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Abstract
Fluorite is one of the most common minerals in the crust and is of widespread economic importance. It shows strong UV-
excited luminescence, variously attributed to defects within the fluorite structure and lanthanide substitutions. We present 
here a detailed chemical characterisation of a suite of natural fluorite samples, chosen to represent the range of composi-
tions observed in nature. We perform X-ray excited luminescence spectroscopy on the samples as a function of temperature 
(20–673 K) in the wavelength range 250–800 nm to provide insights into physical defects in the lattice and their interac-
tions with lanthanide substituents in natural fluorite. Most broad bands in the UV are attributed to electronic defects in the 
fluorite lattice, whereas sharp emissions are attributed to intra-ion energy cascades in trivalent lanthanides. Lanthanides 
are accommodated in fluorite by substitution for  Ca2+ coupled with interstitial  F−,  O2− (substituting for  F−) and a variety 
of electronic defect structures which provide local charge balance. The chondrite-normalised lanthanide profiles show that 
fluorite accommodates a greater proportion of heavy lanthanides (and Y) as the total Rare Earth Element (REE) concentration 
increases; whereas cell parameters decrease and then increase as substitution continues. Luminescence intensity also goes 
through a maximum and then decreases as a function of REE concentration. All three datasets are consistent with a model 
whereby lanthanides initially act as isolated centres, but, beyond a critical threshold (~ 1000 ppm), cluster into lanthanide-
rich domains. Clustering results in shorter REE-O bond distances (favouring smaller heavier ions), a larger unit cell but 
more efficient energy transfer between lanthanides, thereby promoting non-radiative energy loss and a drop in the intensity 
of lanthanide emission.
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Introduction

Fluorite  (CaF2) is a naturally occurring, cubic, wide band-
gap, (Eg = 12.2 eV, Assylbayev et al. 2018) ionic crystalline 
solid which is used in the production of hydrofluoric acid 
(HF), as a flux in metallurgy and for several applications 
including ceramic glazes, optics, radiation dosimetry and 
vacuum ultraviolet components (Aoki et al. 2015). In addi-
tion, fluorite is considered in EU surveys as a ‘critical raw 
material’ for European industries. Natural fluorite contains 
many trace elements, including significant concentrations 
of Rare Earth Elements (REE = lanthanides + Y) which 

modify the spectroscopy of the fluorite including its colour 
and luminescence. Fluorite emits a characteristic light when 
irradiated by UV and the term ‘fluorescence’ was first coined 
for this behaviour by Stokes from studying fluorite (Stokes 
1852; Valeur and Berberan-Santos 2011).

The present paper analyses a suite of natural fluorites to 
provide insights into the effects of lanthanide substitution 
on the luminescence of natural fluorite. We explore fluores-
cence as a function of temperature from 20 to 673 K, excit-
ing the samples using X-irradiation (variously called Radio-
Luminescence, RL or X-ray Excited Optical Luminescence, 
XEOL). We analyse the data not only to provide insights into 
emissions resulting from lanthanide substitution, but also to 
understand how coupling of structural defects and lantha-
nides takes place. In doing so, we provide new insights into 
the defect structures of natural fluorite, one of the world’s 
most important critical raw materials.
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Materials and methods

Samples

Most natural REE-rich fluorites form during late-stage 
magmatic or hydrothermal activity associated with evolved 
igneous bodies, and therefore, we focus on samples from 
that paragenesis in the present study. All have affinity with 
magmatism either from alkaline or granitic settings. The 
samples studied here are chosen as a subset that represents a 
cross section of colour, chemical variation and UV response 
in fluorite. The provenance of the samples is summarised 
in Table 1 but the key features are as follows: Greenland 
samples (NJH-16-39ppl and NJH-16-41grn) were collected 
from the Motzfeldt Complex, Gardar Province, South Green-
land, an alkaline igneous setting (Finch et al. 2019a). The 
area represents the emplacement of Early Gardar rift related 
alkaline magmatism dating from 1320 to 1270 Ma (Upton 
et al. 2003; Upton 2013). Fluorite is found in veins and were 
collected from a vein in loose material near 1300 m sum-
mit, a down faulted block of Eriksfjord trachytes, interpreted 
as a preserved roof zone rich in volatile fluids (Finch et al. 
2001, 2019a).

Fluorite samples from Norway are from typical Nio-
bium–Yttrium–Fluorine (NYF) pegmatites associated 
with granitic intrusions. Hundholmen and Nedre Eivollen 
are within the Trans-Scandinavian igneous belt, hosted 
by and associated with the Tysfjord Granite which is 
dated 1810–1660 Ma (Müller et al. 2017; Romer et al. 
1992). Aspedammen fluorite comes from the county of 
Østfold, within the border zone between the Iddefjord 
granite (~ 900 Ma) and the neighbouring gneiss complex 
(~ 1800 Ma) within the Norwegian Precambrian shield 
(Cooper et al. 2012). Hundholmen and Nedre Eivollen 
fluorites are catalogued as yttrofluorite (a Y rich variety 
of fluorite, Vogt 1923; Sverdrup 1968) in the collections of 
the Natural History Museum in Oslo. This term is incon-
sistently used in the literature to indicate fluorite with REE 

enrichment but, as recommended by Pekov et al. (2009), 
we use the term yttrofluorite for fluorite with total REE 
oxide values > 2%. Tveitite-(Y), ideally (Y, Na)6(Ca, Na, 
REE)12(Ca, Na)F42, is a trigonal mineral, whose structure 
is based upon a stuffed fluorite structural template (Berg-
støl et al. 1977; Bevan et al. 1982; Pekov et al. 2009). 
Despite the high Y content of some samples in this study, 
XRD investigations show them all to have the fluorite 
structure. Material from all samples is archived in collec-
tions at the University of St Andrews.

