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ABSTRACT

Romppanen, Sari

Laser-spectroscopic studies of rare earth element- and lithium-bearing minerals
and rocks

Jyvaskyla: University of Jyvaskyld, 2021, 66 p.

(JYU Dissertations

ISSN 2489-9003; 393)

ISBN 978-951-39-8689-6

This thesis is an interdisciplinary work, that forms a link between laser-
spectroscopic and physical chemistry research to traditional geochemistry and
mineralogy. The three laser-spectroscopic methods - laser-induced breakdown
spectroscopy (LIBS), Raman spectroscopy, and laser-induced luminescence
spectroscopy - are applied to analyse of the rare earth element (REE) and lithium-
bearing mineral and rock samples collected from the European Union (EU)
region. REEs and lithium were chosen as the scope of the study due to their
importance to modern society and industry. The EU has determined these are
critical raw materials due to their economic importance and supply risk from the
EU’s perspective.

The laser-spectroscopic methods presented here provide valuable
information about minerals. LIBS produces a characteristic elemental emission
spectrum from the mineral surface and detects all elements of the periodic table,
including light and non-conductive elements. Thus, it is also very suitable for
analysing precious lithium. Molecular structures and, thus, mineralogical
information can be achieved with time-gated-Raman spectroscopy, which is also
suitable for detecting luminescent minerals. The third compelling technique,
laser-induced luminescence spectroscopy, reveals the minerals’ luminescence
activators occurring even in very small concentrations. Rare earth elements can
commonly act as luminescence activators.

The most important characteristics of all these methods are rapid
measurement time, minor (or lack of) sample preparation, the possibility of
measuring solid samples, and less expensive equipment required when
compared with many other techniques. Thus, all these techniques are highly
suited to in situ and on-line measurement purposes, which was kept in mind
while designing the analysis setups in the laboratory and the efficient data
handlings.

Keywords: laser-induced breakdown spectroscopy, LIBS, Raman spectroscopy,
laser-induced luminescence, time-resolving, rare earth elements, REE, lithium
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Tamd vditoskirja on osa poikkitieteellistd  tutkimusprojektia, jossa
geokemiallisessa ja mineralogisessa tutkimuksessa hyodynnettiin laser-
spektroskopian ja fysikaalisen kemian analyysimenetelmid. Tyossd kaytettiin
pddasiassa  kolmea laser-spektroskopian menetelmdd: laser-indusoitua
plasmaspektroskopiaa (LIBS), aikaerotteista Raman-spektroskopiaa sekd laser-
indusoitua luminesenssispektroskopiaa analysoitaessa harvinaisia maametalleja
ja litiumia sisdltdvid mineraali- ja kivindytteitd. Harvinaiset maametallit ja litium
on maddritelty Euroopan Unionin ndkokulmasta Kkriittisiksi alkuaineiksi
tarpeellisuutensa ja saatavuusriskinsd vuoksi. Siksi ne ovatkin hyvin
ajankohtainen tutkimuskohde ja ndytteet on valikoitu kiinnostavista
eurooppalaisista mineraaliesiintymista.

Laser-spektroskopian  tutkimustulokset antavat erilaista tietoa
mineraaleista. LIBS-emissiospektri paljastaa mineraalin alkuainekoostumuksen
ja se mddrittdd myos kevyet alkuaineet. Tamdn vuoksi LIBS soveltuukin
erinomaisesti myos litiummineraalien analysointiin. Aikaerotteinen Raman-
spektroskopia tunnistaa myds luminesoivat mineraalit molekyylirakenteidensa
perusteella. Laser-indusoitu luminesenssispektroskopia paljastaa hyvinkin
pienind pitoisuuksina olevat luminesenssin aktivaattorialkuaineet, joina
harvinaiset maametallit hyvin yleisesti esiintyvaét.

Laser-spektroskopia soveltuu erinomaisesti paikan pé&dllda (in situ) tai
linjastolla (on-line) tehtdviin mittauksiin, koska mittausaika on nopea ja
ndytekdsittely on minimaalista. Analyysi voidaan siksi tehdd suoraan mineraalin
tai kiven pinnasta. Laser-spektroskopian laitteistot ovat myo6s halvempia
verrattuna moniin muihin analyysilaitteistoihin. Nam& ominaisuudet ovatkin
huomioitu my6s tdmédn tutkimusprojektin laitteistojen suunnittelussa ja
analyysitiedon kasittelyssd, jotta saatuja tuloksia voitaisiin mahdollisesti
jatkojalostaa tédstd eteenpdin.

Avainsanat: laser-indusoitu plasmaspektroskopia, LIBS, Raman-spektroskopia,
laser-indusoitu luminesenssi, aikaerotteisuus, harvinaiset maametallit, REE
litium
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1 INTRODUCTION

The aim of this work is to present both the suitability and the different ways of
utilising three time-resolved laser-spectroscopic methods - laser-induced
breakdown spectroscopy (LIBS), laser-induced luminescence spectroscopy, and
Raman spectroscopy - to analyse the natural rare earth element (REE) and
lithium-bearing ore minerals from the European region. REEs and lithium have
been determined to be critical raw elements from the European Union’s (EU’s)
perspective due to their economic importance and supply risk.! These elements
are a topical research target at this moment for this reason. The term ore is very
important to assimilate when raw materials are discussed, and it was already
specified in 1909 by J. F. Kemp:

“Ore is a metalliferous mineral, or an aggregate of metalliferous minerals, more or less
mixed with gangue, which from the standpoint of the miner can be won at a profit, or
from the standpoint of the metallurgist can be treated at a profit. The test of yielding a
metal or metals at a profit seems to be the only feasible one to employ.”2

This means that not only are metal-containing minerals specified as ore minerals
but also that metal(s) must be extracted cost effectively. Metals are extracted from
ores in beneficiation processes to produce raw materials for industrial uses. The
recent definitions of the term ore also include utilisation of industrial minerals.?
An industrial mineral is a non-metallic and non-fuel mineral with economic
value.* Profitable and minable ore units are called oreshoots, orebodies, deposits,
or ore reserves, while gangue means unwanted minerals or rock. Grade (the
concentration of metal) and tonnage are the key factors in evaluating if the
mineral deposit is an economic ore deposit. The homogeneity of the deposit is
more important than its grade in the case of a non-metallic industrial mineral
deposit. There are also other significant factors when specifying ore deposits,
including possible by-products, metal prices, mineralogical form, undesirable
substances, location, size and shape of the deposit, ore character, grain size and
shape, and some environmental, political and cash flow affects.?

Different geological, geochemical, and geophysical methods are used in
exploration, i.e., in locating mineral and rock resources that then can be evaluated
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and possibly exploited if it is profitable. The mining process extracts the ore from
the ground and transports it to a mill. Ore minerals are separated from gangue
at the mill, and concentrate is formed. This is taken to a smelter, where metals are
extracted. This procedure is typically simpler in the case of industrial minerals.3

Laser-spectroscopic analysis can offer a way to analyse mineral-based
samples of different kinds during the different steps of mineral exploration,
mining, and processing. Exploration is performed in field circumstances, and it
would be cost efficient to have a technique that could estimate the metal contents
already in situ. It is essential in mining to reduce the waste rock amount and
ensure the mineralogical and chemical contents of the minable ore units already
at the mine site. It is important during mineral processing to be able to monitor
the efficiency and quality of the processed products of the mill and smelter; an
option for on-line analysis would be an asset. Laser-spectroscopic tools could
offer a great option for all these processes. This thesis studies the possibilities of
using these techniques in several ways for mineral analysis with a focus on the
detection of REEs and lithium.

1.1 Minerals and rocks

The basis of the Earth’s solid surface is in the arrangements of ions, atoms, or
ionic groups held up by different chemical bonds. More precisely can be said that
anions (negative-charged ion) and cations (positive-charged ion) in specific ratios
construct minerals. One or more mineral(s) form a rock, and rocks build up the
solid bedrock (Fig. 1). Soil occurs above the bedrock.?

‘;+

Ions

Minerals

FIGURE 1. A formation process of bedrock from rocks, rocks from minerals, and minerals
from ions.

The Earth’s topmost layer until the mantle border in Mohorovici¢ discontinuity
is called the crust. The Earth’s oceanic crust is mainly basaltic and rather thin (~7
km), whereas continental crust is thicker (~40 km) and contains various rock
types.® Silicon is the most abundant element in the continental crust after oxygen,
and the crustal rocks and inorganic matter of soil are mainly composed of silicon
rich silicate minerals (~95%).” Rock-forming elements represent the majority of
the continental crust (Fig. 2). Rock/mineral analysis typically expresses the
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contents of elements in percentage levels, commonly as wt% (weight percent) of
oxides.®® The trace element levels in rocks/minerals is less than 0.1 wt%.?

10°
- [C] Major rock forming elements
R [[] Minor rock forming elements
= 10° @ Major industrial metals
E @ Rare earth elements
S Precious metals
<
©
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FIGURE 2.  The abundance of elements related to the silicon in the Earth’s upper continen-
tal crust. Major industrial elements are presented as elements with global pro-
duction over 3x107 kg/year. Missing elements have no long-living or stable
isotopes. Figure is modified from Ref.10.

The Commission of New Mineral and Mineral Names (CNMMN)2 of the
International Mineralogical Association (IMA) define the term mineral as:

“an element or chemical compound that is normally crystalline and that has been
formed as a result of geological processes.”11

CNMNC maintains and amplifies a list of recognised minerals, which consisted
of 5688 minerals in March 2021.12 There is a special procedure with guidelines,
presented elsewhere, for identifying and accepting the minerals on this list.13
The mineral’s chemical composition can be presented as a mineral formula.
A mineral’s structural arrangement is represented in structural formula as a
minimum number of symmetrically different sites, i.e., points, that an atom can
occupy (or possibly occupy) in a unit cell.1* A formula unit is not always the same
as a general formula; these are MgSiOs; and Mg»Si>O¢ for enstatite mineral,
respectively. The general formula emphasises that there are two crystallographic
sites for Mg in the enstatite mineral structure.!* Trace elements are not presented
in a mineral’s formula and occur in minor amounts.” The occurrences and levels
of the trace elements are mostly based on ionic radii and ionic charge: For

aIn 2006, two commissions of the IMA - the Commission of New Mineral and Mineral
Names (CNMMN) and the Commission on Classification of Minerals (CCM) - were joined
together as the Commission on New Minerals, Nomenclature and Classification
(CNMNC).160
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example, Ni?* has the same possibility as the similar-sized ion Mg?* to enter into
Mg-silicate minerals. Thus, these can typically contain small amounts of nickel.’>
Crystal structure and availability of chemical components during mineral
crystallisation also affect the trace element content.1617

Minerals can be divided into classes in several ways, e.g., based on
chemistry, crystal structure, association, occurrence, genetic history, or
resource.’® Many mineralogists favour the chemical classification: It refers not
just to chemical composition, but it also helps to choose the most suitable analysis
method for the whole mineral class simultaneously.!® Dana classification,? one
of the oldest, still extensively used classifications is based on work published by
Dana in 183721. There are also many others, such as Strunz classification??, Strunz-
Nickel classification?3, and the work of Deer, Howie & Zussman?t. The
hierarchical standardisation of mineral classification for IMA /CNMNC contains
mineral class (1), mineral subclass (2), mineral family (3), mineral supergroup (4),
mineral group(s) (5), and mineral subgroup / mineral series (6). Mineral classes
(1) can be separated due to a main anion (e.g., O%, S*), an anionic complex (e.g.,
SO3~, OH~, CO5~, PO;™ or SiXO;_) or a missing anion (native elements). The
largest mineral classes include sulphides, sulphosalts, halides, oxides,
hydroxides, arsenites, carbonates, nitrates, borates, sulphates, chromates,
molybdates, tungstates, phosphates, arsenates, vanadates, silicates, organic
compounds, and native elements. Mineral subclasses (2) are related only to
silicates and borates that can be divided into neso-, soro-, cyclo-, ino-, phyllo-,
and tectosilicates (or -borates) based on the bonding of SiXO;_ (or BXO;_ )

tetrahedra.’® Fig. 3. shows the different silicate structures and silicon-oxygen
tetrahedra bonding types.

INOSILICATE INOSILICATE PHYLLOSILICATE

Single chain Double chain
TECTOSILICATE
NESO SORO- CYCLO-
SILICATE SILICATE SILICATE
oxygcnzg D ﬂ i y
X
SiOy Si,O% SiO;

SiO5

FIGURE3. Silicate mineral structures. The SiO}~ tetrahedron has four oxygen atoms on
the corners (marked with red circles) and one silicon atom in the centre. The
repeat units are presented below the structural units. Tetrahedrons are point-
ing up, except in tectosilicate, where hexagonal tetrahedra rings on every other
layer are pointing in the opposite direction. Figure is modified Ref.?.

Similarity in mineral structure or/and chemical composition is the basis to form
mineral families (3), like the feldspathoid family. A mineral supergroup (4) is
formed by at least two mineral groups with structural and chemical similarities
and whose members belong to the same mineral class. Mineral group (5) involves
at least two minerals with same/fundamentally similar structure and chemical
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composition, like eudialyte group. Minerals that are not included in mineral
groups can be included in mineral subgroups/series (6).18

Rocks usually contain minor amounts of accessory minerals in addition to
the main minerals. Studying those can reveal information about rock formation
processes.?> Minerals can also contain fluid inclusions consisting of vapor and
gas trapped inside the mineral during formation. Fluid inclusions can offer
information about the rock’s pressure-temperature evolution.?¢ Soil, however,
consists of inorganic mineral material and organic matter.?” The Finnish land area
mainly consists of unsorted glacigenous soil, till, caused by several glaciations.?

Rocks are usually divided into three types regarding their genetic origin:
igneous, sedimentary, and metamorphic rocks. Igneous rock is crystallised from
magma in volcanic eruptions or in the Earth’s crust or mantle. Sedimentary rock
is formed from already existing rock when it is weathered, eroded, transported,
deposited, buried, and, eventually, when it goes through lithification and
diagenesis. Metamorphic rock is formed when a rock of any type is changed in
texture, minerals, and/or structures related to exposure of high pressure or/and
temperature.8

1.2 Critical raw materials

The European Union has presented a group of critical raw materials (CRM) that
are important for modern technology and its economy. The criticality is based on
its economic importance and supply risk from the EU’s perspective and on the
evaluation it has performed every 3 year since 2008.! The newest evaluation
(2020) listed 30 materials altogether as critical raw materials, including LREEs
(light rare earth elements), HREEs (heavy rare elements), and lithium.!

1.2.1 Rare earth elements

Rare earth elements (REEs), or rare earth metals (REMs),b refer to the group of
lanthanides, i.e., lanthanoids,® scandium (Sc), and yttrium (Y).2? The lanthanoids
are a group of elements with atomic numbers (Z) of 57-71 (lanthanum-lutetium)
(Table 1). Lanthanoids (Ln) mostly exist in oxidation state 3+, but 2+ and 4+ are
also relatively common in some REEs. Europium especially tends to appear as
Eu®* and Eu?*.? Lnl are very similar in size and have comparable chemical
properties: in nature those are found usually together.?30 Ionic radii are slightly
decreasing from La3%* to Lu®* (~ 0.21 A).9 Yttrium has an ionic radius
corresponding to heavier REEs with which it usually occurs. Sc3* has a smaller
ionic radius and differs in chemical behaviour; thus, it is not seen in as high levels
in REE minerals.3!

b JUPAC prefers the term rare earth metal (REM).?
¢ JUPAC prefers lanthanoid over lanthanide since -ide is points to negative ions.?’
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TABLE 1 Rare earth elements and their chosen properties.30,3233

Atomic Atomic Electron

number ~ Liement  Symbol weight3032 configuration3032
21 Scandium Sc 44.956 [Ar] 4s23d1
39 Yttrium Y 88.906 [Kr] 5s24d!
57 Lanthanum La 138.91 [Xe] 6s25d!
58 Cerium Ce 140.12 [Xe]4fl6s25d1!
59  Praseodymium  Pr 140.91 [Xe]4f36s2
60 Neodymium Nd 144.24 [Xe]4f46s2
61 Promethium Pm [Xe]4f56s2
62 Samarium Sm 150.36 [Xel4fe6s2
63 Europium Eu 151.96 [Xe]4f76s2
64 Gadolinium Gd 157.25 [Xe]4f76s25d1!
65 Terbium Tb 158.93 [Xe]4f%s2
66 Dysprosium Dy 162.50 [Xe]4f106s2
67 Holmium Ho 164.93 [Xe]4f!16s2
68 Erbium Er 167.26 [Xe]4f126s2
69 Thulium Tm 168.93 [Xe]4f136s2
70 Ytterbium Yb 173.04 [Xe]4f146s2
71 Lutetium Lu 174.97 [Xe]4f146s25d1

Despite the name, most of REEs are not rare in nature except for radioactive
promethium. The abundance of REEs in the Earth’s crust vary from the most
common, cerium (66 ppm), to thulium (0.5 ppm).3® REEs can be divided into
LREEs (light earth elements) or the “cerium group”, which is usually refers to
elements from lanthanum to europium. HREEs (heavy rare elements) or the
“yttrium group” include elements from gadolinium to lutetium and usually
yttrium.30 However, divisions are not always unambiguous together, e.g., in EU
reports to LREEs are listed La-Sm and to HREEs Eu-Lu.!? Division can also be
based on behaviour in a beneficiation process: light REEs (LREEs: La, Ce, and
Nd), medium REEs (MREEs: Sm, Eu, and Gd) and heavy REEs (HREEs: Tb-Lu
and Y).3* A very common method in geochemical research is to examine the REE
patterns” abundance versus atomic number (Z). The chemical data are typically
normalised with chondrite (meteorite) values for this purpose to remove the
zigzag pattern®%, which Fig. 2 also shows. Depletion or enrichment of all REEs
or LREE related to HREE or positive/negative Eu is usually observed from the
chondrite-normalized REE diagram.® For example, the author has previously
detected, as documented in her Master’s Thesis (Geology and mineralogy),3¢ that
relative REE-distribution patterns in samples of berries and a mushroom
correlate to a local granitic bedrock.

