum of NWFP xenotime-(Y) (spectra 1–4, 7 in  
Fig. 8B–F; Tab. 7). However, some xenotime-(Y) spectra 
from experiments Exp4 and Exp5 (800 MPa / 650 °C, 1000 
MPa / 750 °C) show significant differences (spectra 5, 6, 8, 9 
in Fig. 8E, F; Tab. 7). These include broadening of Ho3+ and 
Er3+ luminescence bands at low-range and luminescence ef-
fects of Eu3+ at mid-range. Furthermore, the Eu3+ (5D0 → 
7F3) luminescence band displays significant broadening and 
increase of intensity at ca. 2650 cm-1 in two spectra (spectra 
6 and 9 in Fig. 8E, F). These spectra also show the appear-
ance of a broad shoulder at ca. 800 cm-1. The v1(PO4) band of 
xenotime-(Y) is located at a narrow range of 1000–1001 cm-1.  
Occasionally, a subtle band is present at ca. 967 cm-1 
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Fig. 5.	 BSE images and Raman data of monazite-(Ce) from Ankazobe (Madagascar). A. Homogeneous unaltered domains.  
B, C. Altered domains of monazite-(Ce) containing inclusions of xenotime-(Y), mica with a composition similar to phengite, and  
Th-silicate. D. Raman spectra of unaltered domains similar to those of the Burnet monazite-(Ce) (Fig. 1), whereas spectral variations are 
present in altered domains. E. FWHM values vs. chemical broadening calculated with compositional EPMA data using FWHM [cm-1] = 
3.95 + 26.66 × (Th + U + Ca + Pb) [apfu] after Ruschel et al. (2012). Mineral abbreviations: Ms – muscovite (phengite), Mnz – mona-
zite-(Ce) and Xtm – xenotime-(Y).
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Fig. 6.	 Hyperspectral maps (instrument B) of monazite-(Ce) from Exp5 (1000 MPa / 750 °C). A. BSE image of overview and selected 
area. B, C. TCA image of spectral data collected with 532 nm and 633 nm lasers. D, E. Corresponding Raman spectra of individual phases. 
F–H. Intensity maps of selected distinct bands (532 nm). I, J. Intensity maps of selected bands (633 nm). Abbreviations: Fcbri – fluorcal-
ciobritholite, Mnz – monazite-(Ce).
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Fig. 7.	 BSE image and EPMA-WDS compositional X-ray maps of a selected area of monazite-(Ce) from Exp5 (1000 MPa / 750 °C), 
which correspond to the position of hyperspectral maps. Mineral abbreviations: Fcbri – fluorcalciobritholite, Mnz – monazite-(Ce).

(spectra 5, 6, 8, 9 in Fig. 8E, F; Tab. 7). Raman spectra of 
Y-rich fluorcalciobritholite generally show higher intensi-
ty and broadening of luminescence effects in comparison 
with xenotime-(Y) spectra, with the most dominant lumi-
nescence band potentially caused by Eu3+ (5D0 → 7F3) at ca. 
2641–2647 cm-1 (Fig. 8G).

Weak bands at 966–970 cm-1 are interpreted as the pri-
mary Raman band of the Y-rich fluorcalciobritholite and 
are located at a higher Raman shift than Raman bands of 
fluorcalciobritholite from monazite-(Ce) experiments (960– 
962 cm-1; Figs 2K, 8G). However, the additional band at ca. 
860 cm-1, which was observed in fluorcalciobritholite spec-
tra from monazite-(Ce) experiments, is not present in Y-rich 
fluorcalciobritholite.

A xenotime-(Y) spectrum (Exp1) collected with the  
780 nm laser is dominated by broad low-range lumines-
cence effects caused by Tm3+ (3H4 → 3H6) electronic transi-
tions (Supplementary Fig. S6). Due to the extensive lumi-
nescence effects present at low-range, the 780 nm laser was 
not further applied in this work.

Comparison of xenotime-(Y) spectra from Exp1  
and Exp5 – instrument B (488 nm, 532 nm,  

and 633 nm lasers)

Xenotime-(Y) grains from Exp1 and Exp5 were se-
lected for analyses with instrument B using 488 
nm, 532 nm and 633 nm lasers. Dominant lumines-
cence effects superimpose xenotime-(Y) spectra using 
488 nm. Only the v1(PO4) symmetric stretching band  
(B1 – 1006–1007  cm-1) and the v3(PO4) antisymmetric 
stretching bands (B2 – 1031 cm-1 and B3 – 1064 cm-1) are 

distinguishable, but show a significant shift towards higher 
Raman shift compared to band positions of NFWP xeno-
time-(Y) (B1 – 999 cm-1; B2 – 1023 cm-1; B3 – 1056 cm-1) 
taken with 532 nm laser (Fig. 9A, B; Tab. 7). The lumines-
cence effects are composed of (i) weak signals at low-range 
(ca. 100–300 cm-1), (ii) moderate luminescence effects at 
mid-range (1200–1750 cm-1) followed by a group of 9–10 
dominant bands (1800–2500 cm-1), and (iii) weak signals 
at high-range (3000–4000 cm-1) with one moderate band at 
ca. 3500 cm-1. In the Y-rich fluorcalciobritholite spectrum, 
a distinct dominant Raman band is present at 974 cm-1 (spec-
trum 4; Fig. 9B).

Xenotime-(Y) spectra (532 nm) collected with instrument 
B are similar to those collected with instrument A (Figs 8, 
9C, D). Spectra of Y-rich fluorcalciobritholite collected 
with instrument B show extensively broader luminescence 
bands at low-range (combined Ho3+: 5S2 → 5I8 and Er3+: 4S3/2 
→ 4I15/2) compared to spectra collected with instrument A, 
which completely superimpose all Raman signals (Figs 8G, 
9D). Luminescence effects at mid-range, however, are less 
pronounced in spectra collected with instrument B. 

