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Abstract

The Siilinjarvi phosphate deposit (Finland) is leosby an Archean carbonatite complex. The main
body is composed of glimmerite, carbonatite and lioations thereof. It is surrounded by a well-
developed fenitization zone. Almost all the rockstaining to the glimmerite-carbonatite series are
considered for exploitation of phosphate. New pegical and in-situ geochemical as well as
spectroscopic data obtained by cathodoluminesce@nan and laser-induced breakdown
spectroscopy make it possible to constrain thegie@ad evolution of apatite through time. Apaitite
the glimmerite-carbonatite series formed by ignepuscesses. An increase in rare earth elements
(REE) content during apatite deposition can bearpt by re-equilibration of early apatite (via sub
solidus diffusion at the magmatic stage) with alirearbonatitic magma enriched in these elements.
This late carbonatite emplacement has been knovanragjor contributor to the overall P and REE
endowment of the system and is likely connectefindtization and alkali-rich fluids. These fluids -
enriched in REE - would have interacted with apaitit the fenite, resulting in an increase in REE
content through coupled dissolution—reprecipitaponcesses. Finally, a marked decrease in LREE is
observed in apatite hosted by fenite. It highlights alteration of apatite by a REE-poor fluid dgra
late-magmatic/hydrothermal stage. Regarding thermiai for REE exploitation, geochemical data
combined with an estimation of the reserves indieasub-economic potential of REE to be exploited
as by-products of phosphate mining. Spectroscopialyaes further provide helpful data for
exploration, by determining the P and REE distithuiand the enrichment in carbonatite and within
apatite.

Keywords: Carbonatite-related ore deposits, FennoscandiehdSArchean, rare earth elements,
cathodoluminescence, Raman spectroscopy, LIBS,CRMS
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1. Introduction

Phosphate is one of the main commaodities mined flialine complexes and carbonatites. It has
been exploited - mainly to produce fertilizer - $outh Africa, Zimbabwe, Brazil, Finland, and Sri
Lanka (Verwoed, 1986; Pell, 1996; van Straaten,2P0Beside phosphate, it has been shown that
numerous critical raw materials — as defined by Eueopean Commission (EC, 2014) — could be
recovered from phosphate deposits of this type,eharthe rare earth elements (REE), fluorine
(fluorspar), and vanadium (lhlen et al., 2014; Gouoaligh et al., 2016; Decrée et al., 2017). For
instance, magmatic apatite usually contains masa h35% REE (lhlen et al., 2014), in exceptional
cases reaching as much as 21 wt. % REEe.g., Roeder et al., 1987; Hughes et al., 199khkho et
al., 2015). With a theoretical maximal content of38wt% F in apatite, phosphate rocks can contain
up to 3-4% F (Notholt et al., 1979). Phosphate &irom and accumulation in these rocks can result
from various processes that range from magmatihiydrothermal (metasomatic) to supergene
alteration (e.g., Walter et al., 1995; Broom-Fegdi¢ al., 2016, 2017; Chakhmouradian et al., 2017;
Decrée et al., 2015, 2016, 2020). These processesffect the content of other elements (such as F
and REE) in apatite, leading locally to significagmirichment and economic potential of these
resources as by-product of phosphate productidan(lat al., 2014; Decrée et al., 2016). The spatial
superimposition of these processes can make therstadding of the genesis of a given phosphate
deposit, and its enrichment in critical raw matstidairly complex. The objective of this work ig t
assess the relative importance of each individugdtallization stage in the various facies of the
Neoarchean Siilinjarvi Carbonatite Complex (Finlandhrough a careful petrographic and
geochemical study of apatite.

The Siilinjarvi deposit is related to a carbonatitanplex dated at ~2610 Ma (Bayanova, 2006; GTK
unpublished report in O'Brien et al., 2015). Thenpdex is of lenticular shape, comprises intermixed
carbonatite and glimmerite, and dips steeply ingmeissic basement (O’'Brien et al., 2015). Femsite i

well developed all around the complex. Almost dik tglimmerite-carbonatite rocks constitute

phosphate ore, with an apatite content of about vel%. Apatite-rich carbonatite and glimmerite

contain up to 30 vol% apatite, and apatite veires egsentially monomineralic (~80 vol% apatite;
O’Brien et al., 2015). The Siilinjarvi mine prodwcabout 11 Mt/yr, with ore reserves of 234 Mt at an
average grade of 4 wt%@®; (data for January 2014; O’Brien et al., 2015). Biiénjarvi deposit has

a potential for recovering REE and F. The REE aunite apatite was estimated at 0.3-0.4 wt% REE
(based on analyses on mineral separates; Puustiiéh; Hornig-Kjarsgaard, 1998), though the REE
content in whole rock samples varies significaffitgm 0.05 to 0.16 wt%; Hornig-Kjarsgaard, 1998).

The fluorine content reported for the apatite tgflicranges from 2.3 to 3.5 wt% (based on electron
microprobe analyses; Puustinen and Kauppinen, 18188ni, 2013).

Studies focusing on the mineralogy and chemistrgpattite from Siilinjarvi are scarce. Apart froneth
analyses referred to above, a microthermometridyshy Poutiainen (1995) corroborated a primary
igneous origin of the apatite and the involvemehtan aqueous fluid during fracturing and
recrystallization of this mineral. A few isotopitudies on apatite separates from Siilinjarvi haiverm
more information about the origin of this mine@hsed on NddD and3'*C isotope data, it appears
that apatite retained its primary mantle-deriveghature and formed from relatively undegassed
magmas (Nadeau et al., 1999; Tichomirowa et aD62@ozulya et al., 2007), whereas Sr isotope
signatures tend to suggest sub-solidus exchangegdlate magmatic stages (Tichomirowa et al.,
2006). Uranium-Pb isotope data signal the Svecdd@nmetamorphic overprint and resetting of the
Pb-Pb isotope system in apatite at that time (Tuhmwa et al., 2006).
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These studies constitute important steps towamsitiderstanding of apatite genesis in the Siilijar
Carbonatite Complex. However, apatite is typicalharacterized by small-scale heterogeneities that
reveal the complexity of the processes involvedsrformation (e.g., Chakhmouradian et al., 2017,
Broom-Fendley et al., 2016, 2017; Decrée et all62@020). Thus, a careful petrographic study and
in-situ geochemical analyses are needed to docuthese textural and chemical variations and to
better constrain the sequence of processes inpditeds genesis explaining the variability of Rdlan
REE contents observed within the deposit.

This is the aim of the present study in which wedigcted (i) a thorough petrographic characterinatio
under cathodoluminescence (CL), which is a usefal highlighting textures in minerals and their
associated geochemical/structural heterogeneidiegs, (Chakhmouradian et al., 2017; Baele et al.,
2019), (ii) in-situ chemical analyses by electron microprobe analyE®&4PA) and laser ablation-
inductively coupled plasma-mass spectrometry (LRI@S), and (iii) a careful study of the CL and
Raman spectra that can help to detect the presemtéhe level of REE-enrichment in apatite (e.g.,
Kempe and Goétze, 2002, Decrée et al., 2016).