The origin and REE naming are very much bound up to the Nordic
countries, especially to Ytterby, a small Swedish village. Yttrium was the first one
discovered by a Finnish chemist, J. Gadolin in 1797. Gadolin isolated an assumed
new oxide from a mineral collected from Ytterby and it was named as yttria.
However, it consisted of several metal oxides, and an yttrium oxide was isolated
decades later from this mixture. Erbium, terbium, and ytterbium are also named
after the Ytterby village. Gadolinium is named in honour of J. Gadolin, while
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europium is named after Europe, scandium after Scandinavia, and holmium after
Holmia (Stockholm in Latin). Most of the rare earth elements were discovered in
the 19t century, but promethium was discovered much later from fission
products of 235U.30

All minerals contain REEs at some level but usually as trace elements.3
LREEs tend to occur more in carbonates and HREEs mainly in oxides and in some
phosphates. Silicates can host all REEs evenly, but due to very strong binding,
extracting REEs needs much energy; thus, it is expensive.?” Over 70 minerals are
known, which include the essential concentrations of REEs. REEs can appear in
high levels as in accessory or major minerals (e.g., monazite, béastnasite) and
concentrated on specific minerals (e.., apatite).3> Table 2 lists the most important
REE minerals in Europe; Fig. 4 presents examples of REE-bearing minerals from
the Nordic countries.

TABLE 2 Main REE minerals in Europe with their chemical formulas and mineral clas-
ses (based on Dana classification?). The table is simplified from Ref.38. Mark *
represents mineral group.

Mineral General chemical formula Mineral class
Aeschynite* REE(Ti,Nb)2(O,0H)s Oxide
Allanite* (REE,Ca)2(Al Fe)3(SiOs) (S5i207)O(OH) Sorosilicate
Ancylite* LREE(Sr, Ca)(CO3)2(OH)-HO Carbonate
Apatite* Cas(PO4)3(F,C1,OH) Phosphate
Bastnasite* REE(COs)F Carbonate
Britholite* (REE,Ca)5(Si04)3(OH,F) Nesosilicate
Brockite (Ca,Th,Ce)(PO4)-H2O Phosphate
Burbankite (Na,Ca)s(Sr,Ba,LREE)3(CO3)s Carbonate
Cerite* (LREE,Ca)y(Mg,Ca,Fe3*)(Si04)3(S5i0s0H)4(OH)3 Nesosilicate
Dollaseite* CaLREE(Mg2Al)(5i207)(Si04)F(OH) Sorosilicate
Eudialyte* NaisCagFe3Zr3Si(Si2s073)(0O,0H,H20)3(Cl,OH)2 Cyclosilicate
Euxenite* (REE,Ca, Th,U)(Nb,Ta,Ti)206 Oxide
Fergusonite* REENDLO4 Oxide
Fluocerite* REEF; Halide
Gadolinite* REE;Fe?*Bex02(SiO4)2 Nesosilicate
Monazite* REE(POy4) Phosphate
Parisite CaLREE>(COz3)3F2 Parisite
Perrierite* REEs(Mg, Fe,Ti)4O0s(5i207)2 Sorosilicate
Pyrochlore* (Na,Ca)2Nb20s(OH,F) Oxide
Steenstrupine Na1sREEsMnoFe3* Zr (PO4)7Si12036(OH)2-3H20O Cyclosilicate
Strontianite Sr(CO)s Carbonate
Synchysite* CaREE(COs)2F Carbonate
Tornebohmite*  REE>Al(SiOy)2(OH) Nesosilicate
Véstmanlandite Ce3sCaMgrALSisO19(OH)2F Sorosilicate
Xenotime* (Y, HREE)PO4 Phosphate
Zircon Z15i0y Nesosilicate
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'-Apatite \

FIGURE 4. Eudialyte-rich sample from the Norra Karr deposit, Southern Sweden (left)
and REE-bearing apatite from Siilinjarvi, Eastern Finland (right).

A special system to name the REE minerals adds the predominant REE in a suffix
after the mineral group name, e.g., bastnésite-(La) or bastnasite-(Y). This type of
naming was originally presented by Levinson® but was later also acquired by
the IMA3. REEs have been produced from less than 20 minerals; from these, the
most significant in decreasing order are bastnasite, monazite, REE-bearing clays,
xenotime, loparite, and parisite.# The REE-contents in these minerals vary:
Bastnaésite-(Ce) 70-74, monazite-(Ce) 35-71, xenotime-(Y) 52-67, loparite-(Ce) 32-
34, parisite-(Ce) 59 in wt% REO (rare earth element oxides).#!

REE deposits can be separated into igneous, sedimentary, and secondary
types. The essential REE deposits from igneous rocks occur in different kinds of
carbonatite/alkaline rocks, but granite, alkaline granite, and alkaline suite rock
related small REE deposits are also known. The most relevant sedimentary origin
deposits are placer deposits and conglomerates. The weathering of REE-rich
rocks forms secondary REE deposits that have low REE levels (total REE 0.05-0.2
wt%) but are easy to extract, e.g., ion-absorption clay deposits.3”40 One example
of a carbonatite-type of REE deposit is Mountain Pass in the United States. The
biggest REE deposit is Bayan Obo in China; its genesis is still uncertain, but it has
a hydrothermal origin.3”

China was the main lanthanoid producer globally in 2020, but the United
States, Burma, and Australia also had rather high production levels. Production
also occurred in Madagascar, Russia, Thailand, Vietnam, Brazil, and Burundi.#?
Scandium was mainly mined as a by-product in lanthanoid mines.*3 Yttrium was
mainly produced in China and Burma in 2020.4* The Bayan Obo deposit has huge
REE resources estimated to be 48 Mt (million tons) 6 wt% REO.4> The deposit at
the other big mine site, Mountain Pass, has reserves of 16.7 Mt with grade 7.98
wt% REO.4

Several REE deposits are discovered in the Nordic countries. REE-bearing
agpaitic nepheline syenites in Norra K&rr in Sweden?” are considered a
remarkable resource for yttrium, dysprosium, and terbium.*® The highest REE
potential in Finland exists in the Sokli carbonatite complex, calcsilicate rocks
(skarn) in Korsnds, and carbonatites in Kortejdrvi-Laivajoki region. Other
important REE occurrences include alkaline intrusions in Tana Belt (Vaulo and
Maikédrd), Otanmdki and Katajakangas, hydrothermally altered systems in
Kuusamo Belt, and pegmatite dykes and greisens in Central and Southern
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Finland.#® The Siilinjarvi carbonatite complex is also known to be enriched in
REEs,?0-52 even though the deposit is mined only for phosphate from apatite.3®

REEs are strategic and necessary raw materials for different fields of
modern technology.3* The biggest end use includes catalysts (~75 %) and they are
also used in alloys (e.g., magnets), metallurgical applications, glass, ceramics, and
polishing.4? Different household products, e.g., computers, smartphones, DVD
players, and TVs contain small, but essential, amounts of REEs.#0 REEs can be
considered as “green metals”, due to end uses in green technology fields, e.g., in
catalytic converters, energy-efficient fluorescent lights, and magnets in wind
turbines and hybrid electric vehicles.4033 To give some specific examples of REE
uses: Compact fluorescent lamps contain Eu, Tb, and Y3* and Nd is needed in
Nd-doped Y3Al5012 lasers (Nd:YAG). In addition, wind turbines include 150-200
kg of Nd and 20-30 kg of Dy per megawatt of generating capacity.40

1.2.2 Lithium

Alkali metal Lithium (Li) has an atomic number of 3 and an atomic weight of
6.941. The electronic configuration of lithium is [He]2s! and it is named after the
Greek word for stone (Aifog).5*

There is approximately 18 ppm lithium in the Earth’s crust, and it tends to
substitute magnesium, especially in ferromagnesian minerals.>* Most of the
lithium minerals are included in two mineral groups: complex Al-silicates and
phosphates.®> The most important Li-minerals in Europe are listed (Table 3).5°
The most essential lithium ore mineral is spodumene.>*57.58 Examples of Finnish
Li-minerals are shown in Fig. 5.

TABLE 3 The main lithium minerals in Europe®® with their chemical formulas, mineral
classes (based on Dana classification?’) and theoretical lithium values. The ta-
ble is simplified from Ref.%.

Mineral General chemical formula Mineral class Tbeoretlcal Valu'e (%)
Li metal Li,O
Amblygonite (Li,Na)Al(PO,)(F,OH) Phosphate 4.69 10.1
Cookeite LiAl4(AlSizO10)(OH)s Phyllosilicate 1.34 29
Elbaite Na(Li15Al1.5)AleSicO18(BO3)3(OH)s Cyclosilicate 1.89 4.07
Eucryptite LiAlSiOq Nesosilicate 5.51 11.86
Ferrisicklerite Li;_,(Fe3*, Mn2%,)PO, Phosphate 4.40 <9.47
Holmquistite X(Li2)(MgzAl)(SisO2)(OH)2 Inosilicate 1.85 3.98
Jadarite LiNaSiB;07(OH) Nesosilicate 3.39 7.3
Lepidolite K(Li,Al)3(51,Al)4010(OH,F)2 Phyllosilicate 3.58 7.7
Lithiophilite ~ Li(Mn,Fe)PO4 Phosphate 4.43 9.53
Lithiophorite (Al Li)Mn**O,(OH)2 Oxide 0.57 1.23
Montebrasite LiAl(PO4)(OH,F) Phosphate 4.69 10.1
Petalite LiAlI(Si4On0) Phyllosilicate 2.26 4.88
Polylithionite KLi>2Al(Si4O10)(F,OH)2 Phyllosilicate 3.00 6.46
Sicklerite Li;_y(Fe3*, Mn?t,)POs Phosphate 4.40 <9.48
Spodumene  LiAl(5i20s) Inosilicate 3.73 8.03
Triphylite Li(Fe,Mn)PO4 Phosphate 4.40 9.47
Zinnwaldite = KLiFeAl(Al,Si3)O10(OH,F)2 Phyllosilicate 1.91 412
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FIGURES5. Examples of lithium minerals collected from Finland: spodumene from the
Lantta deposit, Kaustinen (left), montebrasite from Viitaniemi, Erdjarvi (mid-
dle) and lepidolite from Viitaniemi, Erdjarvi (right).

The most important lithium deposits are brine lake deposits (salars) and
pegmatites (hard rock occurrences). Spodumene pegmatites are coarse-grained
igneous rock types whose mineralogy also includes quartz, feldspar, mica, and
accessory minerals.5® These are the mainly exploited lithium resource and coarse
rock type makes it relative easily to process.5” Other sources of lithium that can
be mentioned are clays and seawater.?-¢1 However, the lithium level is very
modest in seawater (~170 ppb); thus, it is unlikely that lithium can be extracted
cost effectively.0

Li-pegmatite deposits have grades of about 0.3-1.4 % Li at tonnages of 0.01-
0.85 Mt Li.58 Lithium concentrations in brines are much lower, about 200-1500
ppm Li, but the deposits are usually larger, with contents estimated as 0.1-10
Mt.%® The main producers of lithium in 2020 listed in decreasing order are
Australia, Chile, China, Argentina, Brazil, Zimbabwe, and Portugal. Only a few
mineral and brine operations in these countries cover a majority of worldwide
production: Australia (five minerals), Argentina & Chile (two brines), and China
(two brines, one mineral). Several development projects of Li-productions are
known to exist in different scales worldwide.®? One of these is located in the
Pohjanmaa region in Western Finland: the Kaustinen Li-pegmatite province.® Six
known lithium deposits occur in the Kaustinen lithium province: Rapasaari,
Lanttd, Syvédjarvi, Outovesi, Emmes, and Levidkangas.®* All of these are known
to be hosted by lithium-caesium-tantalum (LCT) pegmatite.®4%> In addition,
there is a high Li-potential in LCT-pegmatites located in the Somero-Tammela
region in Southern Finland. Several smaller Li-occurrences are also known across
Finland.®

The biggest end use of lithium lies in the battery technology (~71%),
particularly because the development of the electric cars has recently increased
lithium production and consumption worldwide.576266. Mobile phones also
contain typically Li-ion batteries.®® Lithium is also used in several other target
applications, e.g., ceramics and glass, lubricating greases, polymer production,
casting mould powders, and air treatment.%2
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1.3 Analytical methods in the geosciences

Analysis of REEs from minerals is quite challenging because they are chemically
similar and commonly occur together in natural minerals, as presented earlier.
The most suitable analysis techniques are ICP-MS, ICP-AES, XRF, and NAA®7,
described next. The equipment for these techniques is rather expensive, and these
methods usually operate only in laboratory environments.58

With inductively coupled plasma atomic emission spectrometry (ICP-AES
or ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS), the
dissolved sample is ionised in a hot temperature of inductively coupled plasma,
which in rock analysis means long and rigorous sample preparations.®” The ICP-
AES instrument measures optical emissions from 20 to 30 elements
simultaneously in ~60 seconds.®® Detection limits depended strongly on the
element with ICP-AES; for most of the REES (from Ce to Sm and from Tb to Er),
detection limits as solids are = 10 ppm, Yb and Lu < 1.0 ppm, and 1-10 ppm for
the rest (Eu, Gd, Tm, La, Y, and Sc). Lithium can be analysed at the detection limit
of 1-10 ppm as a solid.®® The ICP-MS instrument can measure elemental and
isotopic ratios from almost all elements in ~60 seconds, but the instrument is
more expensive than ICP-AES.70 The ICP-MS instrument is also more sensitive
compared to the ICP-AES and can obtain lower limits: most REEs have detection
limits <0.01 ng ml! and for lithium 0.1-1.0 ng ml-1.70 REEs usually occur at low
levels; because of this, the ICP-MS instrument is commonly preferred in REE
analysis.®” There are also other mass spectrometry-based methods in order to
analyse solid mineral samples in a laboratory: LA-ICP-MS (laser ablation
inductively coupled plasma mass spectrometry) and SIMS (secondary-ion mass
spectrometry).”172 A laser pulse is used to ablate material in LA-ICP-MS, which
is similar to the laser-spectroscopic method LIBS presented later.”

X-ray fluorescence (XRF) spectrometry is also very versatile in geoscientific
studies, in which the core-level electrons (K, L, and M shells) of the minerals’
elements are excited with primary X-ray radiation generated in an X-ray tube.
Secondary X-ray emission (fluorescence) occurs when these return to the ground
state, which reveals the chemical composition.t® XRF is a fast technique that can
be used to measure solid samples; it needs only minor sample preparation, and
it is capable of performing measurements outside the laboratory (portable X-ray
fluorescence, pXRF73). XRF is highly stable, and REEs can be analysed at
detection limits of even 1-5 ppm in laboratory conditions except for yttrium,
which can be detected as low as 0.1-1.0 pm. However, the technique lacks the
ability to analyse light elements such as lithium.%8

Neutron activation analysis (NAA) excites the nuclei of stable isotopes to
radioactive isotopes with neutron flux from a solid sample surface. Almost all
elements can be measured from ppb or ppm levels up to some percentages.” This
technique is especially suitable in trace element analysis, and REEs can be
analysed at detection levels of >1 ppm for yttrium, 1 ppb - 1 ppm for some (La,
Ce, Pr, Nd, Gd, Er, and Tm), and <1 ppb for the rest (Sm, Eu, Tb, Dy, Ho, Yb, Lu,
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and Sc). Lithium detection is possible with a limit of >1 ppm. However, major
elemental lines can overlap the REE lines.®”

Structural information can be achieved with molecular vibrational
techniques, Raman spectroscopy and FTIR (Fourier transform infrared
absorption), non-destructive techniques that are based on Raman scattering and
IR absorption, respectively.”> A complete description of mineral crystal (or
powder) can be obtained with X-ray crystallography and X-ray diffraction
(XRD).68

Fig. 6 presents several micro-scale techniques for solid samples common in
the geosciences. Structural information is detected with techniques marked in
pink; elemental composition is observed with the methods marked in orange;
and the ones that can analyse an elemental and isotopic composition are marked
in blue. Raman and LIBS are both laser-based techniques and are feasible for in
situ and on-line purposes. SIMS (secondary-ion mass spectrometry) and the
different applications of scanning electron microscopes (SEM) or scanning
transmission electron microscope (STEM) are laboratory techniques. Therefore,
LIBS, Raman and complementary laser-induced luminescence spectroscopy were
used in this research, and the following chapter presents their basic principles.
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FIGURE 6.  Several microbeam techniques commonly used in the geosciences are pre-
sented with a detection limit versus spatial resolution. Figure is modified from
Ref.75, which has partially adapted it from Ref.76.