Electron probe microanalysis (EPMA)

Ca, F, Y, La and Ce were measured by wavelength-dis-
persive spectroscopy (WDS) using a CAMECA SX100 
electron probe micro-analyser (EPMA) at the University 
of Edinburgh, United Kingdom. Samples were measured 
using an acceleration voltage of 15 kV and larger beam 
size of 10 µm diameter to decrease the incident beam 
power density and thereby minimise loss of volatile ele-
ments. The beam current was set to 2 nA for Ca and F, and 
60 nA for Y, La and Ce. Counting times were 10 s on 
peak, with half that off peak. Calibration standards were 
Calcite-Silicarb (Ca Kα), fluorite (F Kα) and synthetic 
REE-phosphates (La Lα, Ce Lβ, Y Kα). The data were 
reduced and corrected using the PAP routine (Pouchou 
and Pichoir 1984). Although we present EPMA data here 
only for Ca and Y, we estimated other minor elements at 
the time to ensure that matrix corrections were optimised. 
During WDS, qualitative Energy-Dispersive X-ray Analy-
sis (EDXA) of secondary X-rays was performed to check 
whether significant amounts of S and Cl were present; 
those elements were not observed. The primary purpose of 
EPMA was to provide estimates of Ca from which to nor-
malise LA-ICP-MS data (see below). We consider the esti-
mates of Y in yttrofluorite to be more accurate by EPMA 
since saturation of the detectors by ICP-MS was observed.

Table 1  Physical characteristics (colour and UV fluorescence) and provenance of samples

The colour is replicated on geochemical figures below to give an intuitive sense of the sample referred to

Sample Colour UV A (365 nm) UV C (254 nm) Provenance Source

NJH-16-39ppl Purple – – Motzfeldt Centre, Igaliku Complex, 
Kujalleq, Greenland

Collected by NJH

NJH-16-41grn Green Blue/purple Blue/purple Motzfeldt Centre, Igaliku Complex, 
Kujalleq, Greenland

Collected by NJH

Aspedammen Dark green Green Yellow Aspedammen, Østfold, Norway Oslo NHM exchange collection
Hundholmen Pale yellow/green Yellow Yellow Hundholmen, Tysfjord, Nordland, 

Norway
Oslo NHM exchange collection

Nedre Eivollen Pink White/yellow White Nedre Eivollen, Drag, Tysfjord, Nord-
land, Norway

Oslo NHM exchange collection
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Laser ablation inductively coupled mass 
spectrometry (LA‑ICPMS)

Trace elements were measured by LA-ICP-MS at the School 
of Earth and Environmental Sciences, University of St 
Andrews, UK. The system comprises an UP213 New Wave 
frequency quintupled Nd:YAG Laser system attached to 
a quadrupole-based Thermo X'Series II ICPMS. Ablation 
was performed at a rate of 20 Hz and a constant energy 
of ~ 10 J  cm−2, with He was used as a carrier gas (Eggins 
1998) and mixed with Ar on entering the chamber to aid 
stability. NIST612 glass was used as an external calibration 
sample. Data were processed offline using Pepita software 
(Dunkl et al. 2008) using Ca (determined by EPMA, see 
above) as an internal standard element. For estimates of Y 
concentration in yttrofluorite, we consider the data by EPMA 
to be more accurate since saturation of the detectors by LA-
ICP-MS is anticipated. This instrument has typical preci-
sion (to 95% confidence) of ± 10% of the mean and limits of 
detection (lod) range between 1 and 3 ppm. In the present 
study, any data shown in ppm are taken from LA-ICPMS 
and the associated precision to 95% confidence interval can 
be inferred to be 10% of the mean.

X‑ray diffraction (XRD)

Single-crystal fragments of each sample were mounted on 
a Rigaku Synergy-S diffractometer equipped with a HyPix-
6000HE detector housed at the Natural History Museum, 
University of Oslo, Norway. A PhotonJet-S microfocus 
sealed tube operating at 50 kV and 1 mA provided the mono-
chromatic Mo Kα-radiation. Diffraction data were collected 
at room temperature and the CrysAlis Pro software was used 
for data processing and unit cell refinement.

Luminescence spectroscopy

Fluorite samples were examined using short (UV-C 254 nm) 
and long (UV-A 365 nm) UV light using an Analytik Jena 
mineralogical UV lamp. Samples were examined visually 
to determine fluorescence response and to identify a range 
of emission for further examination using high sensitiv-
ity instrumentation. X-ray Excited Optical Luminescence 
(XEOL) measurements were made on a high sensitivity 
luminescence spectrometer system at the University of St 
Andrews, UK (Finch et al. 2019b) using single crystal frag-
ments. X-rays are chosen above other forms of excitation 
because this radiation penetrates deeply into the crystal 
and delivers a response that is representative of the bulk, in 
contrast to e.g. cathodoluminescence, where luminescence 
is dominated by atypical surface responses. We therefore 
probe the bulk crystalline solid with our experiments. Cryo-
genic measurements are made on a low temperature stage 

that operates from 20 to 300 K. The samples are cooled 
to 20 K then heated, while high-temperature measurements 
are made from 300 to 673 K on a separate stage. A ramp 
rate of 6 K  min−1 is used to minimise thermal lag between 
the thermocouple and the sample (Betts and Townsend 
1993; Townsend et al. 1997; Ege et al. 2007) with continu-
ous X-irradiation. The X-ray source is a Philips MCN-101 
ceramic X-ray tube typically running at 20 kV and 20 mA 
delivering X-rays at 20 Gy   min−1. Data collected were 
processed using custom made software and further details 
on processing and the instrument are given by Finch et al. 
(2019b).