The second objective of this study is to unlock plogential of carbonatite-related deposits for REE
recovery. For this purpose, the REE contents ofdifferent lithotypes constituting the Siilinjarvi
Complex were determined based on whole rock analged laser induced breakdown spectroscopy
(LIBS). This became necessary after the few previstudies on the geochemistry of the Siilinjarvi
rocks (Puustinen, 1971; Hornig-Kjarsgaard, 1998) peovided incomplete datasets. LIBS provides
fast and spatially-resolved, multi-element imagiawgd constitutes an emerging tool for mineral
exploration (Harmon et al., 2019). It is ideallyited for investigating the P and REE distribution i
the rocks, irrespective whether or not mineralized.

2. Geological Context

The Neoarchean Siilinjarvi Carbonatite Complexasalted in the Karelian Province in eastern
Finland. The complex forms a roughly subverticaititular body that is about 16 km long with a
maximal width of 1.5 km (O’Brien et al., 2015; Fib. It was emplaced into Archean tonalite, gneiss,
syenite, and quartzdiorite at around 2610 Ma (26140 Ma, zircon U-Pb ages, GTK unpublished
report in O'Brien et al., 2015; 2613 + 18 Ma, U-Bes on baddeleyite, Bayanova, 2006). A N-S
structure likely controlled its emplacement (Puwesti, 1969). Contacts between the Siilinjarvi
Carbonatite Complex and the country rocks are ejhienary magmatic or sheared (O’Brien et al.,
2015). Several episodes of deformation affected Skiknjarvi Carbonatite Complex, including
multiphase compressional and metamorphic everdasereto the Svecofennian orogeny between ~1.9
and 1.7 Ga (Niiranen et al., 2015; O'Brien et 2015).

Carbonatite and glimmerite form the central parihef body. The glimmerite-carbonatite series ranges
from pure glimmerite (with dominant tetraferriphtgqmte) to carbonate glimmerite, silicocarbonatite
and carbonatite (with >50 vol% carbonate) (O’Brignal., 2015). These rock types are intimately
mixed, varying from pure glimmerite to pure carbiitea with carbonate glimmerite and silica
carbonatite among intermediate facies (Fig. 2avi®st of the carbonatite is present as subvertical
veins concentrated towards the center of the iitnJsutting across glimmerite, whereas glimmerite
is located more at the margin of the central céteubtinen and Kauppinen, 1989; O'Brien et al.,
2015).The intrusion of carbonatite magma occurred in ssh\atages (Tichomirowa et al., 2006) and
silicocarbonatite formed from Ilater intrusions (Btimen and Kauppinen, 1989). Carbonatite
represents roughly 1.5 vol % of the main intrusaod the final stage of magmatic influx in the sgste
(O'Brien et al., 2015). Tetraferriphlogopite andcite are the dominant minerals in the glimmerite-
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carbonatite series. Apatite and richterite are rothimerals that are ubiquitous in these lithotypes
(Puustinen, 1971; Puustinen and Kauppinen, 1989).

Fenite developed within the country rocks surrongdhe glimmerite-carbonatite body and comprises
a variety of facies. These are mainly related &(firoportion of) minerals forming the fenites, ithps
microcline, amphibole, pyroxene, but also carboratd quartz (O’Brien et al., 2015). Amphibole-rich
fenite (Fig. 2f,g; abbreviated as fenite (amph)yl gyroxene-rich fenite (Fig. 2h,l; abbreviated as
fenite (pyrox)) are distinguished. Fenite occursregaxenoliths in glimmerite, implying that at leas
part of the fenite formed early in the history betcomplex (O'Brien et al., 2015). According to
Poutiainen (1995), fenitization resulted from thecuation of HO- and alkali (Na,K)-rich fluids
during the pre-emplacement evolution of the carbtenat mid-crustal conditions.

Ultramafic dikes cut the whole complex (includirge tfenitized zone) and country rocks. They could
also originate from the parental magma of the cemglD’Brien et al., 2015). Based on isotopic
evidence, the parent magma of the Siilinjarvi cadiite and glimmerite was derived from a
moderately enriched mantle source (Nadeau et @99;1Tichomirowa et al., 2006; Zozulya et al.,
2007). Isotope studies further point to an increaflséhe Sm/Nd ratio of the source domain in the
mantle (Tichomirowa et al., 2006), which was alkaracterized by a hight’C component during the
Archean (Demeny et al., 2004). The magmatic syssethought to have been large and well-mixed.
The composition of calcite and apatite further &pefor a moderate level of fractionation of the
source magma, which was likely not very REE-enric{@'Brien et al., 2015). Strontium isotope data
point at sub-solidus exchange with aqueous fluidshd emplacement and cooling of the carbonatites
(Tichomirowa et al., 2006). Further perturbation the isotopic systems was induced by the
Svecofennian orogeny, which caused resetting ofsthé®pe systems (Tichomirowa et al., 2006), in
spite of a rather low grade of metamorphism (Paestiand Kauppinen, 1989).

3. Material and methods

Eleven samples were taken from the Siilinjarvi m{iil@ble 1). The petrographic analysis was
based on optical microscopy and scanning electrammostopy (SEM) using a Quanta 20 ESEM
(FEI), with energy-dispersive spectroscopy (Apdlid Sillicon Drift EDS detector; EDAX) at the
Royal Belgian Institute of Natural Sciences (RBIN®athodoluminescence (CL) studies were
performed at the University of Mons (UMONS) usingad-cathode CL unit model Mk5 operated at
15 kV beam voltage and 500 pA current (CambridgegenTechnology Limited). The surface area of
the unfocused electron beam on the sample was4léhm, resulting in a current density of about 10
uA/mnt. CL spectra were recorded with a CITL optical $peueter model OSA2 allowing
acquisition from 350 to 1100 nm at 3.7 nm speatablution. Spectra were acquired and processed
using Spectragryph optical spectroscopy softwatggit/www.effemm?2.de/spectragryph/). A dark
spectrum, i.e. a spectrum of the stray light in@echamber, was systematically subtracted from the
experimental spectrum. However, this procedure m@salways successful in suppressing the two
artifact peaks that are sometimes observed on $idés of the Eii emission around 410 nm. These
artifact peaks, which sometimes appear negative tduever-correction, are due to the spurious
emission of some excited species (probably nitrpgesm the atmosphere in the electron gun.
Spectral CL images of the Ridemission were collected by inserting an opticaidpass filter with a
transmission curve centered at 880 nm and 50 nra (fidl width at half maximum) in the light path.
Such spectral CL imaging enhances the detailseodlitribution of the apatite activated by light RE
which is especially useful when apatite lumineseeiscoverwhelmed by the intense luminescence of
calcite and feldspars. In addition, Ncemits in the near infrared region of the spectramd is
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therefore not visible in color CL images. Ramancsmscopy was performed at the Royal Belgian
Institute of Natural Sciences to investigate thmféscence induced by the REE. We used a 785 nm
(red) laser Raman spectrometer (Senterra, Olympi&sl BBruker optics). The spectra were acquired
using a 1 mW excitation power, 5x30 s integratioretand with a 50 um spectrometer slit. They were
processed using Spectragryph optical spectroscofyege. The Raman shift has been transformed
into wavelengths according to the following formul/avelength (nm) = (Laser wavelength
Raman shift x 10) ™. Here, the laser wavelength is 785 nm and the Rashidt is given in c.