1.4 Laser-spectroscopy

Light is electromagnetic radiation, and it can be absorbed, transmitted, or
scattered when it interacts with matter - e.g., molecules, atoms, or ions. The
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influence of these effects can be measured with spectroscopic methods.”” Light is
specified to be formed by a laser in laser-spectroscopy. The three presented
techniques provide various information about the investigated minerals: The
elemental composition can be achieved with LIBS; Raman spectroscopy reveals
the mineral structure; and the occurrence of the luminescence activators can be
discovered with laser-induced luminescence spectroscopy. Thus, these methods
offer a fast way to achieve holistic information about a mineral sample. All these
techniques are based on a setup of three main components: a light source (laser),
a spectrometer, and a detector.

Laser (“light amplification by the stimulated emission of radiation”) light
has specific properties: monochromaticity, directionality, coherency, and
brightness; therefore, it is advantageous in spectroscopic research.””
Monochromatic laser light with a narrow line width enables the excitation of
certain energy states with excellent precision. Coherency means that the photons
are in the same phase. The Raman process is very weak, but the high-powered
laser beam produces an intensive signal that improves the sensitivity of the
detection. A collimated beam can travel long distances; thus, it enables remote
measurements.”’-7? Active material inside the cavity specifies laser types: gas,
solid-state, or liquid. Lasers can also be categorized relative to whether the laser
light wavelength is in infrared (IR), visible, ultraviolet (UV), or X-ray spectral
range. For example, Nd:YAG is a common solid-state laser in which neodymium-
doped yttrium aluminium garnet crystal is the active material and forms a laser
light at A=1064 nm. The beam is partially converted in non-linear material in
harmonic versions of Nd:YAG: second harmonic with A=532 nm, third harmonic
with A=355 nm, and fourth harmonic with A=266 nm. An example of a gas laser
is the KrF excimer laser, in which an excited complex of noble gas Kr and halogen
F forms laser light at A=248 nm. A laser can be pulsed with a pulse duration of
nanoseconds to femtoseconds in addition to constant lasing (continuous wave,
CW, laser).7280

The measured light can be collected with an optical fibre or directed straight
to spectrometer through a narrow entrance slit. Light is dispersed inside a
spectrometer to different wavelengths A with diffraction angles 6 with a prism or
grating. This is presently done with a grating, in which a reflective surface is
covered with grooves. The angular dispersion (A\/AD) is connected to spectral
resolution and is mostly based on groove density.8! The most-used spectrometer
system is probably the Czerny-Turner: A collimating mirror inside of it guides
light to the grating, which separates the wavelengths. A refocusing mirror
eventually directs dispersed light through the exit slit to the detector.8! This is a
common spectrometer type used in LIBS research.8? The orders of the spectral
lines can overlap with grating: For this reason, light with A=266 nm can be
observed with 2nd order in 532 nm and so on.8183 Echelle is another spectrometer
type that contains a prism and a grating. The prism first disperses collimated
light vertically to the grating, which disperses light horizontally; thus it disperses
the light to a 2d area where it can be detected.3485
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A detector is a device that transforms light into digital form. Detectors can
be divided into single channel and multichannel detectors. A multichannel
detector, e.g., charge-coupled device (CCD camera) or photodiode array (PDA),
allows the simultaneous measurement of several wavelengths. An image
intensifier can be installed in a CCD (ICCDs) to increase sensitivity.818¢ Another
specific type of detector is the single-photon avalanche diode (SPAD) with CMOS
(complementary-metal-oxide semiconductor) technology, which is feasible for
time-gated Raman detection.?”88 The detector’s suitability depends on required
measurement type, spectral range, accuracy, signal-to-noise ratio, response time,
etc.8186

Other optical components are usually involved in a laser-spectroscopic
setup: mirrors, apertures, fibres, filters, lenses, etc. The light can be directed with
mirrors, apertures, and fibres. Different kinds of filters can be used to block the
unwanted spectral area or laser light from the spectrometer. The laser beam can
be, e.g., focused or collimated with lenses. Fig. 7 presents an example of a laser-
spectroscopic setup that can be used for LIBS measurement as schematics (left)
and as a picture (right).
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FIGURE 7.  LIBSsetup in tandem measurement from the same laser pulse (A=248 nm) with
two Czerny-Turner spectrometers and cameras (PDA: InGaAs array and ICCD
camera) presented as schematics (left) and as a picture (right).

The focus in this research is on time-resolving forms of LIBS, Raman, and laser-
induced luminescence techniques. In what follows, term delay means the time
when the measurement starts after the laser beam hits the sample; gate refers to
the measurement time (Fig. 8). A delay generator can be used to control the
measurement time parameters in time-resolved measurements.
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FIGURES8. Schematics for definition of time-resolved laser-spectroscopic measurement
parameters.

A spectrum can be formed from a laser-spectroscopic measurement, which
presents the intensity of light versus wavenumber (V) or wavelength (\). Raman
spectra are usually presented with wavenumbers (cm), and LIBS and laser-
induced luminescence spectra are presented with wavelengths (nm). Intensity
level is based on the amount of light: The place of the band, line, or peak on the
x-axis depends on the discrete energy of emission or scattering.”.78

1.4.1 Laser-induced breakdown spectroscopy

Laser-induced breakdown spectroscopy (LIBS) is an analysis method that can be
used to determine elemental compositions of solid, liquid, or gaseous substances.
LIBS plasma is formed when the material is ablated with a focused and pulsed
laser beam, and the power density on the surface is GW cm? level. LIBS
measurement is based on collecting the light of the plasma emission, which
depends on the chemical composition of the sampled spot (Fig. 9, a). LIBS is a
semi-destructive analysis method, and small craters are formed in the ablation
on a solid sample surface (Fig. 9, b).828

WD= 9.0 mm EHT =15 kV Signal A = QBSD

SR LB i a

FIGURE9. LIBS plasma on a lithium pegmatite sample (a) and LIBS craters on calcite sam-
ple surface (b) measured with a scanning electron microscope, SEM (Zeiss
EVO-50XVP).

Plasma emission occurs immediately after (< 1 ns) the laser pulse, and LIBS
spectrum changes as the function of time, which means that choosing the right
measurement time parameters (delay & gate) influences the features of the
obtained spectrum. The lifetime of LIBS plasma depends on the surrounding
atmosphere, laser properties, and the investigated material. The spectrum is
dominated at first by a wide, strong continuum formed from the free-free
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transitions of electrons. Elemental lines can be seen more clearly after the plasma
temperature and continuum drops.828 The molecular emissions can also be
detected on the LIBS spectrum with some samples: When the temperature
decreases further, the molecules can be formed due to the atom combinations in
the plasma. This means, that detection of molecular emissions is possible with
rather long delay times.?

Different elements from various minerals have been measured with LIBS as
low as tens of ppm.?° The strength of LIBS is that elements of low atomic number
can also be detected. The measurement itself is also very fast: LIBS needs only
minor or no sample preparation, and the analysis can be performed directly from
a solid mineral or rock sample surfaces.”391-% Only a minor amount of sample is
needed, which means that it also is very convenient for analysing small mineral
grains or fluid inclusions.”> Different aspects and examples of LIBS in
geochemical research are presented widely in reviews”391-%, but it is notable that
LIBS has been applied to geochemical analysis in real time and in situ.”>% The
best-known examples of LIBS working in such mineral research must be the
ChemCam analyser in the Mars Science Laboratory rover Curiosity® and in the
Mars 2020 rover Perseverance?.

LIBS can be used for either qualitative or quantitative geochemical
analysis.”>? LIBS has high precision and accuracy in quantitative analysis when
calibration is performed with samples of a very similar matrix, e.g., Refs.%8%.
However, finding proper reference standards can be challenging with
heterogeneous rock samples.” Another way is to use calibration-free LIBS (CF-
LIBS), e.g., Refs.100101, However, the CF-LIBS method needs further development
before it can be a routine analysis method for heterogeneous rock samples,
especially in the field.”

The self-absorption phenomenon can also make quantitative LIBS
measurement challenging, especially when analysing high concentrations.102103
Self-absorption is especially strong in resonance lines, i.e., emissions to ground
state or close to ground state®, that, e.g., Li line 670.8 nm is known to be.1% For
example, Fig. 10 presents LIBS spectra of the Li-minerals spodumene,
montebrasite, and lepidolite. Lithium has three intense lines in the measured
spectral area: 610.4 nm, 670.8 nm, and 812.6 nm. It can be seen when the Li lines
are compared with each other that in lepidolite line 670.8 nm is higher than the
line 610.4 nm. This relationship is opposite in spodumene and the line intensities
are nearly the same in montebrasite. The intensity of the line 670.8 nm can be seen
to decrease in the middle on all spectra when the Li-mineral spectra are enlarged
for closer observation of two lithium lines (Fig. 11). The explanation is that there
is a high temperature and a huge density of excited atoms inside the LIBS plasma.
However, the temperature at the edges of the plasma plume drops, and plasma
contains more atoms occupying the ground state. The photons that correlate to
resonance transitions can be absorbed by the atoms on the edges of plasma, and
a dip is seen in the emission line.’?
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Normalized intensity [a.u.]

FIGURE 10. LIBS spectra (Aex 248 nm) of the Li-minerals: spodumene, montebrasite, and
lepidolite. Delay and gate are 1 ps and all spectra are normalised to maximum.
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FIGURE 11. Enlarged spectra of Li-minerals’ lithium lines 610.4 nm and 670.8 nm. Self-ab-
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sorption is detected in 670.8 nm resonance Li line.

LIBS mapping, in which a map is measured as x number of spots in y number of
rows, is a feasible tool for studying the spatial elemental and mineralogical
differences of rocks. LIBS mapping is demonstrated here with a sample
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containing the Li-mineral montebrasite (LiAl(PO4)(OH,F)). The sample
macroscopically comprises light-coloured phosphate mineral and quartz areas.
The elemental compositions of these minerals significantly differ, so the intensity
of one element’s emission line(s) can be used to characterise the mineral location
in the mapped area. For example, the integral of 214.9 nm P-line distinguishes
phosphate areas from silicate (Fig. 12, a). However, it cannot solely be used to
represent Li-phosphate montebrasite, because it is not exactly the same in
comparison to a map constructed from the integral of 812.6 nm Li-line (Fig 12, b).
Thus, elemental maps can be misleading for mineral recognition; instead, using
of the whole spectral range is preferable.
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FIGURE 12. Examples of LIBS mapping in Li-bearing rock sample. Representative spectra
for both recognized minerals, montebrasite (red) and quartz (black), are pre-
sented in narrow UV spectral (al) and wide spectral (b1) range measurements.
The elemental distribution maps for phosphorus (a2) and lithium (b2) emis-
sion lines were constructed from the emission lines marked with arrows to the
spectra.

1.4.2 Raman spectroscopy

Most of the scattered light does not change frequency; it is called elastic Rayleigh
scattering. However, a small amount changes the frequency (and wavelength);
that phenomenon is known as inelastic Raman scattering. Frequency change is
based on energy transfer coupled to the vibrational states; energy is transferred
either from a photon to a molecule (Stokes) or from a molecule to a photon (anti-
Stokes) (Fig. 13). Molecules at room temperature are usually accommodating the
lowest vibrational level of the electronic ground state Sp; thus, Stokes scattering
is much more common than anti-Stokes scattering.”78105
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light (left). Scattering processes are presented in a simple energy level system
(right), the figure modified from Ref.105. M stands for a matter in the figure.

Raman spectroscopy is a non-destructive and effective method for recognizing
minerals and mineral structures.106107 A mineral is illuminated with laser light in
Raman spectroscopy, which interacts with the sample molecules/crystal; the
process depends on the polarisability of the molecule. The Raman spectrum
represents the frequencies of molecular vibrations. These are called normal
vibrations or normal modes and can be named in several ways, e.g., related to
group theory or Q notation.1”

For example, modes of COs are recognized in the Raman spectra of dolomite
(CaMg(COs)2) (Fig. 14, black) and calcite (CaCOs) (Fig. 14, violet): L libration (Eg),
v4 in-plane bend, vi symmetric stretch (A1), and vs antisymmetric stretch (Eg).108-
110 The last peak is expected to be a combination of modes v1 and v4 (A14+Eg).110
The x-axis is given as Raman shift (cm1), which is the energy difference between
the incident laser light (here Aex 266 nm) and the scattered light. These carbonates
can be distinguished from each other because Raman shifts in dolomite are at
higher wavenumbers compared with calcite. A smaller ion (here Mg) generally
lowers interatomic distances and increases the vibrational frequencies of CO3
vibrations in carbonates.!’ Minerals can also be recognised by utilising the
extensive mineral Raman spectra library RRUFF.112
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FIGURE 14. Raman spectra (Aex 266 nm) of dolomite CaMg(CO:s)2 (black) and calcite CaCOs
(violet) minerals presenting vibrations of COs.

Raman spectroscopy is a very informative technique for analysing minerals,
especially due to its quick measurement time and lack of heavy and expensive
sample preparation.!’® A very important feature is also the possibility of utilising
Raman spectroscopy with lateral resolution in micro-scale.’” Good examples of
Raman spectroscopy in mineralogical studies are its applications for fluid
inclusion4115 and gemological'l® studies. A possibility of working from a
distance is presented in Ref.1’’; this ability is also utilised within the Raman
spectrometer attached to the Mars 2020 rover Perseverance.”” Other versatile uses
of Raman spectroscopy in the geosciences are presented in Ref.19” and various
references therein.

The influence of luminescence is the most common problem in
mineralogical Raman spectroscopic measurements. Intense luminescence can
overlap Raman scattering partially or totally if the sample material absorbs the
laser wavelength.® The Raman process is much weaker compared with
luminescence, mostly because Raman scattering is a two-photon process in which
one photon is absorbed and the second one is emitted at the same time, whereas
luminescence is a one-photon process.!%120 There are several ways to reject the
luminescence in Raman spectroscopic measurements, e.g., the change of the laser
wavelength, to use time-gated Raman spectroscopy, or use bleaching i.e.,
irradiate the sample surface for some time to decrease the luminescence.!8

An example of the changing the wavelength can be seen in two Raman
measurements of luminescent fluorapatite (Fig. 15). An intense luminescence
band of Nd3* is seen from the spectrum measured with wavelength 785 nm (Fig.
15, left). It is notable that this wavelength is typically used to reject luminescence,
but it is not the best option in REE-bearing mineral samples. For comparison, if
UV excitation is selected, luminescence activators are not excited and Raman
peaks characteristic for fluorapatite can be clearly detected (Fig. 15, right).
However, spectral resolution is much weaker with UV excitation: Note that the
measured area is covering only the 15 nm spectral range. Minerals with similar
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chemical structures, e.g., silicates, would need interpretations based on the
spectral fine structure. Therefore, in the case of luminescent minerals, time-gated
Raman operating at 532 nm is the best analysis option.
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FIGURE 15. Raman spectra of fluorapatite measured with excitations 785 nm (left) and 266
nm (right). The left spectrum is dominated by a strong and intense Nd3* lumi-
nescence band, while the spectrum comprises actual Raman bands on the right.
Note that x-axes are presented in wavenumbers (lower scale) and wavelengths
(nm) (upper scale).