Results

Fluorite geochemistry and crystallography

Natural fluorite is typically > 99%  CaF2 (Chang et al. 1996), 
although the samples in the present study are atypical and 
chosen to include those with elevated REE. The cell param-
eters and chemical compositions of the samples are given 
in Table 2. The cell parameters show a shrinking and then 
expansion of the unit cell as a function of total RE content 
(Fig. 1), with the inflection point ~ 2000 ppm. Chondrite nor-
malised REE (including Y) profiles are provided in Fig. 2. 
Elemental substitution in the samples of the present study 
range by orders of magnitude from NJH-16-39ppl, (which 
has a sum of all substituents of 400 ppm = 0.04%) ranging 
to 18.4% in Nedre Eivollen.

Short/long wave UV

The colour of the samples in hand specimen and the visible 
fluorescence on exposure to short and long wave UV is sum-
marised in Table 1. The dark purple fluorite shows no vis-
ible fluorescence in either the UVA or UVC. However, most 
samples show responses in both ranges, although the colour 
of that response is not the same for Aspedammen fluorite, 
which is green in UVA and yellow under UVC.

X‑ray excited optical luminescence (XEOL)

XEOL data at high and low temperature are shown as con-
tour plots in Fig. 3. A summary of the main findings is pre-
sented below.

NJH‑16‑39ppl (fluorite)

Many trace elements in this sample, including the lantha-
nides are at or below the limit of detection for LA-ICPMS, 
and this sample is the purest fluorite analysed in the 
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present study. Sr (267 ppm), Y (75 ppm) and Co (36 ppm) 
are the only substituents present in detectable concentra-
tions. The XEOL shows strong UV/blue emission in the 
low temperature (20–300 K) spectra centred in one broad 
band with the maximum intensity at 282 nm. Above 373 K 
the UV emission reduces in intensity and the narrower 
emission line at 480 nm becomes more dominant.

NJH‑16‑41grn (fluorite)

Numerous trace elements are present and this is the only 
sample with measurable Fe (82 ppm), Zr (2.1 ppm) and 
Nb (5.9 ppm). The most abundant trace elements are Sr 
(321 ppm) and rare earths (831 ppm) with individual lan-
thanides detectable ranging from 83 to 2.0 ppm. Th is above 
lod at 4.1 ppm. The low temperature XEOL is dominated by 

Table 2  Unit cell parameter and 
Chemical compositions of the 
samples

Cell parameters are calculated from refinement of XRD data, the precision in the last digit is in parenthe-
ses. Compositional data shown in % are measured by EPMA whereas those presented without a unit are 
in ppm and estimated by LA-ICPMS using Ca as internal standard. Data are typically the averages of 4 
replicate runs. K, Sc, Ti, V, Cr, Ni, Cu, Ga, Mo, Ba, U are all below limit of detection by LA-ICP-MS. Pre-
cision in Ca EPMA data are typically 0.5% (to 95% CI) whereas LA-ICP-MS data is ~  ± 10% of the mean. 
Lod by LA-ICP-MS is typically 1–3 ppm

NJH-16-39ppl NJH-16-41grn Aspedammen Hundholmen 
(yttrofluorite)

Nedre Eivol-
len (yttrofluo-
rite)

Cell parameter
a (Å) 5.4684 (6) 5.4659 (5) 5.4664 (8) 5.4872 (7) 5.5001 (5)
Compositions
Ca 52.29% 51.86% 51.89% 39.35% 42.30%
Na  < lod  < lod 147 655 1167
Mg  < lod 2 3 2 3
Mn  < lod 3 528 6 11
Fe  < lod 82  < lod  < lod  < lod
Co 36 53 49 25 10
Zn  < lod  < lod 2 1  < lod
Sr 267 321 7 108 143
Y 75 831 1137 8.78% 8.51%
Zr  < lod 2  < lod  < lod  < lod
Nb  < lod 6  < lod  < lod  < lod
La 4 46 7 139 5781
Ce 5 75 21 153 9740
Pr 2 15 7 38 2074
Nd 4 83 47 361 12,400
Sm 1 42 170 424 5486
Eu  < lod 2 1 4 1
Gd 2 42 322 2208 9362
Tb  < lod 7 75 599 1809
Dy 4 45 211 5773 14,200
Ho 1 6 7 1606 3590
Er 5 19 5 5507 12,300
Tm  < lod 2  < lod 901 2133
Yb 1 14 3 5811 15,600
Lu  < lod 2  < lod 952 2548
Hf  < lod  < lod  < lod 3 7
Ta  < lod  < lod  < lod  < lod 2
Th  < lod 4 16 2 35
∑REE% (not incl Y) 0.01% 0.1% 0.1% 2% 9%
Atomic Na: ∑REE Na n.d. Na n.d. 2:5 1:25 1:25
∑Substitution elements % 0.04% 0.1% 0.25% 11% 18%
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a strong UV blue emission at 20 K centred around 280 nm, 
with additional narrow emission bands at 320, 380, 480, 
540, 560, 580 and 600 nm. At 65 K the strong UV/blue emis-
sion abruptly becomes more intense and emits over a wider 
wavelength (from 250 to 340 nm), the narrower emission 
bands also increase in intensity and broaden, with additional 
narrow bands becoming visible around 670 nm and 760 nm. 
At 245 K the intensity reduces for nearly all emissions and 
all samples. The most intense emission switches at 200 K 
to 312, which peaks at 220 K alongside the emissions at 
340, 380, 416 and 480 nm. From 240 to 300 K the emission 
across the spectra becomes weaker. High temperature XEOL 
is dominated by peaks at 250–300, 380, 416 and 480 nm 
between 473 and 633 K. There is an abrupt reduction in 
signal at 646 K caused by decrepitation of the crystal.