Laser-Induced Breakdown Spectroscopy (LIBS) wasopmed with a system under development at
UMONS, which comprises a flashlamp-pumped Q-switichéd:YAG laser (Quantel-Lumibird
QSmart 450, France) with frequency doubling anddqugling crystals (266 nm wavelength) and a 9-
channel optical CCD spectrometer with integratedaydeelectronics (Avantes ULS2048, The
Netherlands). The spectral range and resolutidheogpectrometer were 190-1100 nm and 0.05 to 0.2
nm (from ultraviolet to infrared), respectively.B$ maps were recorded by moving the sample with a
motorized XY stage (Zaber Technologies, Canadd) wees synchronized with the laser Q-switch
using a digital pulse/delay generator (Quantum Cusaps, USA). The surface of the sample was
ground on an ultra-flat lapping plate using griDgllicon carbide abrasive in order to achieveaa fl
surface with an even rugosity. A constant lensatoysle distance, which is critical in LIBS
spectroscopy, was ensured by finely adjusting thiézbntality of the surface using laser pointers.
Laser pulse duration and energy were 5 ns and 1%es@ectively. The laser pulses were focused onto
the sample surface with a 150 mm focal distandeasjplanoconvex lens. With these settings, the
diameter of the ablation craters was about 200 which yields a fluence of 48 J&mand an
irradiance (power density) of 9.5 GWéniThe plasma light was collected by a 6 mm focatatice
planoconvex lens and injected into multi-furcatgdical fibers connected to the spectrometer. The
delay between laser shots and start of the integratas 1 ps to avoid the intense initial continuum
radiation of the plasma and the integration time wet to 1 ms. The energy of the laser pulses was
continuously monitored by sampling the beam wittiliga window and measuring the energy with a
pyroelectric sensor (Thorlabs ES220C). The meastekdive standard deviation of pulse energy
fluctuation at 10 Hz repetition rate was found &041% after thermal stabilization of the frequency
quadrupling crystals. Acquisition and processinghefLIBS spectra were achieved with Spectragryph
spectroscopy software. Jython and Java scriptindewuriji/imageJ free image analysis software
(Rueden et al., 2017) were used to build the hyeetsal data cube and to extract the LIBS maps.
Elemental lines were identified based on both erpamtal LIBS spectra of internal reference
materials and the NIST atomic emission database LTBS maps show the intensity of selected ionic
(I, atomic () or molecular emission lines withogalibration. Therefore, they are qualitative
geochemical maps. The following emission lines wesed for the LIBS maps presented in this study:
Ca | (458.59 nm), Si | (390.55 nm), P | (255.33 n@AF (~543 nm), Na | (819.48 nm), K | (766.49
nm), La Il (412.32 nm) and Ce |l (416.46 nm). Tledestion of the wavelengths was based on the
following criteria: maximizing intensity while awding those lines that obviously suffer from
autoabsorption and minimizing interference fromeotelements. The CaF molecular emission is a
good means of detecting F because this elemenktisneely difficult to excite under common
experimental LIBS conditions due to its very higtstfionization potential. However, when Ca is
present together with F, both elements form a temh<€aF molecule in the plasma as it cools and the
associated intense emission band is easily detethedonly drawback of this method is that fluorine
is not detected if no Ca is present in the sampléch could, however, be mitigated by nebulizing
some Ca solution into the plasma (Alvarez Llamaa.e2017).

In all the samples zoned apatite grains were irgegsd in-situ for their composition. Where possibl
the different types of analyses (EMPA and LA-ICPMf)ve been performed on the same spot or
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nearby spots. Quantitative microanalyses of thenited composition for major elements (Table 1S
(Supplementary Material)) were acquired using a LJEXXA 8800L electron microprobe at the
Institute of Geography and Geology, University ofindburg (Germany). It was operated at 15 kV and
4 nA, with a beam diameter of 10 um. This micrograd equipped with four wavelength-dispersive
(WDS) spectrometers and standard LDE1, TAP, PETL#Adrystals (LiF for F, F€; for Fe, SrSQ

for Sr, MnTiO; for Mn, MgO for Mg, BaS@ for S and Ba) and mineral standards (albite for Na
vanadinite for Cl, apatite for P and Ca, and antiafbr Si) supplied by CAMECA (SX Geo-
Standards) were used as a reference. Bhek was used for the measurements of Sr and ighthe

Ka line for all other elements. The lower limit oftdetion is typically better than 0.05 wt%. For each
mineral spot, the relatively mobile elements F &ladwere analyzed first in order to prevent their
potential loss over the course of the analysis. amedytical data acquired are provided in Table 1S
(Supplementary Material). A correction for excesgug to third-order interference of Rukdn F Ko
was applied. Excess F was estimated at about 013886d on 15 measurements of k K a
phosphate that does not contain F (reference menaizUniv. Wirzburg). The measurements yielded
a mean of 0.040 % “fake” F per % P. A similar va(0e045 %) was obtained by Potts and Tindle
(1989). Note that grain orientation and anisotrapic diffusion can also have a substantial inflieenc
on the quantification of F with the electron microipe (e.g., Stormer et al., 1993; Goldoff et al.,
2012). For the compositional maps of apatite gra@msacceleration voltage of 15 kV and a beam
current of 40 nA were used with a spot size of 5 um

Laser ablation inductively coupled mass spectroymgtp-ICPMS) was performed at GeoRessources
(Nancy, France), with a GeolLas excimer laser (A'%3 nm, Microlas) coupled to a conventional
transmitted and reflected light microscope (Olym@X51) for sample observation and laser beam
focusing onto the sample and an Agilent 8900 tripledrupole ICP-MS used in no-gas mode. The
LA-ICPMS system was optimized to have the highessgivity for all elements (from 7Li to 238U),
ThO/Th ratio < 0.5% and Th/U ratio of ~1. Samplesrevablated with a laser spot size of 32 um to
avoid mixing between the different zones obserweitié apatite crystals. A fluence of ~ 7 J%amd a
repetition rate of 5 Hz were used. The carriergsesd was helium (0.45 I/min) which was mixed with
argon (0.5 I/min) gas before entering the ICP-MBe TCP-MS settings were the following: ICP RF
Power at 1550 W, cooling gas (Ar) at 15 I/min, &iary gas (Ar) at 0.97 I/min, make-up gas (Ar) at
0.5 I/min and dual detector mode was used. For eadlysis, acquisition time was 30 s for
background, 40 s for external standards (NIST SRB| 8lIST SRM 612 and NIST SRM 614 silicate
glasses (Jochum et al., 2011 for concentrations))4® to 50 s for apatite. The analytical procedure
for the two sessions was the following: 2 analy&d@dIST SRM 614, 2 analyses of NIST SRM 612, 2
analyses of NIST SRM 610, analyses of the apasteses of ~ 20 analyses separated by the analysis
of a series of 1 NIST SRM 614, 1 NIST SRM 612 ardI$T SRM 610), 2 analyses of NIST SRM
614, 2 analyses of NIST SRM 612 and 2 analysed®TNSRM 610. The external standard was NIST
SRM 610 and“Ca was used as internal standard. NIST SRM 614\d8d@ SRM 612 silicate glasses
were analyzed and considered as cross-calibratiomples to control the quality of the analyses
(precision, accuracy, repeatability) and to cortbet possible drift during the analytical sessibhe

Ca contents in apatite were measured before LAM3Panalyses using an electron microprobe
(Cameca SX-50, University of Wirzburg, Germany)check the overall homogeneity of the apatite
grains. A Ca concentration of 39.54 wt.% was used ifiternal standardization. The following
isotopes were measuredSi, “Ca, *°Sc, °Vv, ®*Rb, %sr, ¥y, “zr, *Nb, *'Ba, *La, **Ce, **Pr,
146Nd, 147Sm,153Eu, 157Gd, 159Tb, 163Dy’ 165H0, 166Er’ 169Tm, 172Yb, 175Lu, 178Hf’ 181Ta’ 208Pb,232Th, 238U'
Acquisition times were 0.01 s for all the isotogesept rare earth elements, which were measured
with 0.02 s. Total cycle time was 531 ms. The miea was better than 10% for all the rare earth
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elements. Data treatment was done using the sdatwiatite” (Paton et al., 2011), following
Longerich et al. (1996) for data reduction. Da&novided in Tables 2S (Supplementary Material).