1.4.3 Laser-induced luminescence spectroscopy

Luminescence is spontaneous radiative emission. There are several ways to
generate luminescence emission in minerals, e.g., with an electron beam
(cathodoluminescence), ions (ionoluminescence), IR/UV radiation (photo-
luminescence), heat (thermoluminescence), or X-rays (X-ray excited
luminescence).1?1-123 This research uses a special type of photoluminescence,
laser-induced luminescence spectroscopy. This method is often also called laser-
induced fluorescence (LIF), especially in material science.!?*

Photoluminescence is observed when exciting radiation has first been
absorbed by a luminescence activator. An excited state can be, e.g., singlet (S1) or
triplet (T1) state, while the ground state is typically singlet state (So).
Luminescence emission can be divided into fluorescence (S1—So) or
phosphorescence (T1—Sp); these processes are commonly presented in a
Jablonski diagram (Fig. 16). Electrons of the excited singlet state are spin paired
(1), while orbital electrons have spins in the same direction (11) in the excited
triplet state and ground state. Fluorescence lifetime (1) is commonly 10 ns,
whereas phosphorescence lifetime is usually a millisecond or second scale.
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Electronic transitions are very quick (~10-1% s), so the nuclei are unable to move
considerably in this time (Franck-Condon principle).12>
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FIGURE 16. An example of a Jablonski diagram presenting the processes of fluorescence
and phosphorescence. The figure is modified from Ref.125

In minerals, the excited electronic states and transitions are more complex than
presented in Fig. 16. Therefore luminescence is generally divided into fast spin-
allowed fluorescence and slow spin-forbidden phosphorescence processes.121.124
Third luminescence type, afterglow, could also be separated, which is based on
the emissions of trapped electrons.!?1.124 In this thesis, general term luminescence
is used in following.

Luminescence of minerals is typically based on the excitation of
luminescence activators (i.e., centres) in a mineral lattice. One of the most
common activators in minerals is Mn?*, which can replace Ca?*, especially in
phosphates, carbonates, and silicates. Table 4 and Fig. 17 provide examples of the
luminescence activators in minerals.1?21122 There are several extensive

publications that can be used to recognize mineral luminescence activators, e.g.,
in Refs.121,122,126,127

TABLE 4 Luminescence activators in minerals detected in steady-state luminescence
measurements. Table is simplified from Ref.121,

Emission type Transition / emission type
Lanthanoid ions: 4f-4f transitions
Nd3*, Sm3*, Sm?*, Eu3*, Gd3*, Tb3*, Dy3*, and Yb3* Line
Lanthanoid ions: 5d-4f transitions
Ce?*
Eu?* Band
Yb3* and Sm?2*
Transition metal ions: d-d transitions

Line

crr Band
Mn?+, Fe3* Band
d® Complex ions: Charge-transfer transitions
(VO4)3-, (WO4)%Z, (M0O4)?-, (TiOs)*~ Band
(UOp)% Band
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FIGURE 17. Luminescence of Mn?* in calcite mineral sample (a) and (WO4)?~ in scheelite in
a feldspar porphyry sample (b) detected in 254 nm UV light (lower). Corre-
sponding areas are also presented in natural light (upper).

Not all minerals are luminescent because return to the ground state can be
nonradiative.?122 Mineral luminescence can also include sensitising and
quenching processes. A sensitiser is an ion that can absorb radiation and then
transfer the energy to the activator.'?® Absorbed energy can also be transferred to
a quencher that has a nonradiative transition to the ground state.1?1.122 Rare earth
elements are not just common activators but can also act as sensitisers. The most
important quenchers in minerals are known as Fe2*, Co?*, and Nj2*.121,122

Luminescence studies in the geosciences are functional, especially in
discovering trace element information that includes site occupation and valence
states in minerals. Ref.1?* presents multiple examples and references.
Luminescence spectroscopy has also been found suitable for the exploration and
mineral processing fields because it is capable of sorting and remote sensing.124

This research used time-resolved laser-induced luminescence, a highly
sensitive technique, to detect REEs in minerals: for example, the luminescence
has been successfully measured from mineral samples with ppm levels of
REEs.1?® The lanthanoid ion 4f-4f transitions occur as sharp line emissions
because 4f orbitals do not affect binding. Excitation does not change the
internuclear spacings in a molecule very much, which causes sharp lines with
modest Stokes shifts. Conversely, as a result of 5d-4f transitions such as Ce3*, Eu?*,
Yb3*, and Sm?*, the larger Stokes shifts cause broad luminescence bands. (Fig.
18).130 Lanthanoid 4f-4f transitions occur in almost at the same spectral range in
spite of the host mineral, based on the electron structure of an incompletely filled
4f shell that is shielded by the surrounding orbitals (Table 1). However, the
spectral range of 5d-4f transitions emission band shifts due to the host mineral’s
properties.1? This is comparable to the occurrence of a Cr3* emission, which is
affected by the adjacent crystal field?1128, or to an Mn?* emission, which is greatly
influenced by the luminescence host.1?8
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FIGURE 18. The shape of the luminescence emission line/band in the spectrum varies de-
pending on the location of the potential energy curves at the internuclear dis-
tance axis. The transitions are presented vertically due to the Franck-Condon
principle. Stokes shift relationships are presented as emission types: large (like
lanthanoid 5d-4f transitions) and small (like lanthanoid 5d-4f transitions). Fig-
ure is simplified from Ref.130.

Different luminescence activators have different lifetimes. For example,
lanthanoid 4f-4f line emissions have much longer lifetimes than Ce3* and Eu?*
5d-4f band emissions. These can be separated with time-resolved laser-induced
luminescence spectroscopy by choosing the relevant measurement time
parameters.121.122 Ce3* with a very short lifetime can be included or excluded from
the spectrum by choosing the right delay time, presented in Fig. 19, where the
luminescence of Ce3* in apatite can be seen at three chosen delay and gate times.
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FIGURE 19. Luminescence decay of Ce3* can be seen in time-resolved laser-induced lumi-
nescence spectra measured from a luminescent apatite sample (Aex 248 nm)
with three chosen delay and gate times.
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A luminescence emission spectrum shows luminescence intensity versus
emission wavelength at a specific excitation wavelength. Meanwhile, the
excitation spectrum displays the luminescence intensity versus the excitation
wavelengths at the chosen emission wavelength.121.122128 For example, excitation
(Aem 486 nm; Fig. 20, black) and emission (Aex 218 nm Fig. 20, violet) spectra for
Tb% luminescence in fluorapatite is presented. Natural mineral samples can
contain several luminescence centres; therefore, the construction of an excitation
spectrum is usually not as trivial as in Fig. 20 because the luminescence emission
bands may be partially overlapping. Therefore, an emission-excitation matrix (or
map), a 2d contour presentation of luminescence intensity related to emission
and excitation wavelengths, enables the selection of the convenient excitation
wavelength for the optimal detection of REEs.

220 T T T T T T T T T T

200 | S )\em 486 nm |

180 |

[y
[o))
[=]
T
L

—_
IS
o
T
1

=
o
(=)
T
L

Intensity [a.u.]
5

o]
(=)

60

40

20

250 300 350 400 450 500 550 600 650 700 750
Wavelength [nm]

FIGURE 20. Excitation spectrum (210-340 nm) for Tb3* emission 486 nm (black) and emis-
sion spectrum with excitation 218 nm (violet) in a natural fluorapatite sample
are presented. Measurements are performed with delay 50 ps and gate 500 ps.

Note that the emission spectrum also contains other luminescence centres as
Tb3+.
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2 SAMPLES AND METHODS

2.1 Samples

The samples for this research were natural rare earth element (REE) and lithium-
bearing rocks and minerals from the European region. REEs and lithium were
selected as study material due to their criticality. The samples were sawed and
some slightly polished to obtain a smooth surface for the measurements. This
was especially convenient for the mapping measurements carried out in papers
I, II, and IIL

The rare earth element-bearing diamond drill core halves (papers I and III)
comprised of nepheline syenite from the Norra Karr Alkaline Complex. This rock
type has been named also as grennaite, related to nearby town Grénna.’3! The
Norra Karr deposit is an important HREE project in South-central Sweden and is
indicated to contain the resources of 58.1 Mt with 0.59 wt% REO and it is a source
of the raw materials of yttrium, dysprosium, and terbium.*® The chosen samples
were collected from a so-called PGT domain, grennaite with pegmatite, in which
the total REO is reported as 0.62 % and ZrO; 2.01 %.132 The main interest in these
samples was in two complex Zr-silicate minerals, eudialyte and catapleiite, that
contain REEs. Table 5 lists all the main minerals of these samples.

TABLE 5 The main minerals of the Norra Kérr deposit.132

Mineral Chemical formula
Aegirine NaFeSi>Os
Nepheline (Na,K)AISiO4
Natrolite - Analcime NaAlSizO10 - 2H2O - NaAlSi>Og - HXO
Microcline KAISi;0g
Albite NaAlSizOsg
Anorthoclase (Na,K)AISizOs
Eudialyte Nais Cag(Fe,Mn)s Zr3Si(Si2s0O73)(O,0H,H20); (OH,Cl)2
Catapleiite Ca/NaxZrSizO9 2H>O
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In paper II lithium-bearing pegmatites from the Kaustinen lithium province in
Finland were analysed. More precisely, the samples were collected from the
Lanttd and Rapasaari deposits. Pegmatite is a very coarse-grained rock type and
the most interesting mineral within these samples was Li-mineral spodumene.
This lithium province is known to be an economically important Li-source.t4
Table 6 presents all the main minerals of Li-bearing pegmatites of the Kaustinen
area. Another target in paper II was to the discover how the grain size affects the
LIBS analysis results. For this reason, two coarse-grained, one medium-grained,
and one fine-grained samples were chosen for analysis.

TABLE 6 The main minerals of the Kaustinen Li-pegmatites.133
Mineral Chemical formula
Spodumene LiAlSi>Og
Quartz Si0,
Albite NaAlSi;Os
K-feldspar KAISi3Os
Muscovite KAl (AlSizO10)(OH)2

In paper IV REE-bearing fluorapatite Cas(IPO4)sF and calcite CaCOs mineral
samples from the Siilinjdrvi ultramafic alkaline-carbonatite complex in Finland
were analysed with laser-induced luminescence spectroscopy. These were
selected as examples of common luminescent minerals!?1122, which are known to
contain REEs in the Siilinjarvi deposit.50 Apatite from the Siilinjarvi deposit is
currently exploited only as phosphorus source.

2.2 Experimental methods

All the main measurements were performed in the laser laboratory of the
Nanoscience Center (Laserlab-NSC), University of Jyvaskyld. The crucial
equipment were the Raman, LIBS, and laser-induced luminescence setups, but
this study utilised a variety of research instruments. The most important
components are presented here, and the papers provide more precise details. The
pulsed Nd:YAG laser with Aex 266 was exploited in paper II and the CW-laser
with dex 532 nm was used in paper III. The Nd:YAG laser with OPO at
wavelength ranges of 210-340 nm and 405-535 nm was used in paper IV when
the option of an excitation wavelength change in a wide spectral range was
needed. LIBS measurements in papers I and III were executed with excimer KrF
laser (hex 248 nm). This laser was also the excitation source to compose laser-
induced luminescence photos, which offered a way to use macroscopic
recognition for luminescent minerals in papers I, II, and III. The lasers of this
research operated with ns-scale pulse duration except for the time-gated Raman
spectroscopy setup in the University of Oulu, which had a ps-laser.
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The Czerny-Turner type spectrometer was used in all articles. The
possibility to detect the second order lines was applied in the LIBS analysis of the
lithium-bearing rocks (paper II), where the aluminium lines at 616.4 nm and 618.6
nm and the silicon line at 576.3 nm are 274 order peaks for lines at 308.2, 309.3 nm,
and 288.2 nm, respectively. Echelle spectrometer was utilized in the LIBS
measurements of paper II.

The main detector type in this thesis was an ICCD camera, but a single-
photon avalanche diode (SPAD) array was operated at the University of Oulu in
paper III's time-gated Raman measurements.
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3 RESULTS & DISCUSSION

Time-resolved applications of three laser-spectroscopic techniques were used to
analyse REE and lithium-bearing natural mineral and rock samples. The work
was performed in a laboratory environment with a focus on optimised
performance when considering applications for in situ and on-line measurements.
Analyses were performed directly from the rock or mineral surface, and samples
needed only minor pre-treatment before analysis.

Papers I and II present the applications of LIBS for mapping the rock
surfaces. Paper III states mineral identification with time-gated Raman
spectroscopy, and paper IV describes the results of laser-induced time-resolved
luminescence.

3.1 Laser-induced breakdown spectroscopy

The information on the whole LIBS spectrum (or part of it) can be used to detect
differences and similarities between the spectra when the data are grouped using
chemometric methods.!3 Several approaches to analysing the LIBS data of
geological materials have been presented, including, e.g., principal component
analysis (PCA)135-142,  partial least squares discriminant analysis (PLS-
DA)135141,143-145 K-means clustering!46147, soft independent modelling of class
analogy (SIMCA)136137147 support vector machines (SVM)!#4, and random forest
(RF)18 techniques. In papers I and II, the LIBS data of REE and lithium-bearing
rock samples are grouped with different chemometric procedures. Fig. 21 shows
simplified schematics of the LIBS analysis and the data treatment with statistical
methods for evaluating the mineralogical composition.
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FIGURE 21. Simplified schematics of the presented statistical analyses to LIBS results.

Paper I presents the use of singular value decomposition (SVD) in detecting REE-
bearing eudialyte and catapleiite minerals from the LIBS data of nepheline
syenites. In Paper II Li-bearing pegmatites are analysed with LIBS and developed
statistical approaches are used to recognise Li-mineral spodumene. This research
utilises the methods of PCA (principal component analysis), K-means, DBSCAN,
and vertex component analysis (VCA). The excellence of the presented statistical
groupings is that no knowledge about the mineralogy of the measured rock
sample is necessary before the data handling. The spectra of the formed groups
can be recognised as minerals after the procedure. The knowledge of
mineralogical information, elemental distributions, and macroscopic recognition
can also be used for this task.

3.1.1 REE-bearing minerals eudialyte and catapleiite

In paper I three nepheline syenite samples from the Norra Kérr deposit in
Sweden were measured with LIBS. The main interest was the REE-bearing
minerals eudialyte and catapleiite. The most abundant REE is yttrium, and the
2Y>0s content is ~3.2 % in eudialyte.*”

Even though the results of the LIBS analysis of rare earth elements from
geological samples have been previously reported, e.g., Refs.90146149150, the REE
emission lines in the LIBS spectra have usually been detected only from samples
containing rather high percentage levels of REEs. The only lines of REEs found
in the LIBS spectra from the Norra Kérr samples were the atomic lines of yttrium
in eudialyte and slightly in catapleiite. The optimal spectral range 389-417 nm
was selected for further analysis, because it also contained the strong lines of
aluminium and calcium, and smaller lines of silicon, manganese, and iron.

The measured unprocessed LIBS data was treated with singular value
decomposition (SVD) (Fig. 22). The matrix A is formed from the product of
matrices U, S, and V when using SVD. Columns U and V are singular vectors,
and the U and V are orthogonal matrices, while S is a diagonal matrix (singular
values), presented in decreasing order.
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FIGURE 22. Schematics of the SVD variables. Reprinted with permission from Spectrochim.
Acta Part B At. Spectrosc., 2017, 134, p. 69. Copyright © 2017 Elsevier B.V.

SVD was performed with non-centred data; therefore, the first component
presented an average spectrum while others are variations of it. Fig. 23 presents
the SVD components V1-V4 that represented 99,5 percent of the variances. The
components showed loads compared to zero, which means no contribution in
that spectral area: The higher the positive/negative value, the higher is the
contribution to that area. The most important chemical elements were marked
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All the data points were classified with the signs of U2-U4 into eight ranges like
+++, ++-, +-+, etc. The mapped areas can be presented with eight colours (Fig. 25,
1). These maps can be compared with photos of sample surfaces in natural light
and in 248 nm UV laser light (Fig. 25, 2 & 3). The yttrium distribution based on
the intensity of the line 412.8 nm is shown on the right (Fig. 25, 4).
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FIGURE 25. Mineral classification based on SVD (1), sampled areas in natural light with
some minerals macroscopically identified (2) and in 248 nm UV laser light (3)
and yttrium map, due to line 412.8 nm intensity (4). Catapleiite with (UO2)2*
intense green luminescence can be detected in the UV laser photo (3). Mineral
abbreviations: Aeg=aegirine, Cat=catapleiite, Eud=eudialyte, and Fsp=feld-
spar minerals. Reprinted with permission from Spectrochim. Acta Part B At.
Spectrosc., 2017, 134, p. 69. Copyright © 2017 Elsevier B.V.
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The blue and red ranges (-++, -+-, --+, and ---) were recognised as feldspar and
feldspathoid minerals on the basis of the original LIBS spectra. The yellow areas
contained elements that suggested these areas were eudialyte, which correlates
to the photos and to the yttrium distribution map. The green areas can be
assumed to be catapleiite due to their elemental compositions and intense green
luminescence. However, Raman spectroscopy would offer a way to ensure these
conclusions because the chemical composition of the minerals in the Norra Kérr
deposit are much similar.