Xenotime-(Y) spectra (633 nm) show strong lumines-
cence effects at low-range (100–900 cm-1) and weak lu-
minescence effects at mid-range (ca. 1300–1700 cm-1; Fig. 
9E, F). The v1(PO4) symmetric stretching band is located at 
1001–1002 cm-1 and antisymmetric stretching bands at ca. 
1026 cm-1 and ca. 1060 cm-1 (Fig. 9E, F). The low-range lu-
minescence effects are caused by contributions of electronic 
transitions of Ho3+ (5F5 → 5I8) and Er3+ (4F9/2 → 4I15/2) (Lenz 
et al., 2015). Spectra of Y-rich fluorcalciobritholite reveal 
broad luminescence effects at low-range (ca. 100–900 cm-1) 
and distinct primary bands at 968–969 cm-1 (Fig. 9F). 
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Table 7

Raman data of NWFP xenotime-(Y), xenotime-(Y) from experiments  
and Y-rich fluorcalciobritholite from experiments (532 nm laser).

Raman spectra and corresponding Raman spots of xenotime-(Y) and Y-rich fluorcalciobritholite(1)

NWFP 
xenotime–

(Y)

Xenotime-(Y) Y-rich fluorcalciobritholite

Exp1 Exp2 Exp3 Exp4 Exp5 Exp4, Exp5

 (n = 3) spec. 1
(n = 17) 

spec. 2 
(n = 10)

spec. 3 
(n = 21)

spec. 4
(n = 4)

spec. 5 
(n = 1)

spec. 6
(n = 3)

spec. 7 
(n = 9)

spec. 8 
(n = 2)

spec. 9 
(n = 2)

spec. 10 
(n = 2)

spec. 11 
(n = 2)

spec. 12 
(n = 4)

spots: 
1–18

spots: 
19–28

spots: 
29–46, 
48–50

spots: 
51–53, 58

spot: 
59

spots: 
54, 55, 59

spots: 
61, 62, 64, 
67, 68, 71, 

78–80

spots: 
70, 75

spots: 
63, 72

spots: 
56, 60

spots: 
74, 77

spots: 
65, 66, 69, 

73

l(m) 231 l(m) 233 l(m) 233 l(w) 233 l(m) 234 l(m) 235 l(m) 235 l(m) 234 l(m) 234 – – – –

l(m) 250 l(s) 250 l(m) 251 l(m) 252 l(m) 251 l(s) 252 l(m) 252 l(m) 251 l(s) 251 l(m) 252 – – –

l(w) 295 l(s) 298 l(m) 298 l(m) 297 l(m) 298 – – l(s) 298 l(s) 299 – – – –

l(m) 314 l(s) 315 l(m) 315 l(m) 316 l(m) 316 l(vs) 317 l(s) 317 l(s) 315 l(s) 315 l(s) 317 – – –

l(vs) 373 – l(m) 330 l(m) 331 l(m) 330 – l(s) 331 l(m) 330 – l(s) 331 – l(s) 340 l(m) 334

l(s) 406 l(vs) 375 l(vs) 375 l(vs) 375 l(vs) 375 l(vs) 376 l(vs) 376 l(vs) 375 l(vs) 375 l(vs) 375 l(s) 352 – –

– l(vs) 407 l(vs) 407 l(s) 407 l(vs) 408 l(vs) 408 l(vs) 408 l(vs) 408 l(vs) 408 l(vs) 408 l(w) 376 – l,sh(m) 376

l(vs) 425 l(vs) 426 l(vs) 426 l(vs) 426 l(vs) 426 l(vs) 426 l(vs) 426 l(vs) 426 l(vs) 426 l(vs) 426 l(m) 428 – l(m) 421

l(m) 456 l(vs) 458 l(s) 458 l(vs) 458 l(vs) 458 l(vs) 458 l(vs) 458 l(vs) 458 l(vs) 458 l(vs) 459 – l,sh(vs)443 l,sh(m) 466

l(vs) 477 l(vs) 478 l(vs) 478 l(vs) 477 l(vs) 478 l(vs) 478 l(vs) 478 l(vs) 478 l(vs) 478 l(vs) 478 – l(s) 506 l(m) 501

l(vs) 519 l(vs) 520 l(vs) 520 l(vs) 520 l(vs) 520 l(vs) 520 l(vs) 520 l(vs) 520 l(vs) 520 l(vs) 520 l(vs) 503 l(s) 550 l(m) 546

l(m) 570 l(vs) 572 l(s) 572 l(vs) 571 l(vs) 572 l(vs) 571 l(vs) 572 l(vs) 572 l(vs) 572 l(vs) 572 – l(s) 595 l,sh(m) 595

l(vs) 609 l(vs) 607 l(vs) 608 l(vs) 609 l(vs) 609 l(vs) 608 l(vs) 610 l(vs) 608 l(vs) 608 l(vs) 609 l(s) 600 l(vs) 666 l(s) 668

– l(vs) 666 l(vs) 666 l(vs) 665 l(vs) 665 l(vs) 666 l(vs) 666 l(vs) 666 l(vs) 666 l(vs) 666 l(vs) 670 – –

– – – – – – – – – – l(vs) 769 I,sh(vs)769 l(s) 772

– – – – – – – – – – l(m) 875 l(m) 878 lsh(m) 874

– – – – – (w)967 – – – (w) 966 (w) 970 (w) 966 (w) 967

(s) 999 (s) 1000 (s) 1000 (s) 1000 (s) 1000 (s) 1001 (s) 1001 (s) 1000 (s) 1000 (s) 1001 (w) 1000 – –

(w) 1023 (w) 1025 (w) 1025 (w) 1024 (w) 1025 (w) 1025 (w) 1025 (w) 1025 (w) 1025 (w) 1025 – – –