Aspedammen (fluorite)

Aspedammen fluorite shows trace element substitutions 
with Y (1137 ppm), Mn (528 ppm), Na (147 ppm), Co 

(49 ppm) and Th (17 ppm) all present at notable concentra-
tions. The lanthanide concentrations are e.g. Ce = 22 ppm, 
Sm = 170 ppm and Dy = 211 ppm, with the sample show-
ing REE enrichment centred around Tb (Fig. 2). Low tem-
perature XEOL is dominated by bands at 280, 310, 382, 
413, 438, 495 and 566 nm, with the strongest emission at 
495 nm. At high temperatures the XEOL shows the most 
intense emission at 485 nm with the additional narrow bands 
at 470, 532 and 560 nm. A peak in intensity can be seen at 
485 nm, from 500 to 600 K.

Hundholmen (yttrofluorite)

Substantial substitution of the lanthanides is present with 
notable enrichment in HREE (Gd 2208 ppm, Dy 5773 ppm 
and Yb 5810 ppm). Na (117 ppm) and Sr (655 ppm) are 
also significantly above lod. This sample contains 8.8% Y, 
and 2.35% ΣREE (excluding Y). XEOL at low temperature 
shows numerous narrow emission bands at 312, 381, 400, 
414, 440, 476, 540, 568 and 621 nm. The bands in the UV/
blue regions narrow and reduce in intensity above 100 K 
while the intensity of the 480 nm band intensifies. The spec-
tra at high temperatures show stronger emissions from the 
green and yellow regions (i.e. 480, 543, 573 nm). In the UV/
blue there is a broader emission at 322 nm which peaks in 
intensity between 450 and 600 K. An emission is also pre-
sent centred around 280 nm at 20 K (seen as a sideband to 
the sharp line at 311 nm) which fades on heating to 175 K, 
beyond which the feature is no longer visible.

Nedre eivollen (yttrofluorite)

Y (8.5%) and some lanthanides are present as major ele-
ments (Ce 9740 ppm, Nd 12,417 ppm, Dy 14,248 ppm, Gd 
9362 ppm, Er 12,300 ppm, Yb 15,600 ppm) and this sam-
ple is particularly enriched in HREE. Na is present at just 
over 1% (1117 ppm). Sr (142 ppm) and Th (35 ppm) are 
also present at significant concentrations. XEOL spectra at 

Fig. 1  Cell parameter (a) versus 
total rare earth content. The 
colour of the symbols relates to 
the colour of the sample, e.g. 
purple fluorite is represented by 
a purple symbol. The fine line is 
a linear fit through the last three 
points. The error in both param-
eters lies within the magnitude 
of the symbol. The cell shrinks 
as lanthanides are added to the 
structure up to ~ 2000 ppm at 
which point it expands linearly 
with total REE content

Fig. 2  Chondrite (C1) normalised Rare Earth Profiles (Y is plotted 
between Dy and Ho) of fluorite in this study. Values below LOD are 
not plotted. The Light Rare Earth Element (LREE) and Heavy Rare 
Earth Element (HREE) series are indicated. Chondrite values are 
from McDonough and Sun (1995). The symbol colour represents the 
colours of the samples in hand specimen
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low temperature display emissions from UV to green with 
the main bands centred around 310, 382, 415, 438, 480 and 
540 nm. Intensity of emission increases across the spectra 
at 120 K, reducing gradually on further heating. A peak at 
440 nm is observed from 20 K, reducing in intensity until 
it stops abruptly at 150 K when an emission line at 560 nm 
begins to emit at higher temperatures. High temperature 
data shows emission lines at 280, 311, 473, 550 and and 
574 nm. The most intense is noted from the 311 nm line 
which shows dramatic broadening and a secondary shoulder 
peak at 320 nm when the intensity increases at 500 K.

Discussion

F constitutes the only anion detected by any of our meth-
ods, but it is important to note that oxygen was not analysed 
directly by EPMA and our ICPMS analyses were configured 
only to measure species which form positive ions. Limits of 
detection by ICPMS are orders of magnitude higher for ani-
ons using the methods applied. It may therefore be that oxide 
ions or other elements such as Cl or S are present but unde-
tected in the fluorites, although neither of the latter were 
observed in routine EDXA analysis taken alongside WDS 
EPMA analyses. Most of the elements observed are metals 
and it is inferred that they substitute for  Ca2+ in the Ca site. 
Mg and Sr are divalent and we infer that these substitute 
directly for  Ca2+. Similarly, the transition metals Fe, Mn 
and Co each have divalent forms which we infer substitute 
homovalently for  Ca2+. Substitution of divalent ions causes 
physical distortions as smaller or larger ions occupy the site. 
The degree of distortion depends on the ‘stiffness’ of the 
site, expressed by the Young’s Modulus (Blundy and Wood 
1994). Ionic solids such as fluorite have flexible structures 
(low Young’s Modulus) that distort relatively easily when 
substitutions take place. Such structures tend to accommo-
date a wide range of substituent ions (Table 2).