3.1.2 Li-bearing mineral spodumene

LIBS is an especially sensitive method for analysing light elements, including
lithium.”? LIBS analysis of lithium in different minerals can be found in
Refs.102103151,152 Paper II presents LIBS measurements and the statistical
investigation of the data from lithium-bearing spodumene pegmatites. Four
representative samples with various grain sizes from two lithium deposits in the
Kaustinen area were selected. The first stage of the study LIBS analysis was
performed with a wide spectral range (280-820 nm) to investigate the most
prominent area for effective spodumene separation.

The data handling procedure, developed by co-author Dr. Ilkka Pdlonen,
includes data reduction with principal component analyses (PCA); K-means,
DBSCAN, and vertex component analysis (VCA) were subsequently used to
discover the mineralogical differences in the spectra. The basic idea of PCA is to
form new variables, principal components (PCs), from the data without losing
much variance information.’®® Anomalous spectra, i.e., outliers, were detected
with PCA and DBSCAN and replaced with spectra formed mathematically from
the neighbouring spectra. Some accessory minerals, e.g., Nb-Ta oxide, were
discovered when the outlier spectra were examined separately.

In VCA each spectrum in the data set is expressed as a linear combination
to n most dissimilar spectra, i.e., endmembers.1> The endmembers can be
assumed, in the case of minerals, to present the chemically simplest forms of the
main minerals within the data set. Five spectral endmember groups were formed
from LIBS data on pegmatite. The endmembers were recognised as spodumene,
quartz, K-feldspar/muscovite, and albite and a group of calcium rich minerals
when their emission lines were inspected.

A map based on VCA was constructed to visualize the spodumene
distributions. This was compared to areas estimated to be spodumene by using
a model spectrum-based Isqnonneg fitting and locations where the lithium line
812.6 nm intensities were relatively high (Fig. 26). The results obtained are
comparable, and VCA also detects the spodumene regions macroscopically. Only
slight differences can be seen, the most likely based on areas on the grain borders
where a laser beam can hit two minerals simultaneously.
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FIGURE 26. Spodumene distribution maps constructed from LIBS data measured from two
perpendicular surfaces (Map 1 & Map 2) of the same coarse-grained sample
with three different methods: Isqnonneg, lithium distribution, and vertex com-
ponent analysis (VCA).

Two cluster analyses were performed from the prereduced data of Maps 1 and 2.
K-means recognised n non-overlapping clusters from the data. The number of
clusters must be chosen beforehand. All the data points will be divided into
clusters.1% The other used cluster analysis, DBSCAN, forms groups around the
densest areas of the analysed data points. The neighbour size, i.e., the radius of
the neighbourhood for the data points as well as number of neighbours, i.e.,
minimum number of points to each cluster must be selected in the construction
of DBSCAN grouping.156

Statistical groups were recognised to minerals based on mean spectrum of
each cluster, i.e., centroids and verified with macroscopical examination.
Centroid spectrum which was recognised as spodumene is presented as red and
the other colours represented the rest of the minerals of spodumene pegmatite
samples (Fig. 27). Spatial mineralogical distributions in the K-means and
DBSCAN maps were rather similar and in centroid spectra only small differences
were seen. The main difference in data groupings can be seen in the projections
were the unclassified data (violet) of DBSCAN. These spectra locate in mineral
grain borders in maps: These occur at the edges in the clusters in projections (Fig.
27, centre) and most likely represent the intermediate spectra of two minerals.
Another difference was K-bearing minerals (orange group) that were only
recognised in K-means clustering.
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FIGURE 27. K-means maps (left) and DBSCAN maps (right) presented from the LIBS data
of Maps 1 and 2. Projection for the data with both methods is presented in the
centre. Colours present recognized minerals of beryl (brown), spodumene
(red), albite (green), quartz (turquoise), K-feldspar/muscovite (orange), and
combination of two minerals (K-means) or unclassified spectra (DBSCAN) (vi-
olet).

On the second stage of this research, a narrow spectral area (560-815 nm) with
only the most significant emission lines was measured. The idea was to test the
feasibility of the developed statistical approaches for in situ types of applications
when the data processing must be smooth, i.e., the data size should be decreased
without losing important information.

The LIBS data measured from coarse-, medium-, and fine-grained samples
(Maps 3-5) were treated similarly as in the first stage; the detected outliers were
replaced, and the data dimensions were decreased with PCA. Three VCA
endmembers were detected and identified as spodumene, albite, and quartz. The
VCA for spodumene was compared with Isqnonneg and lithium distribution (Fig.
28); as a result, the narrow spectral area for VCA also seemed to be effective for
the spodumene recognition in all samples.
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FIGURE 28. VCA spodumene occurrence compared with Isqnonneg spodumene detection
and lithium distribution map in coarse-, medium-, and fine-grained samples.

The spodumene areas are presented as red and the number of cluster groups
found from different data sets (Maps 3, 4, and 5) was observed to change (Fig. 29)
when using K-means and DBSCAN clusterings. Both clustering methods were
relatively efficient in spodumene recognition with the coarse- and medium-
grained samples (Maps 3 and 4), but the recognition of spodumene was not
working correctly with the fine-grained sample (Map 5), especially in the case of
the K-means approach. As a result, the VCA would be the most efficient method

for the recognition of spodumene locations in Li-pegmatite samples with a
narrow spectral range.

K-means projection K-means maps DBSCAN maps DBSCAN projection

-15000

FIGURE 29. Cluster analyses results of K-means and DBSCAN for coarse-, medium-, and
fine-grained samples (Maps 3-5). The colours present the recognised minerals
of spodumene (red), albite (green), and quartz (turquoise). Violet presents the
combination of two minerals, while navy blue in Map 5 was interpreted as the
combination cluster of albite and quartz.
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3.2 Time-gated Raman spectroscopy

Raman mapping of the REE-bearing nepheline syenite (PGT grennaite) sample
with traditional CW-Raman spectroscopy is challenging due to its luminescent
minerals. These can be detected from the laser-induced luminescence images
from the sample surface (Fig. 25), where an intense green luminescence was
observed in the catapleiite mineral and recognised as originating from the
luminescence activator (UO»)?*. The areas that were also seen with intense red
luminescence were most likely related to the occurrence of Mn?*.

The strong luminescence background either disturbs or hinders the
recognition of mineral Raman spectra. An example of luminescence in the
investigated samples can be seen in CW-Raman measurements (Aex 532 nm) (Fig.
30).
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FIGURE 30. Examples of CW-Raman measurements (Aex 532 nm) performed from the REE-
bearing nepheline syenite sample from the Norra Kédrr REE deposit. The ex-
ample on the left presents a measurement with a strong luminescence back-
ground disturbing the detection of the Raman modes, while luminescence
dominates the whole spectra on the right. All the spectra were measured with
0.1 s (200 mW) per spectrum to demonstrate the influence of bleaching.

The luminescence intensity drops in some cases when the sample is illuminated
a longer time with a laser, i.e., bleached. Fig. 30 presents this (left) where a
baseline correction should be enough to enhance the quality of the spectrum. The
observed luminescence is so intense and strong with another mineral (Fig. 30,
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right) that bleaching has no effect. However, when the focus is on in situ and on-
line measurement purposes, the time-consuming bleaching and data treatment
are not good options.

Time-gated Raman offered a solution in paper III to luminescence reduction
in the analysis of the Norra Kirr nepheline syenite samples. Different time
responses of Raman and luminescence photons are utilised with this technique
by using fast pulsed ps-laser and time-gated detection with a single photon
avalanche diode (SPAD) detector. A time-gated Raman spectrometer was
developed and operated at the University of Oulu by the co-authors; the details
of the technique are presented elsewhere.58

The main minerals in the Norra Karr deposit are different silicates (Table 5).
Silicates, as presented earlier, have very similar crystal structures (Fig. 3).
Therefore, the obtained time-gated Raman spectra were not varying strongly
from each other. The statistical methods presented earlier in articles I and II to
represent mineralogical changes in mapped areas were not working efficiently
because of this. Fig. 31 shows the time-gated Raman spectra of the cyclosilicates
catapleiite and eudialyte. It is notable that eudialyte had about a one magnitude
lower Raman intensity than the other minerals.
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FIGURE 31. Time-gated Raman spectra of catapleiite and eudialyte. Reprinted with per-
mission from J. Raman Spectrosc., 2020, 51, p. 1462. Copyright © 2020 John
Wiley & Sons, Ltd.

The sum intensities of peaks marked as 1 and 2 in the catapleiite spectrum and 3
and 4 for the eudialyte spectrum (Fig. 31) were used to construct occurrence maps
for both minerals (Fig. 32.). These peaks had minimal interference from
overlapping the other silicates” peaks.
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FIGURE 32. Time-gated Raman maps for eudialyte (a) and catapleiite (b), based on peaks
presented in Fig. 31. Reprinted with permission from J. Raman Spectrosc., 2020,
51, p. 1462. Copyright © 2020 John Wiley & Sons, Ltd.

The same area was also measured with LIBS for comparison. The grey areas were
interpreted as eudialyte and the green areas as catapleiite in the mineralogical
map constructed with the SVD approach developed in Paper I (Fig. 33, a). The
yttrium distribution map based on the intensity of LIBS line 410.2 nm supported
this, because areas of high Y content correspond to the grey eudialyte occurrence
(Fig. 33, b). Slightly increased yttrium areas were found in the catapleiite regions.
Both LIBS maps correlate to the mineralogical information achieved from the
time-gated Raman analysis.

FIGURE 33. LIBS maps constructed with SVD (a) and yttrium line intensity (b) represent-
ing mineralogical areas. Reprinted with permission from J. Raman Spectrosc.,
2020, 51, p. 1462. Copyright © 2020 John Wiley & Sons, Ltd.

Beneficial information of the investigated sample could be obtained very quickly
using time-gated Raman for mineralogical detection and LIBS for chemical
analysis. These methods could also be combined in the same setup,!” and time-
gated Raman measurement does not have problems with ambient light.
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3.3 Laser-induced luminescence spectroscopy

Paper IV describes the laser-induced luminescence analysis of REE-bearing
fluorapatite Cas(PO4)sF and calcite CaCO3 samples from the Siilinjdrvi ultramafic
alkaline-carbonatite complex in Finland. The research was performed by
changing the excitation wavelength 1 nm at the time in ranges 210-340 nm and
405-535 nm to find the optimal excitation wavelengths for REE luminescence
detections. The spectrum was dominated by the strong broad luminescence
bands of Ce3* and Eu?* in some excitation ranges. Time-resolved measurements
with delay 50 ps and the gate width 500 us were used to avoid this, which enabled
simultaneous detection of several REE peaks, presented as an emission-excitation
map in Fig. 34.
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FIGURE 34. Time-resolved luminescence measurements performed in apatite (a) and cal-
cite (b) in the excitation wavelengths of 210-340 nm and 405-535 nm. Re-

printed with permission from J. Lumin., 2021, 233. Copyright © 2021 Elsevier
B.V.

The luminescence centres of Tb3*, Sm3+, Eu?*, Dy3*, and Nd3* were recognised. A
broad Mn?* luminescence band was also observed in both minerals, and
especially calcite, in wide excitation ranges, it was blocking the detection of some
REE luminescence peaks. Several suitable excitation ranges for different REEs
were presented. Examples of the luminescence of Tb3* in apatite and calcite are
presented with optimal Aex 218 nm and 226 nm, respectively (Fig. 35). Another
example is that Sm3* luminescence peaks can be detected occurring from two Ca
sites in apatite crystal structure, depending on the laser wavelength (Fig. 36). A
similar kind of situation was observed with Eu3* in apatite.
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A main result of this paper is that the excitation range ~220-230 nm seems to be
optimal for both minerals, because several REEs show strong luminescence, and
disturbance of the Mn?* band is minor. Measurement with a non-gated
spectrometer was performed at the optimised terbium excitation to demonstrate
this (Fig. 37). The peaks of Eu3* and Sm3* can also be detected from both minerals
and Nd3* in apatite. The increase in the background at the beginning of the
spectral area within the apatite spectrum is related most likely to the
luminescence of Ce3*, but the REE3* peaks can be clearly seen.
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FIGURE 37. Non-gated luminescence measurements for apatite and calcite with the best
excitations for Tb3* luminescence. The luminescence peaks of Sm3* and Eu3*
can be detected in both minerals and Nd?3* in apatite. Reprinted with permis-
sion from J. Lumin., 2021, 233. Copyright © 2021 Elsevier B.V.
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4 CONCLUSIONS

The successful use of three time-resolved laser-spectroscopic methods is
presented in the analysis of rare earth element (REE) and lithium-bearing mineral
and rock samples. The strengths of laser-spectroscopic analysis in the geosciences
are very fast measurement times, minor sample preparation, and the equipment
is less expensive, compared with many other methods. The focus of this thesis
was to find measurement parameters suitable for REE and lithium analysis.

Laser-induced breakdown spectroscopy (LIBS) mapping was used to reveal
both spatial elemental distributions and mineralogical information of REE and
lithium-bearing minerals. The research presented here focused on chemometric
mineral separations without large and time-consuming data handling. The main
emphasis was placed on sorting the precious ore minerals from gangue.

The complementary information from two laser-spectroscopic methods
were utilised side by side when elemental distributions achieved with LIBS were
presented together with time-gated Raman data. Time-gated Raman was used to
show discovery of the REE-bearing minerals eudialyte and catapleiite based their
molecular composition. Time-gated Raman is valuable for verifying the mineral
contents of the luminescent rock samples.

Time-resolved laser-induced luminescence can reveal luminescence
activators such as REEs, even in very low concentrations. Luminescence activator
excitations were analysed from REE-bearing apatite and calcite samples. The
most convenient excitations for several REE3* luminescences were also revealed
and presented with a non-gated spectrometer.

An example of the spectra measured with these techniques from a
luminescent mineral (Fig. 38, upper left) is presented to emphasise the holistic
information given by the three laser-spectroscopic methods. LIBS measurement
shows the presence of yttrium lines from the proper spectral range presented in
paper I (Fig. 38, upper right). This indicates a high possibility that this mineral
also contains other REEs due to their similar geochemical behaviour. The self-
absorption seen in the calcium lines suggests it is one of the main elements, and
a strontium line most likely represents one of the mineral’s trace elements. Time-
gated Raman spectroscopy shows phosphate vibrations and reveals the

53



luminescent mineral to be apatite (Fig. 38, lower left). Choosing specific excitation
and time parameters for laser-induced luminescence measurement is a key to
detecting specific luminescence activators, as presented in paper IV. For example,
excitation 248 nm shows Eu®* and Dy3* peaks from apatite (Fig. 38, lower right).
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FIGURE 38. Different laser-spectroscopic measurements show complementary infor-
mation of the luminescent apatite sample (upper left corner). LIBS analysis
(right upper corner) shows Ca, Sr, and Y, while time-gated Raman (left lower
corner) present vibrations of phosphate, from left to right: v PO4 bend, v4 PO4
bend, vi POs symmetric stretch, and vs; PO4 antisymmetric stretch, based on
Refs.15815 Time-resolved laser-induced luminescence reveals the lumines-
cence activators dysprosium and europium.

In conclusion, elemental and mineralogical information can be obtained directly
and quickly from the sample surface with laser-spectroscopic methods. Thus,
laser-spectroscopic methods are useful and cost-effective analysis techniques for
the analysis needs of the exploration, mining, and beneficiation industries. The
fact that the potential exists for these techniques to be modified for use on
portable devices, and even combined on the same device, increases their
importance as analysis tools in these fields.
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Laser-induced breakdown spectroscopy (LIBS) has been used in analysis of rare earth element (REE) ores from
the geological formation of Norra Karr Alkaline Complex in southern Sweden. Yttrium has been detected in
eudialyte (Na;s Cag(Fe,Mn)s Zr3Si(Si>s073)(0,0H,H,0)3 (OH,Cl),) and catapleiite (Ca/NayZrSisOq-2H,0). Singu-
lar value decomposition (SVD) has been employed in classification of the minerals in the rock samples and maps
representing the mineralogy in the sampled area have been constructed. Based on the SVD classification the per-
centage of the yttrium-bearing ore minerals can be calculated even in fine-grained rock samples.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Yttrium belongs to the group of rare earth metals, REMs (also known
as rare earth elements; REEs) with scandium and lanthanoids [1]. Euro-
pean commission has classified rare earth elements as critical material
for EU due to high supply risk as well as economic importance [2]. Re-
cently the EU Commission has divided REEs in to two groups, heavy
rare earth elements (HREEs) and light rare earth elements (LREEs)
and scandium. Yttrium belongs to HREEs and their demand has been
predicted to increase in the future, which could lead to possible deficit
in 2020. The importance on REEs for modern technology is caused by
their specific optical, electrical and magnetic properties [3]. Yttrium is
mainly used as raw material in ceramics, metallurgy, and phosphors. A
well-known example is an yttrium-aluminum-garnet crystal used in
Nd:YAG lasers. In many of these applications, yttrium is hard to substi-
tute with another material without losing the functionality. In year 2016
yttrium oxide was consumed 3000 to 6000 tons globally, mostly to form
very pure oxide compounds for luminescent phosphors. World produc-
tion of yttrium was estimated to be 5000-7000 tons. Currently yttrium,
along with other REEs, is mainly supplied in China [4]. Worldwide re-
sources are supposed to be large, because yttrium occurs in most of
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Spectroscopy (LIBS), Chamonix-Mont-Blanc, France, September 12 - September 16 2016.
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the REE deposits [5,6]. In geological environments, yttrium can be
found in many different minerals in various concentrations.