Finally, major and trace element analyses (Tab&ard 4S (Supplementary Material)) were carried
out on the 11 samples at the Laboratoire G-TimeBJJIEor measuring the major and trace element
contents, ~50 mg of powdered samples were meltealkajine fusion after adding 0.8 g of lithium
metaborate and 0.2 g of lithium tetraborate in @pgite crucible. After 5 minutes at 1000 °C, the
beads were re-dissolved in a stirring solution &fG4. Major elements were measured on the ICP-
OES Thermofischer Scientific iICAP at ULB, using ¥ iaternal standard. Two USGS standards were
used (BHVO-2 and AGV-2) and the total reproducipiwas better than 2% for each element. Loss on
ignition was measured on a 0.5 g aliquot after & BOO °C. Trace elements were measured on an
Agilent 7700 ICP-MS, also at ULB, by adding In aternal standard. The same USGS standards were
used. The total reproducibility was systematichiiyter than 5%.

4. Results
4.1. Petrography
4.1.1. Apatite in glimmerite and carbonatite

In rocks of the glimmerite and carbonatite seriggclgding silica carbonatite and carbonate
glimmerite), apatite is mostly present as isolakgated euhedral to anhedral crystals (from about
mm to a few centimeters in size) or as clustexgystals (Figs. 3, 4).

In these lithotypes, apatite is mostly associateth wetraferriphlogopite and calcite in variable
proportions. K-feldspar, clinopyroxene and ampleb@lchterite) are also locally abundant. REE are
concentrated in mm- to cm-sized apatite crystal$ small (< 200 um) REE-rich grains that are
scattered in the carbonatite matrix but not inctldéthin apatite (see LIBS image and spectra of the
apatite rock ore; Fig. 3a,b). In the apatite-rieinbonatite (exploited in the Siilinjarvi mine, sdmp
Sill), apatite seems to be associated with a couspé Na- and K-rich zone within the carbonatite
matrix, which could be related to a separate cati@ngeneration (see Fig. 3). The blue lumineseenc
of apatite is dominant in the observed facies (HBig.c,e,g). The link between a CL color and
activation by a specific element can be deducenh fcathodoluminescence spectra (Fig. 7a-c). This
blue CL color is due to REE activation, mostIyZE(e.g., Marshall, 1988; Mitchell et al., 1997; Btan
et al., 2000; Kempe and Gétze, 2002; Mitchell et 2014, 2020). A stronger activation by ¥m
produces violet shades in the earliest zones (cofeke crystals (Fig. 4c,e,g), whereas’Dipduces
greenish shades (as illustrated in cathodolumimescepectra; Fig. 7a). The Ndemission lines
(multiplet in the 850-930 nm range) are well visibthen the Raman shift is converted back to the
absolute emission wavelength. This method, alremséy by Decrée et al. (2016), makes it possible to
directly compare REE fluorescence (here)Ndith cathodoluminescence (Fig. 7d).

In the glimmerite-carbonatite series, apatite shawange of CL colors, with violet CL within early-
formed cores to greenish CL inside later generatitm the apatite rock (an apatite-rich carbonatite
sample Sill), a blue-green-luminescent apatiteacepl massively a blue-violet apatite as a dense
network (Fig. 4a). The greenish CL is accompaniét an increase in Nid activation (Fig. 4b). In
glimmerite, silica carbonatite and carbonate glimtaethis replacement occurs preferably along the
walls of fissures and cleavage planes. Replaceoramtergrowth at the rim of apatite crystals asmal
commonly observed (Fig. 4c,e,g). The green CL miragoupled with an increase in Nd activation
from early- to late-formed apatite (Fig. 4d,f,h).
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4.1.2. Apatite in fenite

In the fenite, apatite is mostly present as studntlyedral crystals (a few hundreds of micrometers in
size; Fig. 5) associated with a mineral paragenesisprising K-feldspar, amphibole (actinolite),
clinopyroxene (aegirine-augite), calcite and albMgnor phases are magnetite and REE-minerals
(britholite and monazite). The latter are prefeediyt clustered in the vicinity of apatite crystdlsee
LIBS image; Fig. 6). Red luminescence of K-feldsgiig. 5a) is due to Péactivation. This is
common in feldspars from fenitized rocks (Marshd®88). As mentioned for the apatite in the
glimmerite-carbonatite series, the blue, violetdistd and greenish CL of apatite in fenite (Figchs,

are related to activation by EuSn?* and Dy", respectively (see cathodoluminescence specia, Fi
7b,c). A notable exception is a bright green-luragent apatite observed in a pyroxenite-rich fenite.
Spectroscopic data show that this apatite i$*Mutivated, as illustrated by its intense broaddban
emission centered at about 570 nm in cathodoluroéme® spectra (Fig. 7b). As for apatite hosted by
glimmerite and carbonatite, transformed Raman speeimphasize the role of Ridnduced
fluorescence/luminescence in these rocks (Fig) 7e,f

Whether it is in pyroxenite- or amphibole-rich feniapatite always shows a complex texture under
CL. Its luminescence is blue-violet in the primagatite with irregular blue-green-luminescent zones
highlighting replacement (Fig. 5a,c) or overgrowtgally after corrosion/resorption of the primary
apatite (as the green-luminescent rim in Fig. 5&&placement and overgrowth zones are mostly
characterized by a stronger Nd-activation comp&vezhrly-formed apatite (Fig. 5b,d). In contrast, i
several pyroxenite-rich samples (Si5 and Si6),Hiragreen and dark green-luminescent rim and outer
replacement zones of apatite grains are assoacidteda strong decrease in Nd activation (Fig. 5e-g)
and REE contents (the decrease in Ce is illustiat€iy. 5g). Locally, britholite is found linindhnése
grains (Fig. 5h). Note that these episodes of aearth/replacement with contrasting chemistry can
occur in successive phases, with first the demwsitif a blue-luminescent apatite (with strong Nd-
activation) after a violet-luminescent core, befare overgrowth of a more greenish apatite that is
overall less activated by Nd(Fig. 5c,d).

4.2. Mineral chemistry

Apatite from Siilinjarvi shows a large range of C&D.96-55.77 wt.%) and,®s concentrations
(38.04-42.43 wt.%, see Table 1S (Supplementary fiddile These analyses suggest that substitutions
(with F, Si, Sr and REE, for instance; Pan andtF-R@02) are significant at Ca and P sites.