(s) 1056 (m) 1058 (s) 1058 (s) 1058 (s) 1058 (m) 1058 (s) 1058 (m) 1058 (w) 1057 (m) 1058 (w) 1058 – –

mid–range luminescence effects

– – – – – l(m)1495 l(w) 1496 – – l(m) 1502 l(m) 1495 l(m) 1501 l(m) 1496

– – – – – l(m)1727 l(m) 1726 – – l(m) 1724 l(m) 1726 l(m) 1723 l(m) 1728

l(w) 1755 – l(w) 1755 l(w) 1756 l(w) 1756 l(m)1756 l(m) 1756 l(w) 1756 l(m) 1756 l(m) 1755 l(m) 1802 l(m) 1803 l(m) 1792

l(w) 1773 l(w) 1774 l(w) 1774 l(w) 1774 l(w) 1774 l(m)1774 l(m) 1774 l(w) 1774 l(w) 1774 l(m) 1774 l(m) 2093 – –

l(w) 1794 – – – l(m)1795 l(m) 1795 l(w) 1795 l(w) 1795 l(m) 1795 – – –

l(w) 1924 l(w) 1926 l(w) 1927 l(w) 1926 l(w) 1929 l(m)1926 l(w) 1924 l(w) 1925 l(m) 1924 l(m) 1923 – – –

l(m) 2019 l(m) 2020 l(w) 2020 l(w) 2020 l(w) 2019 l(m)2020 l(m) 2020 l(m)2019 l(m) 2021 l(m) 2021 – – –

l(w) 2155 l(m) 2156 l(w) 2156 l(w) 2154 – – – – l(m) 2158 l(m) 2156 – – l(m) 2070

l(w) 2204 l(m) 2203 l(w) 2203 l(w) 2204 l(w) 2202 l(m)2156 l(m) 2156 l(m)2157 – – – – –

– – – – – l,sh(m)2426 l,sh(w)2427 l(m)2203 l(m) 2202 – – – –

l(w) 2492 l(w) 2493 l(w) 2493 l(w) 2493 l(w) 2494 l(w) 2493 l(w) 2494 l(w) 2493 l(m) 2493 l,sh(w)2419 – l,sh(m)2440 l(m) 2437

l(w) 2578 – – – – l,sh(m)2513 l,sh(s)2513 – – l,sh(m)2509 – l,sh(m)2520 l(m) 2519

l(m) 2649 l(m)2650 l(w) 2649 l(w) 2649 l(m) 2649 l(vs) 2650 l(vs) 2650 l(m)2650 l(s) 2650 l(vs) 2649 l(vs) 2647 l(vs) 2641 l(vs) 2644

– – – – – l(m) 2791 l,sh(w)2790 l(w) 2837 – l,sh(w)2808 – l,sh(s)2751 l(m) 2805

high–range luminescence effects

l(s) 3232 l(s) 3234 l(s) 3233 l(m)3234 l(s) 3234 l(s) 3235 l(s) 3234 l(s) 3234 l(vs) 3234 l(s) 3234 l(w) 3232 – –

l(s) 3256 l(s) 3257 l(s) 3257 l(m)3257 l(s) 3258 l(s) 3258 l(s) 3258 l(s) 3257 l(vs) 3258 l(s) 3258 l(w) 3259 – –

– – – l(m)3303 – – – – – – – – –

l(m) 3323 – l(m)3323 l(m)3325 l(m)3325 l(m) 3324 l(m) 3324 l(m)3323 l(s) 3323 l(m)3323 – – –

l(m) 3345 l(s) 3344 l(m)3345 l(m)3345 l(m)3344 l(s) 3344 l(m) 3344 l(m)3345 l(s) 3346 l(m)3344 – – –

l(m) 3423 l(s) 3422 l(m)3422 l(s) 3423 l(s) 3423 l(s) 3423 l(s) 3423 l(s) 3423 l(s) 3419 l(s) 3424 l(w) 3424 – –

l(s) 3465 l(s) 3466 l(s) 3466 l(m)3466 l(s) 3466 l(vs) 3466 l(s) 3466 l(s) 3466 l(s) 3466 l(s) 3466 l(w) 3465 – –
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Notes to Table 7:
(1) – data collected with instrument A corresponding to spectra in Figure 8 and corresponding Raman spots in Figure S3. 
In bold – Raman bands; l – luminescence bands; sh – shoulders.
Xenotime-(Y) spectra: intensities of presented data are normalised to v1(PO4) band equal to 1.0: weak (w) 0.05–0.2, medium (m) 0.2–0.5, 
strong (s) 0.5–1.0, very strong (vs) >1.0.
Y-rich fluorcalciobritholite spectra: intensities of data are normalised to characteristic Raman band (966–970 cm-1) equal to 1.0: weak (w) 0.5–1.0, 
medium (m) 1.0–5.0, strong (s) 5.0–10.0, very strong (vs) >10.0. Only significant signals above background are presented.

Fig. 8.	 Raman data of (A) NWFP xenotime-(Y), (B–F) xenotime-(Y) from experimental products (Exp1–Exp5) and (G) Y-rich fluor-
calciobritholite from experimental product (Exp4 and Exp5). Right side – zoomed-in spectra (900–1100 cm-1) corresponding to dotted 
rectangles. 
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Fig. 9.	 Raman spectra of selected xenotime-(Y) grains from Exp1 and Exp5 collected with instrument B. A, B. 488 nm. D, E. 532 nm. 
E, F. 633 nm. Right side – zoomed-in spectra (900–1100 cm-1) corresponding to dotted rectangles. G–J. BSE images with Raman spots. 
Diamond – 488 nm, triangle – 532 nm, circle – 633 nm. F. Electronic transitions attributed to luminescence effects taken from Lenz et al. 
(2015). Mineral abbreviations: YFcbri – Y-rich fluorcalciobritholite, Xtm – xenotime-(Y).
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Compositional and Raman characteristics  
of the Piława Górna xenotime-(Y)  