In this research, laser-induced breakdown spectroscopy (LIBS) has
been utilized to mapping of yttrium-bearing rocks. For mining purposes,
ore bodies are 3D-modelled based on different geological measure-
ments and various analyzed samples. We have constructed mineral
maps, which offer fast and informative description of the mineralogical
and elemental distribution of the drill core samples. Many tasks in min-
ing processes as well as in mill processes could also gain profit of this
kind of specification of rocks. For example, the texture i.e. the grain
size and the shape of the minerals and the location of the gangue min-
erals can complicate the beneficiation of the ore.

The applications of LIBS in analysis of various geological materials
have been reviewed in detail by Harmon et al. [7] and the strongest ev-
idence of the capability of LIBS is the still continuous operation of the
ChemCam analyzer in planetary exploration in Mars [8]. The first re-
ported LIBS research on yttrium by Ishizuka [9] thoroughly studied the
plasma dimensions, emission intensities and the calibration curves of
several REEs in different salt matrices. As a result, lowest limit of detec-
tion for yttrium was 2 ppm and it was observed in sodium chloride ma-
trix. Harilal et al. [10] used LIBS on yttrium to analyze temporal and
spatial changes in a laser-induced plasma generated on a superconduc-
tor YBa,Cus07 and Buckley et al. [11] detected yttrium in the exhaust
fumes. Yttrium solutions, among others, have been used to compare
LIBS and inductively coupled plasma spectroscopy (ICP-OES) by Fichet
et al. [12] and a detection limit of 0.8 mg/L was obtained. Extensive
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list of emission lines based on the REE samples prepared from reference
materials at mass percentages of 1 to 50 has been provided by Martin et
al. [13]. Just recently, Labutin et al. [14] have been able to determine
limit of detection for yttrium, 0.6 ppm, using certified geological refer-
ence materials and plasma modeling.

Instead of quantitative analysis of yttrium, the aim of this research
was identification of the yttrium-bearing minerals using singular value
decomposition (SVD). It offers a possibility to find structure between
the observations and the data variables, which can be used to extract
the most important information to represent the data.

2. Experimental
2.1. Samples

The three diamond drill core samples from Norra Karr deposit were
selected for the LIBS analysis. The geological formation of Norra Karr Al-
kaline Complex in southern Sweden consists on agpaitic nepheline sye-
nites, also called as grennaite, which is a rock type rich in zirconium and
rare-earth elements. The samples consist of typical PGT grennaite
(grennaite with pegmatite), in which fine-grained greenish aegirine-
rich ground mass contains leucosomic coarser pegmatitic sections,
where mineral composition is nepheline altered to zeolite (natrolite—
analcime), microcline, albite, eudialyte and catapleiite [15,16]. This
PGT-type of mineralization covers about 75% of Norra Karr's mineral re-
source. The main minerals of these PGT-rocks and examples of their
chemical formulas are presented in Table 1. In minerals, the ratio of
the cations may vary and partly they may have been substituted by
other similar-sized elements even inside a single crystal. Thus, the
chemical formulas given are in general form. The potential ore minerals
of Norra Karr are eudialyte and catapleiite, whereas the aegirine, all the
feldspars and the feldspathoid nepheline are unworthy gangue
minerals.

In general, REE grades in eudialyte may be lower than those of other
REE-minerals monazite and xenotime, but in eudialyte, the HREE con-
tent is high and the environmentally hazardous uranium and thorium
contents are lower [5]. Especially in Norra Kérr deposit the proportion
of the valuable HREESs, including yttrium, is high. It has been investigat-
ed, that the eudialyte minerals contain as high as 95% of REEs of Norra
Karr. Also, economically interesting zirconosilicate mineral, catapleiite,
occurs in the deposit. The total REE and zirconium contents as oxides
in specific coarse-grained PGT have been analyzed at concentrations of
0.62% and 2.01%, respectively [15]. On average the yttrium content in
Norra Karr eudialyte is 1.3% [17]. This indicates, that some cations of
eudialyte have been substituted by yttrium and due to the chemical
similarity, by other HREEs.

2.2. Setup

Plasma was generated by focusing a KrF excimer laser (Optex, Lamb-
da Physik) into the surface of a sample at spot size of 200 pm in

Table 1

Main minerals of PGT-type grennaite in Norra Kdrr deposit.
Mineral Typical chemical formula wt%

[15]
Aegirine NaFeSi,O¢ 214
Nepheline (Na,K)AISiO4 11.2
Natrolite - NazALSiz0;0-2H,0 - NaAlSi,0g- H,0 163
Analcime
Microcline KAISiz0g 16.0
Albite NaAlSi;Og 17.7
Anorthoclase (Na,K)AISizOg 13
Eudialyte Nays Cag(Fe,Mn)3 Zr3Si(Sizs073)(0,0H,H,0)3 8.2
(OH,Cl),

Catapleiite Ca/NayZrSi309-2H,0 4.0

diameter. Average pulse energy of ~2.5 mJ corresponds to irradiance
of approximately 0.9 GW/cm?. The plasma emission was collected via
fused silica fiber. Fiber head was fixed to 30° angle from the laser
beam and the distance from the plasma plume was 1 cm. Plasma light
was dispersed in a 150 mm Czerny-Turner type imaging spectrograph
(Acton, SP-150), resolution was 0.2 nm.

An intensified charge coupled device (ICCD) with a 1024 x 256 pixel
imaging area and an 18-mm intensifier (InstaSpec V, Oriel) was used in
recording the spectra. The delay time of 1 ps and the gate width of 2 ps
were found optimal for these measurements and were controlled by a
delay generator (model DG 535, Stanford Research System, Inc.). From
all three samples a 1.5 cm x 1.5 cm area was measured resulting in
with 60 x 60 spectra. At each location 5 laser shots were accumulated
to produce a LIBS spectrum.

2.3. Data processing

The spectral data was decomposed with SVD using MATLAB R2015a
software (The MathWorks, Inc.) from the original raw data (except for
the background correction in the detector). The spectra were arranged
to a matrix containing 60 x 180 measurements and each consisted of
701 pixels, which corresponded to the image intensified area of the
1024 pixel detector representing the spectral region of 389 nm -
417 nm.

3. Results and discussions

The mathematical formulation in detail of the singular value decom-
position can be found elsewhere [18-20], but the schematic diagram in
Fig. 1 demonstrates the variables in this research given by SVD function
[21]. U and V are orthogonal normalized matrices and the columns of U
and V are called left and right singular vectors, respectively. S is a diag-
onal matrix containing the singular values, which are positive and
sorted in the decreasing order.

SVD is related to the principal component analysis (PCA). If the spec-
tral data in A is centered column wise as it typically is in PCA, the results
are equal: right singular vectors given as columns of the matrix V corre-
spond to the principal components, also known as loadings, and the ma-
trix U*S contains the scores of PCA [20]. The feasibility of PCA on LIBS
spectra in constructing of high-resolution maps has been recently dem-
onstrated by Klus et al. [22], which based on the idea that the first prin-
cipal component represents the variation caused solely by the uranium
and its score values show the location of the ore.

In our approach the matrices obtained via SVD are used directly for
the classification of the spectral data. Firstly, the spectral data matrix
has not been pre-processed. The discussion of the influence of the LIBS
data treatment, including data centering, to the multivariate data anal-
ysis can be found in detail elsewhere [23], but in this case the raw
data is optimal to find the differences in several minerals. When the
data is not centered, the first component spectrum typically represents
approximate average spectrum and the others show changes respective

[U, S, V]=svdA)

; ‘ am
vivz..
|

location1

U1 U2 o location2
l location3
Right
Left singular Singular|  singular LIBS
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Fig. 1. Schematic diagram of the outcome of the singular value decomposition on the
analyzed LIBS data.
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Fig. 2. Right singular vectors V1 - V4 calculated by SVD from the LIBS spectra measured from Norra Karr drill core samples. Lines of the silicon, calcium, aluminum, iron and yttrium are

presented in x-axis to show the contribution of selected elements to the components.

to it [24]. The SVD components V1 - V4, which explain 99.5% of the var-
iance of the LIBS data (calculated from S?), are presented in Fig. 2. If the
value of V is close to zero at certain wavelength it has only a little con-
tribution to the component. A high positive or negative load, on the
other hand, suggests a strong contribution of the wavelength to the
component in question [25]. Some selected wavelengths of representa-
tive elements describing the sample minerals have been marked to the
spectrum in Fig. 2 to guide the eye. As the analysis is based on the whole
spectrum in the range of 389 nm - 417 nm, the laborious identification
of spectral lines with dense, overlapping spectra of zirconium, iron and
yttrium is not needed. With strong negative peaks, V1 correlates to the
existence of aluminum and calcium. V2 has a strong positive peak of cal-
cium and also smaller peaks for yttrium and iron, whereas the alumi-
num peak is negative. V3 correlates to silicon and iron on positive
peaks and to yttrium on negative peaks. V4 shows positive peaks of
iron and yttrium, whereas others are negligible.
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The matrix U works as a scaled version of the PCA scores [ 18] and the
maps in Fig. 3 show values of the U in each measurement point with re-
spect to the first four SVD components. The values of U1 regarding to the
first component V1 were all negative, but other three show both posi-
tive and negative values. Sign of the U value (Fig. 3) controls the appear-
ance of the certain peaks in component spectra (Fig. 2) and the
magnitude has an impact to the intensity.

The mineral composition of sample was classified according to sign
of the singular vectors U2, U3 and U4. It was assumed, that the similar
shaped spectra would tend to cluster in a particular region according
to their geochemical composition. As the values of U1 were all negative
and the corresponding component V1 had a form of negative average
spectrum, it was excluded from this analysis. The values of U2, U3 and
U4 were divided to 8 different regions described by the octant notation.
For example, when the values were all positive, the octant region was
marked as “+-++" and as “———" when all three were negative.

-0.02

-0.04

-0.06

Fig. 3. Left singular vectors U1 - U4 for each measured location are presented as colored maps for three Norra Kéarr samples. Note the different numerical scale on each plot.
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All data points were classified to one of these octants and were pre-
sented in colors to provide maps of the samples, named A, B and C, in
Fig. 4(1). As a reference, the photo, where the main minerals have
been macroscopically identified in Fig. 4(2) is shown. It can be observed,
that the map based on SVD classification follows the locations of the
coarser grained areas. In photo taken under UV laser light (Fig. 4(3))
catapleiite can be recognized due to the strong green luminescence,
which is typical to the Norra Karr catapleiite and is caused by uranyl
ion (UO,)?*. Other luminescence colors may also correlate to certain
minerals, as luminescence often is an indication of presence of an activa-
tor element in the mineral structure [26]. In addition, the yttrium distri-
bution determined as intensity from yttrium line at 412.8 nm [27] is
presented in Fig. 4(4).

Based on the classification results, the original data was used to gen-
erate average spectra of all the measured locations belonging to specific
color. The eight spectra are presented in Fig. 5, and final division to cor-
responding mineral types has been based on the strongest spectral fea-
tures in them. Again, only some emission lines are marked to the
spectrum to support the analysis.

The areas in the map under dark red, light red, blue and violet have
been recognized as feldspar and feldspathoid minerals. Spectral lines of
potassium can be seen as side wings in the both red spectra (insert in
Fig. 5). The average contents (wt%) of potassium in Norra Kédrr micro-
cline and nepheline are 8.99% and 2.32%, respectively [28], so the light
red areas in Fig. 4(4) most likely are microcline and dark red are
feldspathoid nepheline. The black colored group belong to the aegirine,
since iron and silicon contents are high in the average spectrum. The
two green average spectra differ only slightly on their relative

SP

intensities, mostly of calcium. The respective locations in the map
have been recognized in the areas, where the catapleiite mineral emits
strong green luminescence in Fig. 4(3). The yellow areas correlate to
the locations of reddish eudialyte mineral in the photos in Fig. 4(2).
The intensities of yttrium, iron and manganese lines are strong in yellow
spectrum and the lines are wide due to the occurrence of the zirconium,
although not marked to the spectra. The comparison of green spectra of
catapleiite to the other zirconium-rich mineral eudialyte and to the
iron-rich aegirine is shown in another insert in Fig. 5. The green
catapleiite spectra do not contain lines of manganese or iron, but other-
wise follows the spectral lines of the yellow eudialyte, which is congru-
ent to the mineral compositions in Table 1.

The correlation between the mineral locations and the areas classi-
fied by the SVD was very good as shown in Fig. 4. As a result, the content
of the ore minerals eudialyte and catapleiite could be determined for the
analyzed samples (Table 2). In the fine-grained areas of sample C, the
macroscopic identification of minerals is very challenging, even impos-
sible. The estimated percentage level of eudialyte (12% of the measured
points) most likely would not have been obtained without the SVD clas-
sification based on the LIBS analysis. For these kinds of samples the com-
plementary laser spectroscopic method Raman, which in general is very
powerful in mineral identification, suffers from the strong fluorescent
background.

SVD classification could be carried out to any LIBS spectra measured,
but the spectral range, which optimally describes the changes in the
minerals of interest, must be selected with care. When aiming to the po-
tential use in on-line sorting, the use of high resolution spectrum at
wide spectral range quickly increases the data handling time and thus

B CAT! FSP | FSP 'FSP. FsP | NN
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-—t-

—-+ - 0 2500

Fig. 4. (1) Mineral classification, based on the singular value decomposition using left singular vectors U2, U3 and U4, was carried out simultaneously for three Norra Karr samples (A, B, C).
Each color represents one octant, e.g. yellow areas correspond to the data points, where the values of U2 and U4 were positive and U3 negative (+—+-). The results are compared to the (2)
photo of the measured area. Mineral abbreviation Eud stands for eudialyte, Aeg for aegerine, Cat for catapleiite, Nph for nepheline and Fsp for feldspar minerals. In (3) corresponding
luminescence photo under UV laser light (248 nm) is presented and in (4) distribution of yttrium emission intensity at 412.8 nm, where darkest blue corresponds negligible values.
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it is necessary to find a compromise. In this research, the spectra mea-
sured from 389 nm - 417 nm was optimally describing the Norra Karr
PGT samples. If more lines would have been included to the study,
their contribution might have been dominating the first components
and the separation would have needed more values of singular vectors
U. On the other hand, without certain lines, the identification is more
approximate. This was observed, when sorting was also tried separately
for sample A in the spectral regions of 401 nm - 428 nm and 283 nm -
317 nm. In general, the first case lacks lines of silicon and aluminum, but
shows yttrium, zirconium, iron and calcium. An oversimplified conclu-
sion of this test was that map generated at this range describes best
the eudialyte and catapleiite minerals and the gangue minerals are not
separated well enough. The latter spectral range shows strong lines of
silicon, aluminum, and calcium and, respectively, classifies better the
gangue minerals but does not see difference between catapleiite and
eudialyte. By combining these spectral ranges similar classification to
the one given in Fig. 4 can be obtained, which can be seen as a proof
of the optimal performance obtained by spectra measured at 389 nm
- 417 nm.

This classification describes only the major differences in the spectra,
because the number of vectors is limited. If there are only few points in
the data set for specific mineral of interest, it may not be included to the

Table 2
Mineral percentages in three sampled areas based on the SVD classification of the LIBS
spectra.

% A B C
Eudialyte 4 12 12
Catapleiite 12 10 4
Gangue minerals 83 78 84

selected components. To demonstrate this, the classification was carried
out also separately on each sample A, B and C at the optimal spectral
range between 389 nm and 417 nm. As a result, the catapleiite mineral
was not found from the sample C. When the average spectra obtained
from sample C were taken under study, it was realized, that method
rather found differences in the intensities of the main emission lines
in the larger groups of data points instead of detecting the change in
the relatively weaker yttrium lines of catapleiite. The percentage
catapleiite in the sample C was only 4, corresponding to 144 measure-
ment points. On the contrary, although the eudialyte content in sample
A was same 4%, it was clearly seen at the sampled locations. This can be
explained by the greater difference in the spectrum, as eudialyte has
strong lines of yttrium, zirconium, and manganese in the range
404 nm (Fig. 5).