Fluorine contents range from 2.34 to 3.35 wt% (Whace below the theoretical maximum of 3.73
wt% in apatite), whereas Cl contents are alwaysvibéhe detection limit (<0.05 wt%). The Si@nd
SO; contents are low to moderated(14 wt%). Strontium oxide contents vary betwedii@Gnd 1.20
wit%, whereas Fe(0<0.16 wt%) and N# (<0.25 wt.%) contents are low to moderate. Bariundexi
and MnO contents do not exceed 0.09 wt% and 0.22, waspectively. Magnesium oxide content is
above the detection limit (0.07 wt% MgO) in onlyfanalyses.

The analyzed apatite grains display similar sligltirved chondrite-normalized REE patterns in
general (Table 2S (Supplementary Material)), extlepse hosted by two pyroxene-rich fenite (Fig.
8a-d). Apatite from the glimmerite-carbonatite esrhas high total REE contents (3195 - 6665 ppm),
with a strong enrichment in LREE (W&'by = 97 - 129) and a slightly negative Eu anomalgZo.
0.87; Fig. 8a,b).



356  Similar trends are observed for apatite from sdwatalied fenite samples (samples Si4 and Sil10). In
357 the latter, apatite exhibits REE and LREE enrichm@REE = 3835 — 6665 ppm; W&'by = 97 -

358  200), with a negative Eu anomaly of about 0.82-Qf8§. 8c; Table 2S (Supplementary Material)).
359  Apatite in other fenite samples is generally ldsh in REE and LREE (LdYby = 12-103;XREE

360 =663-4567), with a more significant negative Euraaty (Eu/Eu* = 0.73-0.84). The most extreme
361 values (low La/Yby, low ZREE and significant negative Eu anomaly) were meakin apatite that is
362  hosted by two pyroxene-rich fenite (Fig. 8d). Tleresponding REE patterns are moderately curved
363  (Fig. 8d).

364  The primitive mantle (PM)-normalized spidergramigy(Pa) highlight this enrichment in REE and the
365 depletion in Pb, V and high-field-strength elemeiESE), i.e. Nb, Ta, Hf and Zr. These latter are,
366  however, less depleted in the fenites. The sanmeldrare overall observed when apatite analyses are
367 normalized to their 05 content (as determined by EMPA analyses; Fig. Aotable difference is
368 the relative enrichment in Pb compared to U and Th.

369  Geochemical intra-grain variability can be impottan apatite, consistent with the complex texture
370 revealed by N emission under CL. A correlation between CL intisteolor and REE content is
371  observed in most of the samples. In the glimmex@dsonatite series, the early-formed violet-blue-
372  luminescent apatite (or apatite core) is less beddn REE than the blue-green-luminescent rims and
373  alteration zones (Fig. 8a,b). Similar correlati@me also observed in pyroxene- and amphibole-rich
374  fenite (samples Si2 and Si4; Fig. 8c,d). By contrédark) green-luminescent overgrowths/rims in
375  apatite from other pyroxene-rich fenite samplessigaificantly depleted in (L)REE compared to the
376  violet-luminescent early-formed apatite (sampleS &nd Si6; Fig. 8d). Finally, apatite hosted by
377  amphibole-rich fenite (samples Sil and Sil10; F@.shows more complex textures, with (i) an early
378 enrichment in REE compared to the violet-luminescene; this enrichment is overall correlated with
379 a blue luminescence of apatite; and (ii) secondargrgrowth (or replacement) by a greenish-
380 luminescent apatite is characterized by a slightedese in REE (Fig. 8c¢).

381
382 4.3. Whole rock chemistry
383 The analyzed carbonatite has a CaO content of &fobitwt% (54.09 and 54.69 wt%), with little

384  MgO (~1 wt%). The FOs contents vary between 11.42% in a typical carbtnahd can reach 34.18
385 wt% in a portion of the carbonatite body that cam donsidered an apatite rock (Table 3S
386  (Supplementary Material)). In the other rocks gaita to the glimmerite-carbonatite series, th©4
387 content ranges from 0.23 wt% (in the carbonate rglmite) to 14.01 wit% (in the glimmerite), and
388  2.32 wt% in the silica carbonatite. The CaO conterstrongly variable (from 4.10 to 18.60 wt%) in
389  glimmerite-carbonatite. These rocks are rich in,S2y.24-36.94 wt%), MgO (14.92-21.51 wt%),
390 Fe0;(6.96-9.91 wt%), AlO; (5.32-8.07 wt%) and O (4.91-6.89 wt%). All other element contents
391  are below 1 wt%.

392  Some fenite samples are slightly enriched in phaigsh(0.55-2.95 wt% ,Bs) and contain mainly
393  silicates (44.97-56.77 wt% SHD The content in the other major elements varigsificantly, with
394  3.73-12.87 wt% AJO;, 6.39-19.08 wt% CaO, 2.68-11.34 wt%,Begand 2-67-10.61 wt% MgO. They
395 also contain a few percent of }aand KO (2.01-3.66 wt% and 2.02-7.66 wt%, respectiveBne of
396 the amphibole-rich fenites contains more carbongtasple Sil0). Its SiOcontent is consequently
397 lower (26.65 wt%), as are the other major elemaptst from CaO (28.03 wt%), MgO (11.77 wt%)
398  and FgO;(5.68 wt%).

399  The chondrite-normalized REE patterns of rockshef glimmerite-carbonatite series (Fig. 10a) show
400 an enrichment in LREE (ljAYby from 60 to 119), with higiZREE contents (396-3176 ppm) and low
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negative Eu anomalies (0.90 < Eu*/Eu < 0.93). Ageption is the carbonate glimmerite, which
contains only 0.23 wt%,Ps and is also particularly poor in REE (68 ppm itatp Though displaying
similarly shaped REE patterns, the fenites areeimegal less enriched in REE and LREE (1I&REE
<454 ppm; 22< La'Yby <85), with low negative Eu anomalies (0.86 < Ewf/& 0.95). A notable
feature shared by a few samples of the glimmeatbanatite series and fenites is an enrichment in
the heaviest REE (Yb-Lu). The shape of these RBEmWs is overall similar to those obtained on
apatite (LA-ICPMS measurements; Fig. 10a). Morepaegood positive correlation between the total
REE content and the,®s content indicates that apatite is an important RRB& (Fig. 10b).

The primitive mantle (PM)-normalized spidergramstfee Siilinjarvi carbonatite (Fig. 10c) display an
enrichment in REE (which is quite similar to thatasured in-situ in apatite) and several large-ion
lithophile elements (LILE), such as Sr, Ba and b, a depletion in K, Ti, V. The contents of other
HFSE generally conforms to those of the primitiventte. The glimmerite and carbonate glimmerite
exhibit enrichment in LILE, REE and HFSE. The Hfda@r concentrations of the carbonate
glimmerite are nevertheless as low as in the PM. fEnites are all enriched in elements presented in
the spidergram, except for Ti, Y, Yb,V and Sc, whire only slightly depleted or enriched (Fig. 10d)
The enrichment in REE of fenites is less importaah in apatite, whereas their enrichments in Rb an
HFSE strongly contrast with the signature of apafitA-ICPMS measurements). The Post Archean
Australian Shale (PAAS)-normalized spidergramsaserall comparable to the PM-normalized ones
(Fig. 10e,f). However, most of the elements ardetegd compared to PAAS, except for Sr, LREE, P
and Sc that are enriched in all rock types. Anothetable discrepancy is the more pronounced
depletion in LILE of the fenites.