The other metals detected are not divalent ions. Na 
is a 1 + ion, whereas most other metals in the analy-
sis are trivalent rare earths. Charge imbalances caused 
by Na and REE substitution may be coupled such that: 
 REE3+  +  Na+  ↔  2Ca2+, as is the case with apatite 
(Oberti et al. 2001). However, NJH-16-39 ppl and NJH-
16-41-grn have REE but no Na and, for all samples, 
Na ≪ ΣREE (Table  2). Since the concentrations of Na 
are far less than atomic ΣREE, coupled exchange with 
Na is, at best, a minor mechanism to accommodate REE. 
Because we cannot measure  O2− precisely, it may be that 
a coupled substitution involving REE and oxide is present: 
 REE3+  +  O2− ↔  Ca2+  +  F− although the analysis of fluorite 
by EDXA during EPMA analysis did not show significant 
(i.e. %) amounts of O. We therefore tentatively conclude that 
this substitution, although likely, is volumetrically small.

REE concentrations exceed those of any discernible 
coupled substitution, and hence we infer that most charge 
imbalances caused by the REE are offset by physical and 
electronic defects that are undetectable by our chemi-
cal analyses. This may be, for example, a cation vacancy: 
 2REE3+  + □ ↔  3Ca2+ or extra fluoride ions accommodated 
interstitially  REE3+  +  F−

(int) ↔  Ca2+ (Cheetham et al. 1971; 
Bevan et al. 1982). Interstitial fluoride ions are widely con-
sidered the primary mechanism by which lanthanides are 
accommodated in fluorite (see Assylbayev et al. 2018 and 
refs therein). Frenkel defects in fluorite comprise an inter-
stitial  F− ion coupled to a F vacancy and ab initio calcula-
tions suggest that such structures form readily in response 
to irradiation. Frenkel defects themselves do not create elec-
trostatic imbalances but, as is shown below, they accommo-
date charge if the fluoride vacancy traps an electron or the 
interstitial F-attracts an electron hole to create an H-centre 
(Fig. 4).

The volume of spectroscopic data on natural fluorite is 
smaller than a larger body of work on the spectroscopy of 
synthetic alkali and alkaline earth halides (e.g. Bartram 
and Stoneham 1975; Lopez et al. 1980; Popov et al. 2017) 
which can inform the present study. In addition to physical 
defects (vacancies and/or interstitials), a variety of spectro-
scopic features in synthetic fluorite have been attributed to 
electronic defects such an extra electrons or electron holes 
(Stoneham 2001). For example, a common defect in halides 
is the F-centre where an electron becomes trapped at an 
anion vacancy. The F-centre forms easily as a highly sym-
metrical tetrahedral defect in alkaline earth fluorides created 
during γ or X-ray irradiation (Stoneham 2001), first by creat-
ing a Frenkel defect to make an anion vacancy, and then by 
stabilising the vacancy by the formation of an F-centre. Two 
F-centres can then form an M centre by clustering and colour 
in natural fluorite is attributed to absorption in the yellow 
and violet parts of the spectrum by F and M centres (e.g. 
Bill and Calas 1978; Dill and Weber 2010; Gaft et al. 2015).

The self-trapped exciton in fluorite (i.e. a paired elec-
tron and electron hole) emits at 280 nm (Fig. 3, Table 3) 
and in fluorite the self-trapped exciton is believed to take 
the form of an F- and H-centre couple (Song and Williams 
1996). Alkali halides also commonly show families of 
entities accommodating extra electrons and electron holes 
(Fig. 4), stabilised by delocalising the charge over two or 
more ions and/or by electrostatically pairing positive and 
negative defects, which reduce the overall free energy of 
the pair. For example, Vk centres form in fluorite exposed 
to radiation—this defect is interpreted as a hole shared by 
two neighbouring F ions, i.e.  2F− +  h+  =  F2

− and is located 
across two regular lattice sites along [100] (Fig. 4). H cen-
tres are similar but the hole is shared by four F ions in three 
neighbouring sites (along the 110 axis) (Townsend and 
Kelly 1973; Agulló-López et al. 1988). When an electron 
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recombines with Vk centre, a clustered metastable defect 
group forms, comprising a Frenkel pair coupled to two elec-
tron holes associated in space with two F-centres (electrons 
trapped at  F− vacancies, Stoneham 2001; Popov et al. 2017). 
The pairing of positive and negative defects in fluorite hints 
that physical coupling in space of lanthanide substituents 
with electronic defects is a credible route to stabilise them. 
For example, a simple means to accommodate  REE3+ is to 
couple it to an extra electron:  REE3+  +  e− ↔  Ca2+ where the 
electron is stabilised by a defect structure.

The structures discussed above involve charge delocali-
sation across defect groupings and the physical coupling in 
space of substituent ions and electronic defects. We therefore 
hypothesise that luminescence of natural fluorite (Fig. 3) can 
be explained by a) intra-ion electronic cascades due to the 
presence of impurity ions (sometimes called luminescence 
‘activation’ and associated with many REE), b) structural 
defects (i.e. Self-Trapped Excitons (STE), F and M Cen-
tres, oxygen defects) and c) the spatial and electronic cou-
pling of chemical and structural defects. During heating of 
the sample, sudden increases in luminescence intensity are 
observed at key temperatures (e.g. at 573 K in Aspedammen, 

Fig. 3). We interpret these as combinations of XEOL with 
Thermo-Stimulated Luminescence (TSL, sometimes called 
Thermoluminescence, TL), i.e. the discharge of energy from 
electronic point defects as they become unstable at thermal 
thresholds. A full study of TSL of the samples will be pre-
sented in a later communication but we note here that the 
presence of TSL in fluorite indicates that fluorite accommo-
dates several different electronic point defect types.