– instrument A (532 nm laser)

The PG xenotime-(Y) spectra of the core and “outer” 
domain (i.e., opposite to the phase boundary with the zir-
con; Fig. 10A, B), predominantly resemble those of NWFP 
xenotime-(Y) and xenotime-(Y) from experiments (Figs 8, 
10D). This includes the described luminescence effects of 
low-range luminescence effects (Ho3+ and Er3+: 5S2 → 5I8  
and 4S5/2 → 4I15/2), weak mid-range luminescence effects  
(Sm3+: 4G5/2 → 6H7/2) and high-range luminescence effects 
(Sm3+ and Ho3+: 4G5/2 → 6H9/2 and 5F5 → 5I8). However, the 
luminescence effects of Eu3+ at 1800–2000 cm-1, which are 
present in the spectra of NWFP xenotime-(Y), are missing 
in the spectra of PG xenotime-(Y) (Figs 8A, 10D). One PG 
xenotime-(Y) spectrum from the outer domain displays 
broad luminescence effects in the range of 1200–1700 cm-1 
(spectrum 2 in Fig. 10D). Xenotime-(Y) spectra from the mi-
croporous domain display increased background lumines-
cence at 1200–1700 cm-1 compared to xenotime-(Y) from 
experiments (spectra 3, 4 in Fig. 10D). The FWHM val-
ues of the v1(PO4) band of the outer domain (7.3–8.5 cm-1),  
and from the microporous domain (8.5–9.0 cm-1) of PG 
xenotime-(Y) are significantly higher than FWHM val-
ues of xenotime-(Y) from experiments (4.56–6.3 cm-1; 
Fig. 10E).

Hyperspectral maps of xenotime-(Y) 
 – instrument B (532 nm and 633 nm lasers) 

Hyperspectral maps were collected on xenotime-(Y) 
grains surrounded by secondary Y-rich fluorcalciobritholite 
(Exp5, 1000 MPa / 750 °C; Fig. 11A). The TCA images of 
xenotime-(Y) (532  nm and 633 nm) demonstrate correla-
tion with the BSE image, though not as good as the ones 
of monazite-(Ce) (Figs 6C, D, 11B, C). Xenotime-(Y) and 
Y-rich fluorcalciobritholite demonstrate sharp and distinct 
boundaries in the BSE image, whereas a gradual shift from 
xenotime-(Y) to Y-rich fluorcalciobritholite is present in the 
TCA image taken with the 633 nm laser (Fig. 11A, D). Even 
small but distinct spectral differences can be used to investi-
gate the presence and distribution of individual phases, thus, 
signals of the v1(PO4) band (1005 cm-1) and luminescence 
effects at ca. 3250 cm-1 (caused by Sm3+ 4G5/2 → 6H9/2) are 
representative for xenotime-(Y) (Fig. 11E, H), whereas sig-
nals of the luminescence effects at 1500 cm-1 and 2650 cm-1 
(caused by Eu3+ 5D0 → 7F3) correspond to the presence of 
Y-rich fluorcalciobritholite (Fig. 11F, G). The distribution of 
these signals roughly reflects the dominant centres of both 
phases and fits the TCA and BSE images.

Both hyperspectral maps (532 nm and 633 nm) indicate 
underlying signals of Y-rich fluorcalciobritholite at the same 
location where the BSE image shows a homogeneous sur-
face of xenotime-(Y) and a sharp boundary to Y-rich fluor-
calciobritholite (green dashed squares in Fig. 11A, C, D). 
The EPMA-WDS compositional maps from the same area 
as the hyperspectral maps, confirm the homogeneous sur-
face of xenotime-(Y) and sharp boundaries between xeno-
time-(Y) and Y-rich fluorcalciobritholite (Fig. 12).

DISCUSSION
Characteristics of the Raman spectrum of 

monazite-(Ce) 

The unambiguous attribution of Raman bands to vibra-
tional modes of individual symmetry is still controversial, 
even for pure end-members of REE phosphates, and would 
require ab initio quantum calculations (Ruschel et al., 2012). 
Thus, the identification of Raman bands of natural mona-
zite-(Ce) is based on Raman data of synthetic end-members 
of REE phosphates from this study and the literature (Tabs 
3, 5; Begun et al., 1981; Silva et al., 2006). The predominant 
Ce content (0.412–0.483  apfu, Supplementary Tab. S3) in 
Burnet monazite-(Ce) would suggest Raman data like that 
of CePO4. However, amongst the normal modes [v1(PO4), 
v2(PO4), v3(PO4) and v4(PO4)], only the symmetric bending 
mode v2(PO4) at 464 cm-1 fits best with the band position of 
CePO4 (465 cm-1; Tabs 3, 5). The other normal modes are 
shifted towards higher values and best-fit NdPO4 [v1(PO4) 
at 974  cm-1 and v4(PO4) at 625  cm-1] and GdPO4 [v3(PO4) 
at 1070  cm-1], which is related to the cumulative contri-
bution of LREE (La–Gd) to the gross structure of natural 
monazite-(Ce). The correlation of band position with spe-
cific REE content was shown in synthetic Ce0.5Sm0.5PO4 or  
La1-xEuxPO4, in which the band positions shifted, depend-
ing on REE occupancy (Ruschel et al., 2012; Geisler et al., 
2016). This cumulated contribution may also explain the ap-
pearance of shoulder bands at ca. 961 cm-1, which could be 
related to the bonding length of LaPO4 [v1(PO4) at 965 cm-1] 
and CePO4 [v1(PO4) at 968 cm-1; Tab. 3]. 