5. Discussion
5.1 Apatite forming processes at Siilinjarvi and réated REE content and distribution
5.1.1 Glimmerite and carbonatite series

The magmatic origin of apatite in the glimmeritebmmatite series is confirmed by the blue
cathodoluminescence of this mineral (e.g., Broomdfay et al., 2016; Decrée et al., 2016, 2020;
Waychunas, 2002), the enrichment in LREE and tlok& & complex textures such as turbid or
conversion textures under CL (e.g., Broom-Fendtegl.e 2017; Zirner et al., 2015). LIBS images of
the investigated apatite ore (an apatite-rich aaabte exploited for its very high P content; F&).
show that apatite crystals could be associated avidistinct carbonatitic intrusion enriched in Na-K
This leads to the following inferences: (i) thereres probably multiple pulses of carbonatite magma
intrusion at Siilinjarvi, as already suspected bghdmirowa et al. (2006), with significant differees
in magma chemistry; (ii) apatite was preferentiasociated with discrete intrusions of Na- and K-
rich carbonatite melts. Such enrichment could eclatthe fenitization processes and the circulation
Na-K-rich fluids during mid-crustal pre-emplacemewbolution of the carbonatite, as suggested by
Poutiainen (1995) based on the microthermometuidysbf apatite.

A major evolution trend regarding the distributiohREE in apatite is revealed by CL imaging and
LA-ICPMS analyses. An overall increase in REE cohteconcomitant with an increase in Sr and Y
(Fig. 9a,b) — is observed during apatite depositioglimmerite and carbonatite. Early-formed vielet
luminescent apatite was replaced by a blue-gremmkscent apatite that is more strongly activated
by Nd and enriched in REE compared to the formeg. (B and Fig. 8a,b). Similarly, the blue-
luminescent outer part of apatite crystals (rimsowergrowths) has a CL that is more strongly
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activated by Nd than in early apatite (Fig. 3 atgl Ba,b). An increase in REE uptake from early-
formed to later-formed apatite can be reached loygmecesses:

() The fractionation of a large amount of co-ppéziting minerals — here calcite and phlogopite -
could theoretically influence the REE budget of thesidual melt (e.g., Bihn et al., 2001;
Chakmouradian et al., 2017). However, this possibdan be largely discarded in our case for the
following reasons. First, the removal of REE hodbgdbhlogopite should not significantly affect the
REE distribution and content in later formed apakiecause the REE content of this mineral is very
low, that is, hardly above the detection limits &khmouradian et al., 2017). Moreover, an increfise o
the (La/Yb), ratio of the residual melt is expected after alation of a large quantity of calcite
(Buhn et al., 2001). Such a trend is not obserneithé late generations of apatite, which supposedly
crystallized in equilibrium with the residual melt.

(i) Alternatively, the REE enrichment during apatideposition could be due to a more evolved
magmatic/metasomatic input. Such an input couldeceia the intrusion of a fresh magma enriched in
REE (as the one observed on the LIBS images). ifitigsion would lead to the re-equilibration of
earlier-formed apatite with the intruding magméely through sub-solidus diffusion at the magmatic
stage (e.g., Harlov et al., 2005; Chakhmouradiaa.e®017). This was already suggested for zircon
close to warm and thick calcite veins at Siilinjarf@ichomirowa et al., 2013). Moreover,
Tichomirowa et al. (2006) noticed a change of a@&L color from purple to blue in contact with the
latest generation of carbonatite. We have showe tiet this change in color is associated with an
increase in REE. All these arguments suggest thkitea carbonatite pulse associated with the
development of alkali-rich fluids that caused wiglesd fenitization could be responsible for a
significant input of P and REE into the systemeetiihg all the previously emplaced rocks of the
glimmerite-carbonatite series. This is consisteith the fact that REE are typically found in more
evolved magmas (e.g., Mariano, 1989; Elliott et2018; Simandl and Paradis, 2018).

5.1.2 Fenite

In amphibole- and pyroxene-rich fenites, apatitepldlys a complex zonation (alteration and
conversion textures), which can be regarded agtbduct of apatite re-equilibration with highly
evolved melts and/or fluids (e.g., Zirner et aD12; Broom-Fendley et al., 2017; Chakhmouradian et
al., 2017; Decrée et al., 2020). Late-stage intemas with water-rich fluids were already assumed a
Siilinjarvi, based on the general tendency of desireg Sr concentrations with increasitfO ratios
(Tichomirowa et al., 2006). The REE content andrithistion follow two major evolution trends in the
investigated apatite within fenite:

(i) Apatite grains can exhibit an increasing Ndiadton under CL towards their outer rim, as
overgrowths after resorption, and in the inner pérthe grains, while replacing early-formed vielet
luminescent apatite. Both overgrowth and replacémenes show a blue-green luminescence and an
increase in REE content (samples Si2 and Si4;3adp and Fig. 8c,d).

(i) The second trend is characterized by a staaryease in Nd-activation in green-luminescent rims
and overgrowths (in samples Si5 and Si6; Fig. 5eldiis decrease in REE is coupled with a
substantial LREE loss (and a stronger Eu negath@maly) that modifies the shape of the REE
patterns (Fig. 8d) and a loss in other elementh s Sr and Y (Fig. 11a,b). It is worth mentioning
that several apatite grains record both trends) afirst phase of growth/replacement characterlmed

a REE-enrichment and a second phase of growthdiecpa slight depletion in REE (samples Sil and
Si10; Fig. 5¢,d and Fig. 8c).
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Considering the above contrasting trends, at leasttypes of melt/fluid-rock interactions could
explain the observed phenomena. The REE enrichomnd involve Na-K-rich fluids during early
(pre-emplacement) evolution of the carbonatite.s€h#tuids are likely enriched in P and REE, as
already evoked in section 5.1.1. Interacting whini, the early formed apatite would have been
enriched in REE through coupled dissolution—repmigation processes (e.g., Zirner et al., 2015).
Other elements — namely, Nb, Th, Pb (and U to sexhent) — could be concentrated when interacting
with these fluids. Their contents in apatite hodtgdfenite are higher than those in apatite from th
carbonatite-glimmerite series (Fig. 11c-e).

Conversely, the decrease in LREE in apatite is contynattributed to the mobilization of these
elements during fluid flow through the rock (e.Harlov et al., 2002). The LREE are more easily
mobilized than M/HREE during fluid-rock interact®mrand show greater stability as chloride or
fluoride complexes (e.g., Broom-Fendley et al., @0lliot et al., 2017; Krneta et al., 2018)he
more pronounced negative Eu anomalies (0.73<Eu/@83) are likely due to the extraction of
divalent Eu via a high-temperature aqueous fluidhemg from the magma (Buhn et al., 2001). The
assemblage of green-luminescent apatite (whicess énriched in REE) and REE mineral phases as
britholite and monazite at the apatite rim wouldddormed at the expense of the REE-rich apatite
through coupled substitution and mass transfer, (Bigner et al., 2015; Giebel et al., 2017).