The appearance of calcium and aluminum in Fig. 5. despite the gen-
eral chemical formula given in Table 1 can be either seen as an indicator
of an occurrence of many minerals at the measured location or the oc-
curred replacement of cations in the minerals. At the borders of mineral
grains, the laser most likely hits simultaneously to two or even more dif-
ferent minerals and thus the obtained spectrum is a mixture of these.
Also the chemical variations in minerals are common and the analysis
based on SVD is not meant to be that exact to differentiate all of those.
Thus, the average spectra may be somewhat misleading for the recogni-
tion of the minerals. Especially for the elements with weak intensities, it
could be useful to check how much spectrum in measured location dif-
fers from an average one. For example, yttrium lines could be observed,
in descending order of intensity, in the average spectra of eudialyte (yel-
low), catapleiite (greens) and aegirine (black) in Fig. 5. The map con-
structed of the intensity distribution of yttrium line in Fig. 4(4)
reveals, that yttrium rarely occurs at the regions of aegirine in these
samples.
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4. Conclusions

An approach based on SVD on the LIBS spectra can be used extract
the mineralogical information of rock samples. The classification of all
spectral points based on the singular vectors can be used to construct
a map representing the mineralogy and geological texture at the sam-
pled area. The minerals can be identified based on the average spectra
from the original data. There may be a possibility to detect also the
chemical alterations of minerals, but care must be taken in the interpre-
tation of the results and the use of the original data in addition to the av-
erage spectra is recommended. A prior knowledge of the minerals to be
identified is a benefit in the selection of a representative spectral range,
but the method can be used as a first approach to discriminate and visu-
alize any spectral data.
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Laser-induced time-resolved luminescence was used to study rare earth element (REE) containing natural apatite
and calcite minerals. The luminescence from 400 nm to 700 nm in the minerals was analyzed with excitation
ranges 210-340 nm and 405-535 nm. As an outcome, several useful excitation wavelengths to detect one or
more REE from apatite and calcite are reported. The feasibility of selected excitations in e.g. avoiding the
disturbance of intense Mn?* luminescence band, results was demonstrated with a non-gated detector.

1. Introduction

Rare earth elements (REEs) are representing a group of elements
consisting of lanthanoids (La-Lu), yttrium (Y), and scandium (Sc). REEs
are needed for modern technology [1] and a rapid analysis technique
would be a benefit at many stages of their supply chain. REEs can act as
luminescence centres in host minerals and therefore luminescence
spectroscopy is efficient in detecting them. Natural minerals typically
host several REEs simultaneously [2]. Although luminescence emission
of REEs is generally observed as relatively sharp lines and only some ions
eg Ce®* and Eu®*" have broad bands [3], in natural minerals, the
luminescence spectrum can be rather complex with several overlapping
bands. For example, the crystal field of the host mineral lattice can split
the energy levels of REE®" ions [3] and as a consequence, more lumi-
nescence emission lines may appear. In addition, the intensity of lumi-
nescence emission is dependent on both the mineral’s crystallinity and
on the surroundings of the luminescence centre, which may change the
energy transfer, quenching, reabsorption and sensitizing processes
[4-6].

Although one of the most common techniques to luminescent min-
eral research is cathodoluminescence [7-11], laser-induced time--
resolved luminescence spectroscopy has several benefits, e.g. high laser
power excites also weak luminescence centres, time-resolving enables
separation of different luminescence centres from each other and the
method could be easily combined with other laser-spectroscopic method
like Raman spectroscopy or laser-induced breakdown spectroscopy

* Corresponding author.
E-mail address: sari.m.romppanen@jyu.fi (S. Romppanen).

https://doi.org/10.1016/j.jlumin.2021.117929

(LIBS), as reviewed in the literature [4,6,12-14]. However, the occur-
rence of luminescence is strongly dependent on the selection of the laser
wavelength used for the excitation. Therefore, the aim of this research
was to survey, which excitation wavelengths would be optimal for
detecting luminescence of certain or multiple REEs. A tunable ns-pulse
laser was used at excitation regions 210-340 nm and 405-535 nm to
study luminescent minerals, apatite and calcite, from the same geolog-
ical site. The emission was detected in the visible range, with a view to
the possible on-line and on-site applications in the future. Based on the
results, suggestions for optimal excitations for the detection of REEs
were produced and the concept was tested using the laser with a basic
non-gated spectrometer.

2. Materials & methods

Two natural mineral samples, apatite and calcite, were chosen from
the Siilinjarvi ultramafic alkaline-carbonatite complex in Eastern Cen-
tral Finland. At the Siilinjarvi complex REE-hosting minerals are
occurring in the “glimmerite” (phlogopite rock) and carbonatite rock
types [15,16]. REEs are known to be situated in Ca-bearing phases in
carbonatites like carbonates and apatites and in previous research
overall REE content is analyzed to be smaller in calcite (509 ppm in
Mg-rich calcite in apatite sovite i.e carbonatite proper) than in apatite
(2986 ppm in glimmerite and 3820 ppm in apatite sovite) [17]. The
results enable the general assumption of the occurrence of the same
REEs in the host lattice of the chosen samples. At the moment, apatite is
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Fig. 1. Luminescence emission-excitation maps (EEMs) from apatite (a) and calcite (b), using excitations at UV (210-340 nm) and Vis (405-535 nm) with a step of 1

nm. The delay time was 50 ps and the gate 500 ps.
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Fig. 2. The strongest luminescence peaks from Tb** (marked with orange triangles) can be observed at the laser excitation of 218 nm for apatite (a) and of 226 nm
for calcite (b), measured at two different delay and gate times. Unmarked luminescence peaks are caused by Sm®* and Eu®*.

Table 1
Transitions and luminescence peaks of Th®* observed in apatite and calcite.

TRANSITION APATITE [nm] CALCITE [nm]
5D3—"Fg 379 -

5D3—"Fs 415 -

5Dy—"F, 436 -

5p,—"Fg 486/496 487/496
5Dy—"Fs 542 541/549
5D4—"Fy 582 583

5p,—"F3 - 622

only exploited as a phosphate source [15]. Greenish apatite with a
length about 2 cm representing medium-grained carbonate glimmerite
and a 2 cm piece of reddish calcite were selected because they contained
rather large areas of the same mineral macroscopically. Under a 254 nm
ultraviolet (UV) lamp, both showed intense luminescence, especially

calcite had a very strong red colour. The samples were sawed and
polished.

Apatite often acts as a host to luminescent ions [18-21] and for
example, manganese and REEs, can replace calcium in the mineral lat-
tice. As the majority of apatite in Siilinjarvi complex is fluorapatite
Cas(PO4)sF [16], it is assumed that our sample is this phosphate mineral,
having a hexagonal structure (P63/m) [22,23]. There are two Ca sites in
the apatite’s crystal structure: Ca (I) and Ca (II), which differ in both size
and site-symmetry [9,18,22-24]. It is presented, how LREEs (light REEs:
La-Sm) prefer the Ca (II) site in apatite’s structure [25-28]. However,
the REE content in apatite typically corresponds to the whole-rock
composition, due to the poor REE selectivity [26,27,29]. Calcite’s
(CaCO3) structure consists of planar carbonate (C03)2' groups within the
centre of an equilateral oxygen triangle occupied by a carbon ion [18].
Rare earth elements can substitute Ca in calcite lattice and become
luminescence centres, e.g. Refs. [4,6,12,30-34]. Also different divalent
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Fig. 3. In apatite (a) Sm>* luminescence is observed only from substitution at Ca (1) site (dark blue triangles) or also from Ca (II) site (light blue triangles), depending
on the excitation wavelength, here 210 nm (black) and 412 nm (violet), respectively. In calcite (b) the strongest Sm>* signal is seen with excitation at 210 nm (black),
but for other peaks of Sm®", the excitation at 221 nm (violet) is better. Note the scaling of the violet spectra in calcite. Peaks related to Tb>" (orange triangles) and
Eu®" (red triangle) are also marked. All spectra were measured with a delay of 1 ms and a gate of 1 ms.

Table 2
Transitions and luminescence peaks of Sm*" observed in apatite at two Ca sites
and in calcite.

TRANSITION ~ APATITE: Ca (I) site  APATITE: Ca (II) site  CALCITE
[nm] [nm] [nm]

Gsj2 - Hs 563 570 563/568

Gsjp = °Hyn 598 607 599/604

Gy = ®Hopy 645 655 650
*Gsp—Hie 705 - -

cations can replace the Ca®* cation, e.g. Mg?*, Fe>*, Mn?" and Sr®* [18].
Luminescence was measured with a home-built laser-induced time-
resolved spectroscopy setup having a tunable laser wavelength system
based on Ekspla OPO (optical parametric oscillator). The laser had a
pulse duration of 3.3 ns and a repetition rate of 100 Hz. The signal was
collected via a plano-convex lens with 45° geometry to the laser beam.
The reflective collimator directed the light to fused silica fiber connected
to the spectrograph. To block the laser light from the detector, a long-
pass filter was used between the lens and reflective collimator. The
selected filters had cut-on wavelengths at 266 nm, 400 nm, 450 nm, and
550 nm to match the excitation wavelengths between 210-340 nm and
405-535 nm. Each emission spectrum was accumulated from 400 laser
pulses to average the influence of possible pulse-to-pulse laser energy
fluctuations. All measurements were carried out at room temperature.
The light was directed to the Czerny-Turner type imaging spectro-
graph (Acton, SP-150) equipped with a grating having 300 grooves per
mm (blazed to 500 nm, resolution >1 nm) and spectra were recorded
with ICCD (Instaspec V, Oriel). The spectral range was about 350 nm and
the central wavelength was changed by turning the grating. The cali-
bration was carried out with HgAr lamp. A delay generator (model DG
535, Stanford Research System, Inc.) was used to control the time

parameters of ICCD. To exclude the broad, strong, and very short-living
luminescence emission bands of Ce®>* and Eu?*, which are known to
dominate steady-state luminescence spectra [6,35,36], a delay of 50 ps
was used in the measurement of excitation-emission maps (EEMs) of
calcite and apatite. The luminescence lifetimes (1) of Ge®* and Eu?"
bands are presented to be < 1 ps in literature, e.g. Ref. [6] and the chosen
delay was proven also experimentally to be suitable for exclude these.
Spectra were measured with a step of 1 nm (laser wavelength). Gate
width was 500 ps to avoid the dominance of the long-living lumines-
cence peaks. The benefit of the time-gated detection is presented on
supplementary material (Fig. A1) with excitation wavelength of 266 nm.
To further analyse the observed REE>" emissions, certain wavelengths
were re-measured with different delay times (10 ps, 50 ps, and 1 ms)
with varying gate widths (25 ps, 250 ps, 1 ms, and 5 ms).

To test the predicted optimal excitation wavelength areas, the
luminescence signal was directed to a non-gated Czerny-Turner type
CCD spectrometer (Thorlabs, model CCS200, grating 600 lines/mm;
blazed to 800 nm and FWHM spectral accuracy < 2 nm). The spectral
range was 200-1000 nm, and the filters were applied to block the
excitation laser light.

Data processing was carried out with MathWorks MATLAB R2015a
program. As the laser energy varies in OPO as a function of wavelength,
it was compensated for each spectrum by dividing the spectral in-
tensities by the average energy value measured with Ophir (model PE10-
SH-V2) laser power meter. All presented spectra have slight smoothing
for enhanced visualization.
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Fig. 4. In apatite (a) Eu>* luminescence peaks from Ca (I) and Ca (II) sites can be observed with the same excitation wavelength of 236 nm by changing the delay
time. Emission of Eu®* in Ca (ID) site can be seen with the shorter delay (10 ps, black) and emission of Eu®' in Ca (D) site with the longer delay (1 ms, violet). In calcite
(b) either the strong background caused by the Mn?* band at excitation of 268 nm (black) or emission peaks from other REEs disturb the detection of Eu®t
luminescence (violet). Both spectra of calcite were measured with a delay of 1 ms and a gate of 1 ms. The peaks of Sm>* (blue triangle) and Tb3* (orange triangles)
are marked in spectra and the peak with a green star in calcite is possibly related to Pr®*.

Table 3
Eu®" luminescence peaks recognized in apatite’s Ca sites and in calcite, with
respective transitions.

TRANSITION ~ APATITE: Ca (I) site APATITE: Ca (1) site CALCITE
[nm] [nm] [nm]
5Do—"Fq 579 573, 577 577
5Dp—"F; 591 595 591
5Do—"F, 618 623 610/620
5Do—"F3 655 - -
5Dg—"Fy 700 - 702

3. Results & discussion
3.1. Laser-induced time-resolved luminescence of apatite and calcite

Time-resolved luminescence spectra from apatite and calcite were
measured at a range of 400-700 nm using excitations 210-340 nm and
405-535 nm. The delay time was 50 ps and the gate width 500 ps.
Excitation-emission maps (EEMs) are shown in Fig. 1.

The chosen delay and gate times seem to be suitable for observing
several narrow REE®* luminescence peaks simultaneously. Shape of
spectrum varies as the excitation wavelength changes. Intensities of the
luminescence peaks and bands in calcite were lower than in apatite,
which is most likely caused by the lower REE content in calcite in the
Siilinjarvi [17].

In apatite (Fig. 1a) more REE”" peaks can be observed than in calcite
(Fig. 1b), where a broad luminescence band around 620 nm is domi-
nating spectra at wide excitation regions. This band is caused by Mn?*
and is thoroughly studied, e.g. Refs. [8,30,37-43]. Also, the broad Mn%*
band is peaking at 573 nm in apatite (Fig. 1a) - note that the change in
the emission wavelength is caused by different mineral structures [8]. In
literature Mn?" band in apatite in this spectral region has been observed
earlier [21,44] and Mn?* can accommodate both Ca (I) and Ca (II) sites

E3+

in apatite’s structure [4,19,45]. The absolute intensity of Mn?** band in
the measured excitation wavelength regions has no considerable dif-
ference between the apatite and calcite, even though the relative in-
tensities of Mn?" and REE®" luminescence between the minerals differ
(Fig. 1). Calcite from Siilinjarvi contains typically 0.10-0.32 wt % of
MnO, whereas apatite has only 80-300 ppm of Mn [16]. In order to
study how REEs contribute to the EEMs in Fig. 1, in the following
selected excitation wavelengths are discussed in detail.

At excitation wavelength 218 nm, a strong double peak at 542 nm is
observed in apatite (Fig. 2a) which is assigned as Tb** luminescence
transition °D4—’F5 [4,7,12,46-60]. In calcite, this peak is detected at
541/549 nm and the strongest intensity is obtained at excitation
wavelength 226 nm (Fig. 2b). The different mineral structures can
explain the difference in both locations and relative intensities of this
Tb3" peak. Also, Tb®" transitions °D4—’Fg and °D4—’F, are seen in both
minerals: at 486/496 nm and 582 nm in apatite (Fig. 2a) and 487/496
nm and 583 nm in calcite (Fig. 2b). In apatite also Tb>* peaks at 379 nm,
415 nm and 436 nm can be detected, but only with measurement of
delay 50 ps (Fig. 2a, black) and the respective transitions in the litera-
ture are °D3—'Fq, °D3—’Fs and *Ds—F4 [4,7,36,48,52,57,59,60]. The
different mineral lattice may cause the absence of these peaks in calcite,
as the host material has been observed to influence the intensity of
certain Tb3+peaks [4,12]. Tb®* has a transition of *D4—"Fs, typically
observed around ~620 nm, depending on the host material [46-49,55,
57-59]. In calcite, it is observed at 622 nm with the measurement delay
of 1 ms (Fig. 2b, violet), but in apatite, there is a strong contribution
from nearby Eu>* peaks and the exact location of Tb>* transition cannot
be pointed. All clearly observed luminescence peaks of Tb in calcite and
apatite and the respective transitions are collected into Table 1.

Several strong Sm>* luminescence peaks can be seen in both min-
erals. In apatite Sm®* can occupy Ca (I) and Ca (II) sites in the mineral
structure [4,6,9,12,19,36,61,62]. For example, Sm>* luminescence at
excitation wavelength of 210 nm originates from the substitution to Ca
(D) site (Fig. 3a, black). When excitation is changed to 412 nm (Fig. 3a,
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Fig. 5. Visible excitations can be used for detection of Eu>* luminescence in
apatite because the Mn®" band is not detected in this excitation region. As an
example, Eu®' in Ca (I) site (red triangles) is better observed with excitation
465 nm (black) whereas Eu®" in Ca (II) site (pink triangles) is seen with 435 nm
excitation wavelength (violet). The measurement delay for observing lumi-
nescence from the sites is different, the longer 1 ms for Eu®' in Ca (D site, and
the shorter 10 ps for Eu®* in Ca (1I) site. Note the scaling of the violet spectrum.

violet), also luminescence from Ca (II) site is detected. The band ~700
nm in apatite is a combination of Eu®t and Sm®* transition 4G5/2 -
6H11/2 (Flg 33, black)

In calcite the strongest Sm>" luminescence was observed with exci-
tation at 210 nm, but also a broad Mn?* band occurs, nearly hindering
the detection of other Sm>* peaks than the double peak at 599/604 nm
(Fig. 3b, black). At excitation 221 nm, also peaks at 563/568 nm and
650 nm can be detected clearly (Fig. 3b, violet). The occurrence of Sm®*
luminescence as two double peaks have also been reported for synthetic
calcites [30,43,63,64]. Due to the strong luminescence of the over-
lapping Mn?" band, the used visible excitations are not relevant for
successful detection of Sm®* in the measured calcite. All observed Sm®*
luminescence peaks are collected in Table 2 with the respective transi-
tions recognized via literature [53,58,65-73].