Monazite-(Ce) can accumulate significant amounts of ra-
diation damage leading to distortion of its structure, which 
is reflected in broadening of the v1(PO4) band, despite the 
resistance of the mineral towards radiation damage due to 
low-temperature annealing effects (Seydoux-Guillaume et 
al., 2002a, b, c, 2018; Ruschel et al., 2012; Grand’Homme 
et al., 2018; Nasdala et al., 2020; Budzyń et al., 2021, 2022). 
Raman data of unaltered and compositionally altered do-
mains of monazite-(Ce) provide useful information in terms 
of structural recovery based on band narrowing (decrease 
of FWHM values), which is caused by recrystallization via 
fluid-induced coupled dissolution-reprecipitation processes 
(Putnis, 2002, 2009; Harlov et al., 2011; Seydoux-Guillaume 
et al., 2012) or thermal annealing (Meldrum and Boatner, 
1997; Ruschel et al., 2012; Seydoux-Guillaume et al., 2012, 
2018; Nasdala et al., 2020). The correlation of FWHM 
with structural damage or recovery was documented for  
a large variety of randomly oriented samples (Ruschel et al., 
2012). Broadening of the v1(PO4) symmetric stretching band 
is caused (i) by chemical broadening (structural distortion 
when incorporating U, Th, Ca and Pb in the monazite-(Ce) 
lattice) and (ii) by radiation damage (Ruschel et al., 2012). 
The high FWHM values (12.2–15.9 cm-1) of Burnet mona-
zite-(Ce) compared to chemical broadening (7.2–8.7 cm-1) 
indicates a moderate degree of structural disorder caused by 
an accumulation of radiation damage (Fig. 3A). 

Altered domains of monazite-(Ce) grains from ex-
perimental products at low to moderate P-T conditions 
(Exp1–Exp3: 200  MPa / 350 °C, 400 MPa / 450 °C,  
600 MPa / 550 °C) contain low FWHM values, which 
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Fig. 10.	 BSE images and Raman data of the PG xenotime-(Y) from a pegmatite from Piława Górna (NE Bohemian Massif, SW Poland) 
with Raman and EPMA spots. A. Overview of the xenotime-(Y) and zircon. B. Zoomed-in image with measured spots and (C) High 
contrast BSE image demonstrating patchy zoning of xenotime-(Y) (modified from Budzyń et al., 2018; Tramm et al., 2021). D. Xenotime-
(Y) spectra from the “outer domain” and patchy microporous domain. E. Raman shift of v1(PO4) symmetric stretching band of the PG 
xenotime-(Y) and xenotime-(Y) from experiments vs. corresponding FWHM values. See text for details.
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Fig. 11.	 Hyperspectral maps (instrument B) of xenotime-(Y) from Exp5 (1000 MPa / 750 °C). A. BSE overview and selected area. 
B. Raman spectra and (C, D) TCA images of xenotime-(Y) and Y-rich fluorcalciobritholite obtained with 532 nm and 633 nm lasers.  
E–H. Intensity maps of distinct bands (532 nm). I–L. Intensity maps of selected distinct bands (633 nm). A, C, D – green dashed square 
– highlighted area corresponding to the same position in BSE image and hyperspectral maps. Mineral abbreviations: YFcbri – Y-rich 
fluorcalciobritholite, Xtm – xenotime-(Y).
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Fig. 12.	 BSE image and EPMA-WDS compositional X-ray maps of a selected area of xenotime-(Y) from Exp5 (1000 MPa / 750 °C). 
Green dashed square – location of interest from the hyperspectral map (green dashed square in Fig. 11A, C, D). Mineral abbreviations: 
YFcbri – Y-rich fluorcalciobritholite, Xtm – xenotime-(Y).

reflect recrystallisation due to coupled dissolution-reprecip-
itation processes. The alkaline fluids used in experiments 
mobilised U, Th, Pb and HREE (Fig. 3B–D; Supplementary 
Fig. S2; Tab. S3; cf. Budzyń et al., 2015, 2017, 2021). On 
the other hand, higher FWHM values of unaltered mona-
zite-(Ce) domains indicate a moderate disorder of the struc-
ture, which was retained during experiments. The overall 
Raman data of unaltered domains (Exp1–Exp5, 200–1000 
MPa / 350–750 °C) display a general trend of decreasing 
FWHM, which indicates partial structural recovery inter-
preted to be caused by progressively increasing contribution 
of thermal annealing (Fig. 3B–D; cf. Ruschel et al., 2012; 
Seydoux-Guillaume et al., 2012, 2018; Nasdala et al., 2020; 
Budzyń et al., 2021, 2022). 

A contradictory observation is that a large fraction of 
data (altered domains in Exp1–Exp3, and unaltered do-
mains in Exp4–Exp5) display lower values of the Raman 
shift than the chemical broadening suggests. These may be 
the result of combined factors: (i) overcorrection of small 
FWHM values, a flaw of the correction method applied 
for instrumental broadening (e.g., Irmer, 1985; Nasdala et 
al., 2001), and (ii) overestimation of chemical broadening. 
Altered domains are classified by textural evidence, such as  
microporosity, presence of secondary phases and depletion 
of Th, U and Pb. The presence of secondary micro- to sub-
micron-inclusions is a common result of coupled dissolu-
tion-reprecipitation processes (Putnis, 2002, 2009; Harlov 
et al., 2011; Seydoux-Guillaume et al., 2012), thus, chemical 
broadening may be overestimated in the altered domains of 
monazite-(Ce). 