Features in luminescence attributed to structural 
defects

XEOL was recorded for all samples at low (20–300 K) and 
high (300–673 K) temperatures. Several common features 
are observed across the fluorites analysed. All but Nedre 
Eivollen contain a broad emission in the UV, attributed to 
intrinsic defects within the structure (Dieke and Crosswhite 
1963; McKeever and Chen 1997; Yang et al. 1998; Stone-
ham 2001).

The 280-nm-emission dominates fluorite luminescence 
when REE content is low (NJH-18-39ppl and NJH-18-
41grn) and this is ascribed to the self-trapped exciton on 

Fig. 4  Schematic representa-
tions of common defects in 
fluorite, small grey atoms are 
cations  (Ca2+), while larger 
blue atoms are anions  (F−). 
F-centre a fluorine vacancy plus 
a trapped electron. M-centre two 
adjacent F-centres. Vk-centre a 
hole shared by neighbouring F 
ions to form an  X2

−. H-centre is 
a hole shared by four F ions in 
3 neighbouring sites (Adapted 
from (Agulló-López et al. 1988)
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both experimental and theoretical grounds (Song and Wil-
liams 1996). The spectrum of Hundholmen at room tempera-
ture shows a ~ 320 nm peak (which we attribute to  Gd3+—
see below) but with a shoulder at 294 nm which decreases 
in intensity as the sample is heated above 50 K. We interpret 
this shoulder as direct emission from the Vk centre (Gorobets 
and Rogojine 2002).

A wide, well defined luminescence band at 380 nm occurs 
in many samples (NJH-16-39ppl, NJH-16-41grn, Asped-
ammen and Hundholmen), observed both at high and low 
temperatures. Defect related bands are often broad at low 
temperatures (T ~ 20 K) (FWHM average 64 nm for 280 nm 
in fluorite) due to the electron–phonon coupling typical for 
deep-level defects. Luminescence in the region 300–410 nm 
is attributed to several overlapping emissions from  Ce3+, in 
which different centres have different intensities depending 
on how local charge balance is maintained. The splitting of 
the ground state (to 2F7/2 and 2F5/2) creates a characteristic 
doublet in the  Ce3+ emission, which is located at 320 and 
340 nm if the trivalent lanthanide is charge balanced by an 
interstitial F in a nearest neighbour position (e.g. Petit et al. 
1981). If  Ce3+ is adjacent to  O2−, the Ce peaks shift to 350, 
380 nm (Sunta 1983 and refs therein, Sils et al. 2009). This 
latter emission, around 380 nm, is seen in all the fluorite in 

the present study, except Nedre Eivollen (Fig. 3) and based 
on this, we infer that coupling of  Ce3+ and oxide impurities 
occurs in our natural samples  (Ca2+  +  F− =  Ce3+ +  O2−).

Analysis of REE composition

Previous studies have shown differences in chondrite (C1)-
normalised (McDonough and Sun 1995) REE composi-
tional profiles in fluorite with Y plotted between Dy and 
Ho (Bau and Dulski 1995). The different profiles have been 
related to provenance. The fluorite from Norway shows 
negative europium and positive Y anomalies (cf. Gagnon 
et al. 2003) except Nedre Eivollen. They also show depletion 
in Light Rare Earth Elements (LREE) and an enrichment 
in HREE, typical of rare-earth rich fluorite of pegmatitic 
origin (Schönenberger et al. 2008; Czaja et al. 2012). The 
Aspedammen sample shows middle rare earth enrichment 
and a positive Y anomaly. NJH-16-41grn displays a slightly 
LREE enriched profile which is broadly flat at HREE with 
a negative Eu anomaly, typical of fluorites from alkaline 
nepheline syenites from early fluids/magmas (Schönenberger 
et al. 2008) while the other Greenland samples have incom-
plete profiles due to the low REE content.

Table 3  Summary of Luminescence responses, the temperatures of luminescence maxima and the attributed emission centres

L are low temperature data (20–300 K); H are high temperature data (300–673 K). All temperature data are in K. The temperature of the strong-
est response in the samples is shown in bold. STE is the Self-Trapped Exciton (see text)

Emission (nm) 476-486
576

408-440 580

490-496 591

311 320 536-546 674 561 

280 312 340 585 754 568 ~ 380

Sample STE Gd3+ Ce3+ Tb3+ Dy3+ Sm3+ Ce3+ = O− 
defect

Suggested cause

NJH-16-39ppl H  > 450 450 450 450 Minor Tb and Dy
L 80, 110, 140 80, 110, 140 140, 240 Dominated by STE

NJH-16-41grn H  > 473 500 500  > 473  > 450  > 500 Dominated by STE, 
Ce = O, Dy, Tb

L 70 70, 220 70 70, 200 70, 200 70 70, 220 Dominated by STE, Gd 
and minor Dy, Tb

Aspedammen H 323, 533 Dominated Dy
L 20, 150, 260 260 Tb-Dy intense—transfers 

from Tb 495 nm @ 20 K 
to 485 nm Dy by 300 K

Hundholmen H 600 600 600 Dominated by Tb, Dy
L 20, 70 all Dominated by 310 nm, Dy

Nedre Eivollen H 650 323, 500, 625 525 Low intensity of emission 
in several RE

L Little emission
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REE profiles in minerals are the product of the REE con-
centrations of the fluid from which the fluorite crystallised 
and the partition coefficient for each lanthanide in the site. 
Figure 5 shows the chondrite-normalised REE profiles of the 
present sample suite as a function of ionic radius (Shannon 
and Prewitt 1970) of the  RE3+ ion in eightfold coordination. 
Chondrite-normalised profiles of substituents into a single 
site should, in principle, be parabolic functions of ionic 
radius around a central ‘optimum’ radial distance (Blundy 
and Wood 1994). One may assume that the optimum radius 
of a lanthanide in the Ca site in fluorite is close to the ionic 
radius of  Ca2+ in eightfold coordination (1.12 Å). In this 
case we would expect the fluorite structure to fit around 
the lanthanide ion, shrinking slightly for those ions that are 
smaller (HREE) or unchanged for the larger ones (LREE) for 
which the ionic radius and that of  Ca2+ are similar.