5.1.3 Prospect of REE quantitation in apatite using CL and Raman spectroscopy

Fluorescence and CL activation can be deduced tinenobservation of the cathodoluminescence
and Raman spectra. At a first glance, it appeasttie relative intensity of the emission peak of a
specific luminescence activator can be correlat#l its concentration. For instance, in carbonatite
the overall luminescence is more intense in the REEgreen-luminescent apatite of the replacement
zones than in the early-formed violet luminescipgtae, which is less enriched in REE (Fig. 7a,d).
An attempt was made to correlate the luminescepeetss and the REE content of apatite more
accurately. Neodymium appeared as a good candfdatesuch a purpose, because the emission
multiplet of N&* in the near-infrared is free from any interferemdth other REE and the background
signal is low. After subtraction of the backgroutite area under the peaks was measured between
~850 and ~950 nm. The good correlation betweertheontent as measured using LA-ICPMS and
spectroscopic measurements for both fluorescendecatihodoluminescence spectra is presented in
Figure 12. It shows that the spectral signal ofitpasing CL and Raman can be used to estimate the
relative content of Nd. These correlations could Wweloubtedly improved with more careful
acquisition settings, data processing (especialigk@round subtraction) and a more rigorous
chemometric approach. An absolute concentratioridcbe obtained if a minimum of geochemical
data is provided for calibration. Of course, thisthod should be extended to more types of apatite
from other carbonatites and other environmentsatmate the observed correlation. Nevertheless, the
currently available data confirm that spectrosc@malysis of luminescence is a helpful tool to asse
the REE potential of apatite with relatively litédfort.

5.2. Reassessment of the economic potential regargistrategic elements

The estimation of the ore reserves at Siilinjavipgr January 2014 was 234 Mt at an average
grade of 4 wt% FOs. Almost all the rocks of the glimmerite-carboratgeries can be considered
economic for apatite exploitation (O'Brien et &Q15). The analyses performed in the frame of this
study confirm the enrichment in phosphate of thesks (2.32<p0s<34.18 wit%), apart from the
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carbonate glimmerite that contains only 0.23 wt3sPIn the Siilinjarvi mine, fenites are stockpiled
separately (O'Brien et al., 2015), though someheafsé rocks show a promising phosphate content
(two samples at 2.4 and 2.9 wt%Cp), close to the average grade of the rocks thatcarently
mined.

Beside phosphate, numerous commodities can bearsbirom deposits associated with carbonatites
and related alkaline complexes, such as Nb, Zrahtf REE (e.g., Pell, 1996). The spidergrams in
Figure 10 show that none of these elements areeotrated at Siilinjarvi, apart from the REE.
Whether it is in the rocks pertaining to the glinmiteecarbonatite series or in fenites, the REE eonnt

of the rocks correlates well with theig® concentration (Fig. 10b). These correlations camded to
roughly estimate the REE reserves at Siilinjanas&d on the latter and on an average content of 4
wt% P,Os in the rocks exploited (O’Brien et al., 2015), taeerage hypothetical REE contents were
calculated, depending on the correlation used g ppm, using the equation based on all rock types
(Fig. 10b), and (ii) 697 ppm using the equation sidaring only the rocks currently mined as
phosphate (i.e. the glimmerite-carbonatite sefteg; 10b). As a reserve of roughly 200 Mt remams t
be exploited, the REE reserve should approximat&3;0D0 t of Total Rare Earth Oxide (TREO)
(using an average grade of 576 ppm) or ~161,000NR&O (using an average grade of 697 ppm) in
the phosphate deposit. A large part of the REE iegiresent in apatite that contains up to 0.66 wt%
REE, even thougbther REE-minerals are also present as scattemaatenjrains in the different rocks
(as observed on the LIBS images, Fig. 3,5h,6). &4poitation of REE as a by-product of the apatite
could be interesting at Siilinjarvi, and probabty dther alkaline complexes as well. In the Khibina
alkaline massif (Kola Peninsula, Russia), an ireee@ production of REE would be achieved by
extracting the REE from apatite through a hydrogblacid treatment (with recovery rates of ~80%
REE; Pereira and Bilal, 2012). Considering thetiataecase of REE extraction from apatite (e.g.
Emsbo et al., 2015), the potential reserves of REHilinjarvi (133,000-161,000 tons of REB) and
assuming that a large part of REE is locked intodtnucture of apatite, the beneficiation of REER as
by-product of the Siilinjarvi phosphates could bheconomic interest.

6. Summary and conclusions

Apatite from the Neoarchean carbonatite comple)Sidfnjarvi has been investigated for its
chemistry and optical spectroscopy (CL, Raman spsobpy, LIBS). The aim was to decipher the
processes leading to the formation of apatite amdralling the distribution of REE in this miner#h
the glimmerite-carbonatite series, the blue-vi&@&tand LREE enrichment corroborate a previously
assumed igneous origin of the apatite. The REElement in alteration zones and at the rim of agpatit
crystals reveals re-equilibration of early formgette with a REE-rich fresh carbonatite magmasThi
magma, which is one of the last intruded, caussdraficant input of P and REE into the system. The
late carbonatite also recorded interactions wiklalatich fluids, likely in connection with fenitation.

In fenite, alteration textures emphasize fluid-fotkgma interactions at various stages of apatite
crystallization. A first event led to enrichment REE of the early formed apatite. This enrichment
was likely due to interaction with REE-rich fluidslated to fenitization. Local depletion of apatite
LREE is ascribed to a late-magmatic or hydrothestede.

Spectroscopic methods used here constitute powaridl inexpensive tools for exploration. In
addition to bringing crucial information about miakzation events, LIBS mapping makes it possible
to map elemental distribution (and speciation) @inél REE in the rocks. Raman and CL spectroscopy
give clues regarding enrichment in REE of apate,llustrated by (i) the spectral CL of the *Nd
emission at 880 nm that quickly reveals the REHridigion and enrichment in apatite, and (i)
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fluorescence (photoluminescence) and cathodoluméme® spectra that enable fast qualitative
assessments of the REE enrichment in apatite lwastte observed correlation between spectroscopic
and geochemical data, with some insight into (semgntification.

Finally, the geochemical data obtained on whold iamples show that part of the fenites could be
considered for exploitation, because their phosploanhtent is close to the average content of the
rocks currently mined. In addition, the REE and ggimte contents correlate well in all of the
investigated rocks. A rough estimate based on c¢hiselation and the available data on reserves
suggests that REE could constitute an economicaitgresting by-product of the Siilinjarvi
phosphates.
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Figure and Table captions

Fig. 1 Geological sketch map of the Siilinjarvi CarbotetComplex (modified and redrawn from O’Brien et al
2015). The upper insert shows the location ofrgélivi in Finland