In the case of unaltered domains from experiments at 
higher temperatures (Exp4–Exp5), calculated chemical 

broadening is significantly higher than that of Burnet mona-
zite-(Ce) [up to 9.4 cm-1 in Exp4 or 10.2 cm-1 in Exp5, 
compared to 8.7 cm-1 in Burnet monazite-(Ce)]. The exper-
iments were carried out under high bulk Ca and Na con-
ditions (Budzyń et al., 2017). Therefore, it is possible that 
some Ca in monazite-(Ce) was supplied by the fluid during 
alteration at the submicron scale without significantly af-
fecting the overall composition. Possibly, nanoinclusions of 
cheralite [CaTh(PO4)2] in nanopores have formed and are 
distributed over the entire monazite-(Ce) grain, similarly to 
secondary cheralite nanoinclusions observed with TEM in 
monazite-(Ce) from the same experiments, but at P-T con-
ditions 200 MPa / 750 °C (Budzyń et al., 2021). Therefore, 
the low FWHM values of most data, even below calculated 
chemical broadening, from Exp4 and Exp5 may be the re-
sult of overlapping processes, such as thermal annealing and 
submicron fluid-induced alteration processes. Confirmation 
of such interpretation, however, would require nanoscale 
analyses (e.g., TEM) of the investigated grains, which was 
outside of the scope of this work.

The Raman data of compositionally unaltered mona-
zite-(Ce) from Exp2 (400 MPa / 450 °C) show signif-
icant changes, compared to that of the Burnet mona-
zite-(Ce) at two locations close to REE-rich steacyite 
(spots 50, 51 in Supplementary Fig. S1H; spectrum 15 in 
Fig. 2G). Monazite-(Ce) spectrum 15 contains a distinct 
band at 1128  cm-1 and significantly increased mid-range 
luminescence effects are present (Fig. 2G). The proxim-
ity of the secondary REE-rich steacyite suggests the po-
tential contribution of this phase in the monazite-(Ce) 
spectrum. Jin and Soderholm (2015) studied Raman 
spectra of synthetic minerals similar to steacyite [(K,□)
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(Na,Ca)2(Th,U)Si8O20] (Perrault and Szymański, 1982), 
i.e., (Ca0.5Na0.5)2NaUSi8O20 and (Ca0.5Na0.5)2NaThSi8O20. 
The spectra of these minerals include a band at a similar 
position [1144 cm-1 in (Ca0.5Na0.5)2NaUSi8O20 and 1139 cm-1 
(Ca0.5Na0.5)2NaThSi8O20, respectively] as observed in the 
monazite-(Ce) spectrum collected closely to REE-rich 
steacyite (1128 cm-1). These bands were attributed to the 
antisymmetric stretching of the Si-O-Si bond (Jin and 
Soderholm, 2015), thus, the additional distinct band at 
1128  cm-1 observed in the monazite-(Ce) spectrum may 
suggest a contribution of antisymmetric stretching of the 
Si-O-Si bond of REE-rich steacyite or possibly a similar 
phase. However, this interpretation remains uncertain due 
to the lack of reference spectra and emphasises that the 
Raman database should be expanded for not evaluated 
phases (spectrum 15 in Fig. 2G). 

Some Raman spectra obtained from compositionally un-
altered monazite-(Ce) domains (Exp5, 1000 MPa / 750 °C), 
but close to secondary fluorcalciobritholite, display signifi-
cant spectral changes compared to that of the Burnet mona-
zite-(Ce) (Raman spots 99, 111, 134; EPMA spots 72, 83, 92  
in Supplementary Fig. S1S, U, W). The spectral characteris-
tics include the appearance of a distinct band at 860 cm-1 and 
an increase of luminescence effects at mid- and high-range 
(spectra 19, 20 in Fig. 2J), which are similar to spectra of 
fluorcalciobritholite (spectra 23–25 in Fig. 2K). Signals of 
fluorcalciobritholite in Raman spectra of monazite-(Ce) may 
be used to identify its presence based on the distinct Raman 
features, which include a shifted v1(PO4) band towards low-
er wavenumbers (ca. 960–965  cm-1), the appearance of a 
new band at ca. 860 cm-1 and increased luminescence effects 
at mid- and high-range in accordance to fluorcalciobritho-
lite reference spectra. A mixture of fluorcalciobritholite with 
other britholite-group minerals cannot be excluded from the 
spectra due to the formation of many small crystals. Detailed 
textural and compositional descriptions of secondary phases 
from the investigated products of experiments were previ-
ously completed (Budzyń et al., 2017) indicating fluorcal-
ciobritholite as the predominant secondary phase at the P-T 
conditions selected in this work, thus, reference spectra are 
attributed to predominantly reflect fluorcalciobritholite fur-
ther on if not stated otherwise. 

Two Raman spectra collected very closely to micropores 
filled with fluorcalciobritholite display predominantly sig-
nals of fluorcalciobritholite over signals of monazite-(Ce) 
(spectra 17, 18 in Fig. 2H, I; Raman spots 56, 69, 70, 82 in 
Supplementary Fig. S1I, N, Q). The contribution of fluor-
calciobritholite signals to the monazite-(Ce) spectra could 
be related to (i) the formation of submicron inclusions of 
fluorcalciobritholite in the monazite-(Ce) matrix, or (ii) the 
presence of a phase boundary beneath the sample surface. 
This interpretation further supports the discussion above 
about the observed low FWHM values for a large fraction of 
monazite-(Ce) data from Exp5 and suggests submicron al-
teration processes without significantly changing the chem-
ical composition. Furthermore, nanoinclusions of britholite 
have been documented with TEM in experimentally altered 
monazite-(Ce) at high temperatures (1000  MPa / 900  °C; 
Harlov et al., 2011). Thus, the presence of fluorcalciobritho-
lite submicron inclusions is plausible. 