Figure 5 shows the chondrite normalised REE profiles in 
the fluorite of the present study. NJH-16-41grn has a nor-
malised REE profile with a maximum at ~ 1.08 Å, consistent 
with a 3% contraction from the 1.12 ionic radius of  Ca2+ 
in the same coordination. Such values of contraction are 
consistent with the structural collapse observed when, for 
example,  REE3+ substitutes in the Ca site in eudialyte (Borst 
et al. 2019). However, as ΣREE increases (e.g. Aspedam-
men), a smaller optimum REE-O optimum distance (1.04 Å) 
is observed. In the two yttrofluorites, Hundholmen and 
Nedre Eivollen, the smallest rare earths are accommodated 
most easily, indicating an optimum radius ≤ 0.98 Å. These 
different profiles can be interpreted either as differences in 
the REE-profile of the fluid from which the fluorite formed 
(i.e. partition coefficients are nearly constant, Payne et al. 
2023), or that partition coefficients change as the lanthanide 
content increases. The first explanation would require that 

later fluids evolved from LREE to HREE enrichment with 
time (Möller et al. 1976; Kempe et al. 1999; Schwinn and 
Markl 2005; Trinkler et al. 2005) and falling temperature 
(Williams-Jones et al. 2012) and are the way that many pre-
vious authors have interpreted such observations. However, 
we propose a simpler explanation, i.e. as lanthanide concen-
trations in natural fluorite increase, lanthanide ions cluster, 
locally reducing the size of the coordination sphere of the 
metal. Since the size of the crystallographic site controls the 
partition coefficients, such clustering would cause the opti-
mum REE profile to move from LREE- to HREE-enriched 
profiles. Such a mechanism is observed in tveitite, which 
has a distorted fluorite-derived structure and interstitial F, 
but with smaller REE sites (Bevan et al. 1982). The aver-
age ionic radius of the  RE3+ in tveitite is 0.98 Å, indicat-
ing that the formation of tveitite-type domains in fluorite 
would reduce the radius of the RE site. In addition to the 
change in the optimum rare earth in the fluorite, we observe 
changes in the cell parameters (Fig. 1, Table 2). Initially the 
unit cell shrinks as REE are substituted, but then when the 
total rare earth content ~ 2000 ppm, the unit cells expand lin-
early with REE content. Our chemical and crystallographic 
data are consistent with a model in which REE initially 
substitute ideally, but then progressive REE substitution in 
fluorite triggers lanthanide ordering. At low concentrations 
RE ions in fluorite are isolated and substitute directly for 
 Ca2+ and, therefore,s have parabolic profiles centred around 
1.08 Å. Ideal substitution of smaller lanthanide ions for  Ca2+ 
causes the cell parameters to shrink. However, as the con-
centration increases, lanthanide ions cluster into localised 
RE-rich domains in which the optimum RE ionic radius is 
smaller, thereby creating profiles which favour heavy rare 
earths. The unit cell of tveitite (Bevan et al. 1982) is derived 

Fig. 5  Chondrite Normalise REE profiles for Fluorite in the Present 
Study, with the highest point of each graph normalised to 1. Data are 
shown only for lanthanides with f electrons (i.e. not La and Y) and 
elements whose concentrations are significantly above the limit of 
detection. The ionic radius of the Ca site in fluorite and the RE-site 

in tveitite are shown. The maximum in each fluorite profile migrates 
towards smaller radii as the overall REE concentration increases. The 
colours of the lines are the same as in Fig. 1 and represent the colour 
of the sample in hand specimen. The profile of NJH-16-39ppl could 
not be drawn since most REE are < lod
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from fluorite but is larger; whereas fluorite accommodates a 
metal ion for every 40.9 Å3 of the unit cell in fluorite, tveitite 
accommodates each metal in (on average) 42.6 Å3, i.e. an 
expansion of the unit cell volume by 4%. Hence our model 
would predict that cell parameters shrink during ideal sub-
stitution of a smaller ion, but then expand when HREE-rich 
tveitite clusters form.

Features attributable to luminescence 
from lanthanide ions

All trivalent lanthanide ions are luminescent (except for 
La and Lu) with emission lines ranging from the UV (Gd) 
though visible (e.g. Er, Tb, Dy) and into the near-infrared 
(Nd) (Hagemann et al. (2022). REE display diagnostic nar-
row wavelength emissions, with some broadening caused 
by interaction with the lattice, due to the shielding of the 
4f electrons on the inner shells by the 5-s and 5-p subshells 
(Dieke and Crosswhite 1963). To a first order approxima-
tion, it is often assumed that interaction between the 4f elec-
trons and the lattice is minimal (cf. Gaft et al. 2015) but that 
local coordination symmetry can influence the expression 
and relative intensities of the emission lines.