Analogous to samarium, also luminescence of Eu®" has been
observed from different Ca sites in apatite, e.g. Refs. [9,19,36,74-86].
This is also the case in our study and as an example, spectra measured
with excitation 236 nm are presented (Fig. 4a). The appearance of the
luminescence from two Ca sites can be controlled by changing the delay
time of the measurement. At the shorter delay of 10 ps, luminescence
peaks of Eu®* in Ca (II) site can be observed at 577 nm, 595 nm, and 623
nm (Fig. 4a, black). With the longer measurement having the delay of 1
ms, the luminescence from Eu’* in Ca (I) site can be observed in 579 nm,
591 nm, 618 nm, 655 nm and 700 nm (Fig. 4a, violet). The peak ~620
nm is rather wide regardless of the occupied Ca site, which suggests
further fine structure within this peak. It can be noted that we observe
peaks at 636 nm and 720 nm in apatite (pink stars in Fig. 4a), always
when also the peaks of Eu>" from Ca (II) site are seen. Our assumption is,
that both are luminescence of Eu®" in Ca (II) site, somewhat supported
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by previous research, where the peak observed at ~636 nm was
explained as a vibronic transition of Eu®" in Ca (II) site [76,86].

In calcite, the detection of Eu>* peaks is challenging due to the broad
and strong Mn?" band, as they are excited simultaneously. With exci-
tation wavelength 268 nm, luminescence of Eu®" is observed at 577 nm,
591 nm, 610 nm, 620 nm, 655 nm, and 702 nm although there is also
Mn?* band underneath (Fig. 4b, black). It can be remarked, that the
transition °Do—F5 here is observed as a double peak at 610/620 nm,
also reported for doped calcite samples [43,63,87,88]. When lumines-
cence from calcite is measured with excitation 229 nm, the contribution
of Mn*" is also relatively low and only the Eu* peak at 620 nm is seen
along the adjacent Tb** peak (Fig. 4b, violet), whereas other Eu®* peaks
are not resolved. Table 3 summarizes the observed Eu®" luminescence
peaks in both minerals and the corresponding transitions were recog-
nized based on e.g. Refs. [49,67,89-92].

We assume, that peak at 641 nm in calcite (Fig. 4b, green star) might
be related to Pr3+, which is observed around this spectral region [61,62,
71,93-95]. Also, the suitability of deep UV excitation for Pr®* in min-
erals has been proved very recently [96]. However, in the scope of this
study, the occurrence of Pr®* in our sample cannot be proven, because
the other intensive Pr°* peaks in this spectral region are located around
600 nm and most likely be overwhelmed by strong Sm*>* luminescence
and by Mn?" in calcite.

In the above, the occurrence of Eu®* luminescence was only pre-
sented with UV excitation. In apatite, where the Mn>* luminescence was
not as strong as in calcite, the Eu®* peaks can also be efficiently observed
using also visible excitation. For example, excitation at ~465 nm is
suitable for detecting Eu>" in Ca (I) site whereas ~435 nm is good for
Eu®" in Ca (ID) site (Fig. 5). The measurement times are analogous to our
previous observations; the luminescence of Eu®" from Ca (D) site is
strong at the longer delay (1 ms) whereas from Ca (II) it is better
observed at the shorter delay time (10 ps). In Fig. 5 those Eu®" transi-
tions, which have a strong contribution of nearby Sm3* luminescence,
are not marked. At excitation 435 nm there are two peaks related to
transition °Dy—’Fg at 573 nm and 577 nm (Fig. 5, violet). Therefore, it is
assumed that in our sample Eu®" is occupying at least three different Ca
sites because europium’s states 5Do and 7F0 are non-degenerated [82]. It
can be also remarked that the same peaks at 636 nm and 720 nm (Fig. 5,
pink stars), which were seen in Fig. 4a along with the Eu®* occurrence in
Ca (II) site in apatite’s structure are observed here as well.

The two strongest Dy>" bands can be seen at ~480 nm and ~575 nm
in both apatite and calcite e.g. with excitation 427 nm (Fig. 6). The
corresponding transitions are 4Fg/2 - 6H15/2 and 4F9/2 - 6H13/2 also
reported previously for various dysprosium containing samples [69,73,
90,97-100]. The recognized Dy>" peaks are presented in Table 4. The
peak at ~480 nm is wide and seems to consist of several peaks located
very close together in both minerals. Such fine structure for the Dy>*™
peak has been reported on apatite [61], in doped calcites [43,63] and
other materials [7,100]. It seems that in apatite (Fig. 6a) the relative
intensities of three peaks at 475 nm, 480 nm, and 484 nm vary when the
measurement delay is changed from 10 ps to 1 ms, but such behaviour is
not observed in calcite (Fig. 6b). We anticipate that this could be caused
by the Dy34r occupying different Ca sites in apatite, which would lead to
the difference in relative intensities at changed delays, as demonstrated
earlier for Eu*.

The Dy>" band at ~575 nm is clearly observed with excitation 452
nm for apatite and 454 nm for calcite (Fig. 6, cyan). Also here is the fine
structure of closely located peaks and similar patterns have been pre-
sented for Dy>* at ~575 nm by others, e.g. Refs. [7,61,77]. With the
excitation wavelength of 427 nm, the Dy®>" ~575 nm luminescence is
strongly contributed by other luminescence species. In apatite adjacent
Eu" (II) peak is dominating at the shorter measurement delay 10 ps
(Fig. 6a, black). If the delay is changed to 1 ms, Dy>" at 578 nm in
apatite nm can be better resolved, but there is a background from the
Mn?*, Sm®* (1), and Sm®* (II) (Fig. 6a, violet). In calcite, the Dy>* peak
at 579 nm can be observed at the shorter delay only, as at the longer
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Table 4

Transitions and luminescence peaks of Dy>* observed in apatite and calcite.

CALCITE [nm]

TRANSITION APATITE [nm]
“Fos2 > ®Hissa 475/480/484
*Fo/2 = *His/z 574/578
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delays it is overwhelmed by intense Mn?* band.

The right selection of the measurement time parameters with exci-
tation 427 nm has importance in discovering the Dy*>* band at ~575 nm.
In apatite, at the measurement of delay 10 ps, Dy>* has a strong
contribution of Eu®* (II) peak (Fig. 6a, black). Measurement performed
with the longer delay (1 ms), the Dy>* at 578 nm in apatite nm can be
better resolved (Fig. 6a, violet), but a strong contribution of Mn??, as
well as Sm®* (I) and Sm®* (II), can be seen. In calcite (Fig. 6b), the
detection of Dy3+ peak at 579 nm can be observed at the shorter delay
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Fig. 7. Luminescence emission-excitation map from apatite (a) using excitations at 405-535 nm with a step of 1 nm. The Nd** luminescence peaks and the cor-
responding transitions are presented with excitation 526 nm (b). The delay time was 50 ps and gate width 500 ps in the measurements.
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Table 5
Transitions and luminescence peaks of Nd** observed in
apatite.
TRANSITION APATITE [nm]
*Fs/2 = *losa 804
*F3/2 = *losa 871

only, as at the longer delays the luminescence is overwhelmed by
intensive Mn?" band.

In the above, the luminescence emission in the visible spectral region
was presented. In addition to it, also Nd** luminescence in the spectral
region of 750-900 nm was measured. As observed in EEM of apatite,
measured with excitation from 405 nm to 535 nm (Fig. 7a), the strongest
intensities of Nd>" bands are seen at excitation 526 nm. The Nd>*
luminescence bands are located at ~790-835 nm and ~850-940 nm,
having the highest peaks at 804 nm and 871 nm, respectively (Fig. 7b,
Table 5). Corresponding transitions are stated in the literature as 4F5/2
— Mg/ [7,101,102] and “Fa/o — *los2 [7,69,98,101-107]. Under the
same measurement conditions (delay 50 ps and gate width 500 ps) no
Nd** peaks were detected in calcite, which is most likely explained by
the lower REE content in calcite than apatite at the Siilinjarvi complex.

3.2. Selection of optimized excitation wavelengths for apatite and calcite

The appearance of the luminescence spectrum depends significantly
on the excitation wavelength. This is efficiently visualized as animations
for excitation in the UV (video B1) and the visible (video C1) range.
Normalization offers better comparison of the changed spectral shapes,
thus the intensity values of apatite and calcite are normalized to the
maximum of respective spectrum. The delay time in the measurements
was 50 ps and the gate width 500 ps. For further applications in the
luminescence analysis of natural minerals, it is useful to know which
excitation wavelengths can be used to separate specific REEs or, on the
other hand, to observe multiple REE3* peaks simultaneously. Therefore,
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the laser-induced time-resolved luminescence spectra measured from
apatite and calcite (Fig. 1) are illustrated as 2D contour presentations of
EEMs (Figs. 8-10). The excitation regions (UV, Vis) are shown sepa-
rately and for clarity, only the locations of the most prominent REE3*
peaks are marked as dashed lines. Deviating from Fig. 1, Contour EEM of
apatite in the visible excitation region (Fig. 8), shows also spectral area
of 750-900 nm presented in Fig. 7.

Contour-EEM of apatite in the visible excitation region shows lumi-
nescence from several REEs and no significant contribution of the Mn?*
band is observed (Fig. 8). The highest intensities for the Dy34r peak at
578 nm are obtained with excitations at 427 nm and 452 nm. All the
excitation wavelength regions, where Dy34r is detected clearly, here
424-429 nm and 444-458 nm, are presented as grey boxes on the left
side of the map, and stars show the most suitable excitations in our
study. The same notation is used throughout all EEMs. Eu®* can be
excited from apatite using several spectral regions. With the delay of 50
ps luminescence from both mineral sites is seen and to separate Eu®"
peaks, those related to Ca (II) site are marked with pink. The good
excitation wavelength for Eu®t in apatite’s Ca (I) site is 465 nm and for
Eu®* in Ca (II) sites either 435 nm, 473 nm, or 527 nm Sm>" peaks have
high intensities in apatite at wide excitation range. At Ca (I) site Sm®" is
well observed at excitations 405 nm and 473 nm. If also Sm>" at Ca (I1)
site should be measured, the highest intensities were obtained with 414
nm excitation, marked with a pink star. The other REEs do not disturb
the detection of Nd** peaks and in this research, the excitation 526 nm
was the best.

In the apatite’s EEM in UV excitation region (Fig. 9), background
from some shorter living luminescence is here seen around the Tb>*
peaks (see also Fig. 1a), but they are clearly resolved and the highest
intensities are obtained at 218 nm. The broad and intense Mn?" band
~575-650 nm disturbs the detection of the other REEs, especially at
excitations from 275 to 320 nm. The strongest intensities for Dy>" peaks
were observed at excitations of 287 nm and 326 nm. For Eu>" the most
suitable excitation wavelength at UV was 236 nm and the Sm>" peak
offered a strong signal when 210 nm was used for the excitation.
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Fig. 8. Contour presentation of the excitation wavelengths in the visible for apatite as a function of luminescence emission wavelength (EEM-Vis). Locations of the
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In calcite, the visible excitations strongly induce luminescence of this reason, the contour-EEM for calcite is only presented in the UV
Mn?* and it readily dominates the spectra, as demonstrated in Fig. 1b. excitation range (Fig. 10). For Tb®>* luminescence, the best excitation is
As an exception, the excitation 454 nm is applicable to Dy?’Jr and exci- at 226 nm. Because of Mn?*, for the other REE®* peaks the optimal
tation 405 nm for the Sm®*, but both have a notable background. For excitation ranges (grey boxes) in calcite are not as wide as was shown for
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Fig. 12. Non-gated laser-induced luminescence measurements demonstrate
how the optimal selection of excitation wavelength can show either only from
Sm>* in Ca (I) site (fex 210 nm, black with blue stars) or also from Ca (II) site
(Jex 414 nm, violet with blue and light blue stars). With excitation 210 nm also
Eu®*peaks are observed. Note the scaling of the violet spectrum.

apatite. The excitation of 287 nm is applicable to Dy** peaks and for
Eu®" and Sm>* the excitations 268 nm and 221 nm, respectively, were
found good.

The results offer possibility to locate those excitation wavelengths,
where the emission signal of one or several REE3* peaks are intensive
and the disturbance of Mn?* luminescence is minimal. The applicability
was tested by measuring luminescence with a non-gated spectrometer
with a few selected excitation wavelengths from the same samples.
Without time-gating the long-living Mn?" luminescence could readily
dominate the spectrum even at low concentrations of Mn. However, the
relative intensities of the REE peaks will not be comparable due to the
varying lifetimes of the luminescence activators.
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Firstly, the optimal excitations of Tb®" for calcite and apatite were
measured (Fig. 11). At these deep UV excitation wavelengths, both
spectra show the luminescence peaks of Tb®* and Sm®* clearly (orange
and blue stars), despite the background caused by the luminescence of
Eu?t, Ce®*, and Mn?". In apatite (Fig. 11, black) also several Eu®"
related peaks (red star) and the Nd>* band are seen.

Secondly, the occurrence of sm®* in both Ca (I) and Ca (ID) sites in
apatite’s structure was measured. Luminescence of Sm>" in the Ca (I)
site can be detected in many excitation areas and here UV excitation 210
nm was selected (Fig. 12, black). Several peaks of Sm®" in Ca (I) site
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(blue stars) can be observed in addition to the luminescence peaks of
Eu®" occupying both sites. If also Sm*>* in Ca (II) is needed, the excita-
tion at 414 nm (Fig. 12, violet) shows intensive luminescence peaks
(light blue stars).

Eu®* was also observed in the time-resolved measurements to occupy
Ca (I) and Ca (II) sites in apatite, but optimal delay times were varying.
In the non-gated measurement, the influence of the excitation wave-
length seems to be decisive (Fig. 13). At excitation 236 nm (Fig. 13,
black) the luminescence of Eu®™ is seen from Ca (I) and Ca (II) sites (red
star). For comparison, excitation wavelength 435 nm shows Eu®* peaks
from Ca (II) site (Fig. 13, violet) and excitation 465 nm from Ca (I) site
(Fig. 13, cyan). It can be remarked that the peaks at 636 nm and 720 nm
(pink stars) are observed also here when the luminescence of Eu®t from
Ca (ID) site is induced. This supports our assumption, that these peaks are
related to Eu®* and especially to Ca (II) site. Sm®*peaks are seen in all
spectra of Fig. 13.

For non-gated measurements of calcite, only UV excitations were
used, as the luminescence of Mn?' was strong already in the time-
resolved study. Even with the selected UV excitations 222 nm and
262 nm, the background caused by Mn?* in calcite is notable (Fig. 14).
With excitation of 222 nm strong peaks of Sm®" and Tb®' are seen
(Fig. 14, black). For non-gated measurement of Eu®* in calcite, the
excitation 262 nm seems to be the best (Fig. 14, violet).

4. Conclusion

The aim of the research was to study how REEs could be efficiently
detected in natural apatite and calcite by optimizing the laser excitation
wavelength. Luminescence from both minerals was systematically
measured using excitations of 210-340 nm and 405-535 nm with
tunable OPO and a time-resolved ICCD. The complex luminescence
spectra of several REEs were studied and multiple suitable excitation
wavelengths for detecting the REE®* luminescence peaks from both
apatite and calcite were presented. A broad band of Mn?* was seen as a
strong background, especially in calcite. For apatite, the luminescence of
Eu®' and Sm®* occupying different Ca sites was observed with specific
excitation regions, which would offer further information about the
crystal structure. As a main result, the laser excitation region in deep UV
around ~220-230 nm was discovered very promising. Within this
range, the intensive luminescence of Th®* and Sm®* was observed from
both minerals and in the case of apatite peaks of Nd**and Eu®" as
occupying Ca (I) and Ca (II) sites were detected. In addition, the lumi-
nescence of Mn?" is not strong with these excitations. Applicability of
the optimized excitation wavelengths found here was demonstrated
with a non-gated detector, as it would be more feasible for in-situ anal-
ysis of minerals.
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