Characteristics of the Raman spectrum of xenotime-(Y)

In contrast to the Burnet monazite-(Ce), the Raman bands 
of the NWFP xenotime-(Y) are located at the expected posi-
tions of its composition (0.72–0.76 apfu Y) and fit well with 
data of YPO4 (1B [v1(PO4)] = 999 cm-1, 2B = 1024 cm-1 and 
3B [v3(PO4)] = 1056 cm-1; Tabs 4, 7). This implies that either 
(i) the monazite-(Ce) structure and the positions of vibra-
tional modes are more susceptible to REE composition than 
the xenotime-(Y) structure, or (ii) that the Y content in the 
xenotime-(Y) structure exceeded a threshold, which results 
in a structure reflecting that of YPO4. The Raman spectrum 
of NWFP xenotime-(Y) in this work shows low-range lu-
minescence effects caused by the Ho3+ (5S2 → 5I8) and Er3+ 
(4S3/2 → 4I15/2), which superimpose the lattice and internal 
bending modes of xenotime-(Y) and electronic transitions 
derived from Dieke diagrams (Dieke and Crosswhite, 1963) 
and agree with observations of Lenz et al. (2015) of xeno-
time-(Y) spectra from Novo Horizonte (Baha, Brazil). 

The similarity of most xenotime-(Y) spectra from all 
experiments reflects its chemical and structural stability 
(spectra 1–4, 7 in Fig. 8B–F). Still, there is textural evi-
dence for alteration in BSE images of xenotime-(Y) from 
Exp4 and Exp5 (800 MPa / 650°C, 1000 MPa / 750 °C), 
which includes dissolution pits at the rim of xenotime-(Y) 
and partial replacement of xenotime-(Y) by Y-rich fluor-
calciobritholite (Supplementary Fig. S3I–L). Indeed, some 
Raman spectra collected at the very rim of xenotime-(Y) 
grains close to Y-rich fluorcalciobritholite show charac-
teristic changes in luminescence effects (spectra 6, 8, 9 in 
Fig. 8E, F). Particularly the dominant Eu3+ (5D0 → 7F3) lu-
minescence band at ca. 2650 cm-1, which demonstrates in-
creased intensity and broadening, resembles those of Y-rich 
fluorcalciobritholite (spectra 6, 9 and 10–12 in Fig. 8E–G). 
Other luminescence bands at ca. 1900 and 2000 cm-1 caused 
by different electronic transitions of Eu3+ (5D0

 → 7F2) dis-
play broadening (Fig. 8E, F). This phenomenon may indi-
cate that structural changes can affect individual electronic 
transitions of one REE (in this case Eu3+) or that individual 
electronic transitions of one REE are activated differently 
depending on crystal orientation. Indeed, a different re-
sponse of the Raman spectrum on crystal orientation was 
demonstrated in PrPO4 with polarised Raman spectroscopy 
(Silva et al., 2006).

Raman microspectroscopy of the Ankazobe mona-
zite-(Ce) and the Piława Górna xenotime-(Y) 

Unaltered domains of the Ankazobe monazite-(Ce) 
display significant broadening of the v1(PO4) band (10.5–
13.2 cm-1 FWHM) at relatively constant U, Th, Ca and Pb 
contents, which indicate various degrees of radiation dam-
age in the structure (Fig. 5E, Supplementary Tab. S3). In 
comparison, the Burnet monazite-(Ce) displays a slightly 
higher degree of radiation damage shown in band broaden-
ing of 12.2–15.9 cm-1 FWHM at higher chemical broadening 
(Fig. 3A). The differences in chemical broadening are due 
to higher Th, Pb and Ca contents in Burnet monazite-(Ce) 
compared to Ankazobe monazite-(Ce). However, despite 
their ages (Burnet monazite-(Ce), ca. 1100 Ma; Budzyń et 
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al., 2021; Ankazobe monazite-(Ce), ca. 515 Ma; Budzyń and 
Sláma – unpublished data), both monazites display only 
moderate degrees of radiation damage based on FWHM 
values. Because annealing effects occur at temperatures as 
low as 180 °C (Seydoux-Guillaume et al., 2018), structur-
al damage caused by self-irradiation was repaired as long 
as the environment had adequate temperature conditions.  
The degree of radiation damage observed in both monazites 
is therefore the result of accumulated structural damage  
after termination of annealing. This may be related to the ter-
mination of annealing processes which repaired the Burnet 
monazite-(Ce) structure and the Ankazobe monazite-(Ce) at 
different times.

Raman data from the altered domains of the Ankazobe 
monazite-(Ce) show significant v1PO4 band narrow-
ing (6.3–10.2 cm-1; Fig. 5E) and depletion of Th, U and Pb 
(Supplementary Tab. S3), which indicate structural recovery 
due to recrystallization via fluid-aided coupled dissolution- 
reprecipitation processes. These observations are in agree-
ment with earlier studies (Ruschel et al., 2012; Seydoux-
Guillaume et al., 2012, 2018; Budzyń et al., 2021, 2022), and 
demonstrate the value of Raman microspectroscopy in con-
straining degree of alteration in the altered domains.

In the case of the investigated PG xenotime-(Y) and xeno-
time-(Y) from experiments, correlation of U, Th, Ca and Pb 
contents with band broadening, as demonstrated for mona-
zite-(Ce) (Ruschel et al., 2012), was not observed (Fig. 10D; 
Supplementary Tab. S6). The reason for lack of such corre-
lation is most likely related to low concentrations of U, Th, 
Ca and Pb in the investigated xenotime-(Y). Also, it cannot 
be excluded that these non-formula elements do not distort 
the xenotime-(Y) structure in the same way as they affect 
the monazite-(Ce) structure. In the NWFP xenotime-(Y), 
radiation damage did not accumulate sufficiently, whereas 
the PG xenotime-(Y) with higher contents of U, Th, Ca and 
Pb, and altered at high temperature conditions during peg-
matite formation (Budzyń et al., 2018), displays v1PO4 band 
broadening (7.3–9.0 cm-1 FWHM) that indicates a moderate 
degree of accumulated radiation damage. For comparison, a 
moderate degree of radiation damage was demonstrated in a 
micro- to nanoscale study of xenotime-(Y) from a pegmatite 
(Evje, S Norway) with Raman microspectroscopy and TEM 
(Budzyń et al., 2023b). The primary xenotime-(Y) (ca. 980 
Ma) yielded high FWHM values (13.3–15.6 cm-1), whereas 
altered domains with recrystallized structure have shown 
low to moderate FWHM values (1.1–9.8 cm-1; Budzyń et al., 
2023b). The Raman data of pegmatitic xenotime-(Y) from 
Piława Górna and the Evje region demonstrate two cases 
in which Raman microspectroscopy identified domains in 
xenotime-(Y) with various degrees of radiation damage. 