The sample with the lowest REE concentration, NJH-16-
39ppl (ΣREE =  ~ 30 ppm), has luminescence dominated by 
defects in the UV (particularly the self-trapped exciton at 
280 nm) with very little contribution that can be attributed 
to REE ions. We infer that the concentrations of physical 
defects in NJH-16-39ppl exceed the concentration of lan-
thanides. While most broad UV emissions in fluorite are 
linked to intrinsic lattice defects, the sharp lines are attrib-
uted to intra-ion energy cascades within lanthanide ions, 
particularly  Gd3+ (312 nm), Dy (485, 580 nm) and Tb (490, 
540, 585 nm). Gaft and Raichlin (2020) showed that  Pr3+ 
luminescence in fluorite is hidden behind stronger Sm and 
Dy emissions and this is also possible in our samples. The 
sharp lines are visible in most samples, including NJH-16-
41grn (ΣREE =  ~ 400 ppm). Lanthanide-related emissions 
in fluorite are found at both cryogenic and high (i.e. above 
300 K) temperatures and the strongest lanthanide emission 
in the fluorite system is typically from  Dy3+ at 485 nm. Dur-
ing XEOL, energy is deposited at high (keV) energies onto 
the lattice and the energy returns to the ground state via a 
sequence of energy cascades. We interpret the dominance 
of Gd, Dy and Tb in fluorite luminescence to indicate that 
energy levels in those ions have the greatest energy cross-
section (and therefore interact most efficiently) with the 
fluorite lattice. Dy and Tb show emission lines at multiple 
wavelengths due to the spin orbit coupling of the emitting 
ions (Dieke and Crosswhite 1963).

Luminescence is a complex but subtle probe of local 
coordination and we use the luminescence data to explore 
coordination state. Figure 6 plots the intensity of the Dy 

emission against Dy composition. The relationship is linear 
up to Dy =  ~ 1000 ppm, at which point further substitution 
results in a progressive decrease in luminescence intensity. 
Since the luminescence intensity is linearly dependent on 
composition at low (< 1000 ppm) concentrations, we infer 
that the  Dy3+ ions are isolated at these compositional ranges 
and concentrations of the luminophore are linearly propor-
tional to luminescence intensity. However, the intensity of 
the most RE-rich fluorites (Hundholmen and Nedre Eivol-
len) is less than that of samples with lower REE concentra-
tions (Fig. 6). These observations suggest that lanthanide 
substitution occurs not as isolated ions. This could come 
about as total lanthanide composition increases, enhancing 
the probability that lanthanide ions are sited next to each 
other in the structure and therefore can interact. However 
the coincident shift in the optimum lanthanide radius to 
smaller values indicates that the lanthanides are clustering 
to minimise total lattice strain (Townsend and White 1996; 
Townsend et al. 2001), leading to the formation of complex 
point defects such as four interstitials, three vacancies and 
two interstitial impurity ions grouped together; described as 
4:3:2 (Calderon et al. 1992). We interpret the drop in lumi-
nescence intensity at high concentrations to result from the 
lanthanide ions above ~ 1000 ppm act behaving as clusters 
and that localised energy transfer between lanthanides cre-
ates a reduction of the overall quantum efficiency of lumi-
nescence, as observed in REE-doped synthetic  CaF2 (Hol-
gate et al. 1994; Wang et al. 2017).

The luminescence data and the chondrite-normalised rare 
earth profiles are both consistent with a model in which, at 
low concentrations, lanthanide ions are isolated, creating 
local distortions and defects from the need to balance charge. 
As the lanthanide concentrations increase (> ~ 1000 ppm), 
fluorite accommodates lanthanides in clustered forms, 
resulting in smaller bond distances which facilitate inter-ion 

Fig. 6  Concentration of Dy versus Intensity of Dy Luminescence. 
Colours correspond to samples in Fig.  1. The Intensity broadly 
increases linearly with concentration until ~ 1000 ppm at which point 
the intensity drops. The intensity is estimated as the integral of the 
480 nm emission between 75 and 125 K for each sample
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energy transfer and hence reduce luminescence quantum 
efficiencies. Natural samples, with geological timescales 
over which to acquire perfect states of defect order, are 
exceptional materials in which to explore defect coupling 
and ordering.

Conclusions

We have measured the chemical composition and X-ray 
Excited Optical Luminescence (XEOL) of a suite of natu-
ral, rare earth-containing fluorites to explore the relationship 
between the composition and luminescence as a function 
of temperature. Natural fluorite demonstrates luminescence 
responses that are attributed to structural defects and intra-
ion energy cascades involving  REE3+ ions. When total REE 
compositions are low, XEOL from structural defects in 
the UV dominate, particularly the self-trapped exciton at 
280 nm. When REE concentrations increase, luminescence 
from  Dy3+ and  Tb3+ dominate the spectra. The depend-
ence of luminescence intensity on lanthanide composition 
increases linearly until ~ 1000 ppm at which point, intensity 
falls. The compositional and luminescence data provide a 
consistent model in which lanthanide substitution in fluorite 
at low concentrations (e.g. < 1000 ppm) occurs as isolated 
centres with charge offsets mediated by interstitial fluorides 
and electronic point defects. In this region, luminescence 
intensity of the lanthanide emissions is broadly a linear func-
tion of lanthanide composition. Above ~ 1000 ppm, intensity 
falls as a function of composition. Chondrite-normalised 
lanthanide profiles show that smaller (heavier) rare earths 
become incorporated more easily into fluorite as the total 
rare earth content increases. We interpret the changing REE-
profiles in fluorite as lanthanide clustering as total REE con-
tent increases. The clusters have smaller lanthanide sites, 
resulting both in a shift to smaller RE–O bond distances 
(favouring heavy rare earths and Y) and reduced lumines-
cence quantum efficiency. Such a model explains both the 
luminescence intensity behaviour and the prevalence of 
heavy REE in fluorite. These centres are particularly visible 
in natural fluorite since it has geological timescales over 
which to acquire perfect states of defect order.
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