Fig. 2 Selected macrophotographs of Siilinjarvi rocks. Caybonatite with green apatite crystals (samp8); Si
(b) Apatite rock made of carbonatite with abundgneien apatite crystals (sample Sill); (c) Glimragigample
Si9); (d) Silica carbonatite (sample Si7); (e) Qardte glimmerite (sample Si3); (f) and (g) Amph#oich
fenite (samples Si6 and Si5); (h) and (i) Pyroxeale fenite (samples Sil and Si10)
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Fig. 3 LIBS analysis of an apatite rock (apatite-rich cendtite, sample Sill) from Siilinjarvi. Element resn
are followed by the integer part of the emissiowvelangth that was used. (a) Selected LIBS mapsstimaw the
distribution of both the major minerals (calcitdlggopite and fluorapatite, as inferred from thstritbution of
Ca, Si, P, CaF, K and other elements not shown) lzeré@ minute REE-minerals (as inferred from theyHtri
spots in La and Ce maps). Although REE are deteicteapatite, REE-minerals are scattered througlioet
matrix but not included in apatite nor in phlogepiThe map of molecular CaF emission confirms {hegites
are all fluorapatites. Note the Na- and K-rich zexrighin the calcitic groundmass of the carbonatitg.Example
LIBS spectra of the 411-418 nm range showing thé& Rikes that were used for mapping elements in the
carbonatite sample shown in (a). Each spectrumobtsned by averaging several spectra by selecfi@enROI
(Region Of Interest) on the maps. The spectra ePBar and Na-rich calcite are identical (exceptNarand K,
whose emission peaks are observed outside theagexplwavelength range)

Fig. 4 Cathodoluminescence (CL) photomicrographs of ilimj&rvi glimmerite-carbonatite series. Color @b
(a),(c),(e) and (g). Spectral CL (Ridemission filtered at 880 nm) in (b),(d),(f) and;(iTal - calcite, Phl -
tetraferriphlogopite. The four-pointed stars repriésthe spots where EPMA and LA-ICPMS analyses were
performed Related REE contenEREE in ppm) is indicated in a black box. (a-b) Agatrystal in apatite rock
(sample Sil1l) exhibiting a heterogeneous texturbjua-luminescent apatite is partly altered/replaby a
green-luminescent apatite, which is characterizgd Istronger Nd activation; (c-d) Green-luminescapsdtite
replacing a blue-violet-luminescent apatite towatlds outer part of a crystal hosted by a glimmeriel
activation increase accordingly towards the crysta) suggesting a higher concentration in LREEn(si2 Si9);
(e-f) Violet-luminescent apatite with a more bluisiminescence in the crystal rim and along fissuldsese
bluish zones correspond to an increased Nd-aativailica carbonatite, sample Si7); (g-h) Clogecked
cluster of blue-violet-luminescing with more brigreenish luminescence in the rim of some crystals.
Replacement zones inside the grains also pressrtrighter luminescence. The latter corresponds achigher

Nd activation (carbonate glimmerite, sample Si3)

Fig. 5 Cathodoluminescence (CL) (a-f), EPMA (g,h) and Ilsaektered electron (i) photomicrographs of the
Siilinjarvi fenites. Color CL in (a), (c) and (€3pectral CL (N&" emission filtered at 880 nm) in (b), (d), (f) and
(h); Ab-albite, Ap-apatite, Bri-britholite, Cal -afrite, Cam-clinoamphibole, Cpx-clinopyroxene, KfsK-
feldspar, Mag — magnetite, Phl - tetraferriphlogepiThe four-pointed stars represent the spots avEE&HMA
and LA-ICPMS analyses were perform&elated REE contenEREE in ppm) is indicated in a black box. (a-b)
Zoned apatite crystals with a blue-violet CL corel @reen CL rim in a pyroxene-rich fenite (sampié);S
textures suggest the partial replacement of théy-fmmmed (violet-luminescent) grain by an apatitéth
stronger Nd-activation; (c-d) Stubby crystal of éigan an amphibole-rich fenite (sample Si10). Mgaexhibits

a complex luminescence texture. The primary bludetiluminescent apatite is partly replaced by thiglue-
luminescent apatite (with increased Nd-activatidikgly along the direction indicated by the singleow. It is
then overgrown by apatite with a lower Nd activaj{e-g) Closely-packed cluster of apatite crysialsa
pyroxene-rich fenite (sample Si5); apatite rim lm@cterized by a bright green CL, while apatitergwowth
(indicated by arrows) shows a dark blue-greenishinescence. Interestingly, both are characterizechb
decrease in Nd-activation (f) and a decrease ifg;ehighlighting a global decrease of REE cont@hie white
square presented in (e) corresponds to the zarstrédted in (g); (h) Britholite overgrowth on araéife grain in

a pyroxene-rich fenite (sample Si6)

Fig. 6 Selected LIBS maps of a 38 mm diameter core obxmme-rich fenite from Siilinjarvi (sample Si 1).
Elements names are followed by the integer pathefemission wavelength that was used. Here, LaGad
maps do not exactly match together as in the catitensuggesting a more diverse REE-mineral asiseyab

Fig. 7 Representative spectra of apatite from variousksoof the Siilinjarvi Complex using
cathodoluminescence (a,b,c) and Raman spectrogdomy). (a) and (d) Spectra of apatite from cadtibe and
silica carbonatite (samples Sill and Si7); (b) @)dSpectra of apatite from pyroxene-rich fenitengples Si5
and Si6); (c) and (f) Spectra of apatite from arbple-rich fenite (sample Si10)

Fig. 8 REE patterns of apatite in the different rock typé the Siilinjarvi Complex; (a) carbonatite arilica
carbonatite, (b) glimmerite and carbonate glimmeer{t) amphibole-rich fenite and (d) pyroxene-rfehite;
REE patterns are normalized to chondrite values fsecDonough and Sun (1995)

Fig. 9 Spidergrams generated from LA-ICPMS analyses aondmalized to (a) the Primitive mantle
(McDonough and Sun, 1995) and (b) to th&4fcontent (in wt. %, electron microprobe analyses)
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Fig. 10 (a) REE patterns for whole rock data of the Jalimi rocks. REE patterns of apatite (LA-ICPMS data
are given for comparison. Data are normalized wndhites (McDonough and Sun, 1995), (b) correlafin
whole rock analyses between total REE content a@} Pontent, (c-f) spidergrams of the Siilinjarvi reck
comparing whole rock analyses and LA-ICPMS analyskesipatite. Normalization to the Primitive mantle
(McDonough and Sun, 1995) (c-d) and to the Poshéaia Australian Shales (PAAS; Condie, 1993) (e-f)

Fig. 11 Correlations for LA-ICPMS analyses between Sr tatdl REE content (a), Y and total REE content (b),
U and Nb (c), U and Th (d) and Pb and Sr (e). Whodik data are given for comparison

Fig. 12 Correlation between Nd content and area underecbetween 850 and 950 nm for (a) transformed
Raman spectra (Raman shift converted into wavet@ragtd (b) CL spectra

Table 1 Succinct description of all examined samples framSiilinjarvi Carbonatite Complex
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Sampie

ReT. ariil core (It avallanie) pescription

Sil
Si2
Si3
Si4
Si5
Si6
Si7
Si8
Si9
Si10

Sill

fenite (amph)

R713 L-114 513.95-514.45 fenite (amph)
carbonate
glimmerite

fenite (pyrox)

fenite (pyrox)
fenite (pyrox)
UCS R713 L-128 577-577.60 silica carbonatite
carbonatite
UCS R713 L-136 614.85-615.35 glimmerite
fenite (amph)

carbonatite (apatite
rock)
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Highlights:

This study focuses on apatite and its REE conteSiilenjarvi (Finland)

Petrological and geochemical study helps decipbetingenesis

Igneous processes and metasomatic alteration elreneed

- A sub-economic potential of REE to be exploitedbgsroducts is considered
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