Hyperspectral maps of monazite-(Ce) and xenotime-(Y)

Hyperspectral maps of monazite-(Ce) provide infor-
mation on structural variations, whilst fitting well with 
EPMA-WDS compositional X-ray maps and BSE images  
(Figs 6, 7). Structural variation is revealed by a shift of band 
positions of the v1(PO4) band (978–962 cm-1) with both ex-
citation lasers (532 and 633 nm) and demonstrates the high 
potential of combining hyperspectral maps with EPMA 

compositional X-ray maps. The combined data provide 
broader information in terms of phase identification, and 
compositional and structural relations within phases. 

Hyperspectral maps of xenotime-(Y) resulted in more 
ambiguous TCA images which partially contradict BSE 
images and EPMA-WDS compositional X-ray maps  
(Figs 11, 12). Signals from xenotime-(Y) and Y-rich fluorcal-
ciobritholite are present in domains, which show homogene-
ous xenotime-(Y) in BSE images and compositional X-ray 
maps (green square; Figs 11, 12). When interpreting hyper-
spectral and EPMA compositional X-ray maps, the depth res-
olution of both methods needs consideration (Hetherington 
et al., 2008; Everall, 2010). The depth resolution of Raman 
microspectroscopy can be estimated with the formula  
Δz = 4λ × NA-2 (NA = 0.45) and depends on the excitation 
laser used (10.5 µm depth with 532 nm and 12.5 µm depth 
with 633 nm; after Everall, 2010). A focused electron beam 
of EPMA possesses a resolution as low as 6 µm3 when ap-
plied to xenotime-(Y) with 15 kV acceleration and a cur-
rent of 200 nA (Hetherington et al., 2008). In this work, 
an acceleration of 15 kV and a current of 100 nA were ap-
plied with a beam size of 3 µm leading to a resolution of  
< 6 µm3. Thus, EPMA measurements and composition-
al X-ray maps reflect the imminent surface of the sample.  
In contrast, hyperspectral maps penetrate the material deep-
er and reflect the gross signal from the surface up to 12 µm 
into the sample. A combination of hyperspectral maps with 
EPMA-WDS compositional X-ray maps of xenotime-(Y) in-
dicate that spectral signals of Y-rich fluorcalciobritholite are 
located below the xenotime-(Y) (green square; Figs 11, 12).  
This particular domain of xenotime-(Y) may be suitable for 
compositional evaluation with EPMA measurements, how-
ever, Raman data suggest caution regarding trace element 
analysis or geochronological evaluation with other microa-
nalytical techniques such as LA-ICPMS. 

CONCLUSIONS

This work systematically applied the collective know- 
ledge of previous Raman spectroscopic works on mona-
zite-(Ce) and xenotime-(Y) to natural and experimental  
cases of fluid-induced alteration to evaluate spectral chang-
es between unaltered and altered domains. The Raman data 
for monazite-(Ce) and xenotime-(Y) from the laboratory 
experiments have distinct spectral characteristics in unal-
tered and altered domains, which display significant band 
narrowing in monazite-(Ce), in combination with U, Th and 
Pb depletion and enrichment of Ca, indicating recrystal-
lized domains as a result of fluid-induced coupled dissolu-
tion-reprecipitation processes. Monazite-(Ce) demonstrated 
minimal compositional changes at elevated temperatures 
but showed a progressive decrease of the FWHM values of 
v1PO4 bands, which is attributed to thermal annealing pro-
cesses potentially coupled with submicron alteration pro-
cesses. Significantly lower values of FWHM than calculated 
chemical broadening can be the result of Ca-bearing submi-
cron inclusions formed in monazite-(Ce) during alteration 
driven by fluid-induced coupled dissolution-reprecipitation 
processes.
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The Raman data of monazite-(Ce) and xenotime-(Y) 
demonstrate the importance of a structural evaluation with 
spectroscopic methods in petrological and petrochronologi-
cal studies of altered monazite-(Ce) and xenotime-(Y). The 
application of hyperspectral mapping is particularly useful 
to complete information from EPMA-WDS X-ray mapping 
and to understand the presence of phases present below the 
analysed surface, which may affect microanalytical results. 
Changes in primary Raman features can easily identify sig-
nals of secondary phases in the monazite-(Ce) and xeno-
time-(Y) spectra, but luminescence effects are often ignored 
or unwanted. Yet, REE-bearing phases such as fluorcalcio-
britholite demonstrated significant changes in luminescence 
effects, thus characteristic luminescence effects prove to be 
a valid indicator for differentiation of unaltered and altered 
domains in monazite-(Ce) and xenotime-(Y), and between 
other REE-bearing phases. 

The extended Raman dataset enables differentiation of 
alteration mechanisms, such as structural damage due to 
self-irradiation, recrystallization due to coupled dissolu-
tion-reprecipitation or thermal annealing effects, if com-
bined with textural and compositional data, particularly 
with the 532 nm and 633 nm lasers. Comparison of chem-
ical broadening and measured FWHM values of the v1PO4 
band of monazite-(Ce) are very useful to differentiate be-
tween radiation-damaged domains, compositionally altered 
and recrystallized domains, and compositionally unaffected 
domains, which most likely underwent a combination of 
thermal annealing and submicron recrystallization. Raman 
microspectroscopy extends our understanding of alteration 
processes of monazite-(Ce) and xenotime-(Y) and may bear 
the potential to improve Raman characterizations with other 
not yet evaluated excitation lasers. 
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