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Distribution of Rare Earth Elements in Estonian Lower Ordovician
Complexes

Abstract

The energy demand and need for mineral resources inceeagery day. A global shift to green
energy alternatives has led to a need for rare earth elements (REESs), which could be potentially
recoveredalso from Estonian sedimesmty complexes. However, thecarcity of data on REE
distribution limits the abilityto assesshesesourcesThe goal of the thesis to provide systematic
highresolution information on REE variability in Estonian Lower Ordovician complexes using whole
rock data from different lithologies (limestone, glauconitic sandstone, mudstone, lzogbhorite).

The samples for the study were collected from borehole PH012B in Aseri, Estonia. Stratigraphically
studied interval spans from the Toila Formation to the Kallavere Formation.-Msiitumental
(ICPMS, XRF, and XRD) analyses were conduct&d ®aamples using higlesolution sample sets

to provide a comprehensive overview of REEs and related chemical and mineralogical variables.

According to the resultgotal REE conterfor limestonesis on average ¥ ppm,for glauconitic
sandstonesl42+2 ppm, for mudstones157#6 ppm, andfor phosphorites1026t23 ppm. The
averagesum of LREE (La, Ce, Pr, Nd) in all the complexes is 929.23 ppm, the sum of MREE (Sm, Eu,
Gd, Th, Dy) is 161.07 ppm, and the sum of HREE (Ho, Er, Tm, Yb, Lu) is 51.54 pp&S The PA
normalised REE patterns suggest that the enrichment levels of the complexes itaie teirthat of
average shale. d¢Wvever, forphosphorite, some REEs show upédn-fold enrichment.Despite the

varying enrichmat levels, a common feature is ttdREE enrichmenCe, Eu, ¥nomalies were
detected in various complexeBor limestones, it can be concluded that calcite formation did not
haveamajor control on REE accumulation primary sediments and th#te measured REE signal

is likely parially inherited from terrigenous fraction. In glauconitic sandstones a strong positive
correlation between apatite and REEs is observed, suggesting that REE capture is most likely
conneded to apatite. Inmudstones, considering that the REE enrichment is siedistrelatedto

guartz andapatite contents, the latter beinlikely the mairncarrier phaseof REEsPhosphorite has

the strongest correlation of REEs with other compouynasatite, dolomites, and MnO. hg
enrichment of MREE rdlge to LREE and HREEgasgsa preferential uptake and fractionation
relative toseawater likely by stagewise sequestration pathwags suggested by recent studies

Different elemenal ratios were studiedo gaininformation about the prevailing redox conditions
andprimary sairces of REBased on Ce anomaly calculatipoisly shelly phosphorite samples fell
into the 'anoxic' field, while athe other samples produced 'suboxic' signaturésrthermore Y/Ho
ratios of studied lithologies prevailingly produdea ‘terrigenous inpt' signal, except foithe
phosphorite samples, most of which demonstratmore seawateilike signatures Recorded
irregular Eu/Eu* signals for limestoaed mudstonemight indicate Ba interferences with Eu signals
during ICRMS.Nevertheless,his might ato indicate a potential hydrothermaifluence oMn and

Fe cyclingn diagenetic environmentshe obtained datgrovide good basifor further indepth
studies both from paleoenvironmental and resource perspestive
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Haruldaste muldmetallide levik Eesfilam-Ordoviitsiumi
kivimkompleksides

Annotatsioon

Vajadus mineraalsets oor mete ja eneirga a p ilEEveandi smhelikigles v ab
energiatehnoloogiatele on suurendanugeelgi enamvajadustt anapaev al | ai al das
leidvate haruldaste muldmett | | i d e ( HRdtbhlsiaajséitsaeks meichmmutada ka Eesti
endasettekivimitest, k ui @p alevilmkehtaeiirab adastse wusmisa e n d e
vOoi maAhtudbip.ut 66 eesmark on pakkuda slUstemaatilis
kohta Eesti Alm-Ordoviitsiumi kompleksides.

TO 6s k & slubjakivie dlaaknidlinvakivi, mudakivi ja fosforidb r oovi d péari nevad
puuraugustAseris,L & &V\iremaal Strat i gr auurtav vahesni&Toita kitistust kuaib
Kallavere kihistuniSelleks, et pekuda HMM ja nende keemiliste nimgineraloogiliste muutujate
kohtapdhj al i kku Ul enwud ddetn,st a u ie(lCEMSIARE ja XRBJKKUs

117 proovi

Tulemuste kohaselt on lubjakivide HMMo gusi sal dus k e glkukohiiivalivi 95+2
puhul 142+2 ppm, mudakivi puhul 1K0ix®i phbomplaek
keskmine kergete HMMLa, CePr, Nd) summa on 9228 ppm, keskmiste HMNSn, Eu, Gd, Tb,

Dy) summa on 16Q7 ppm f raskete HMM(Ho, Er,Tm, Yb, Lu) summa on 54, ppm. PAAS
normaliseeritud HMMmustrid viitavad et komplekside rikastustasemed on sarnased keskmise
kildaga;fosfo i i di puhul n aa ga vkaudn imdkniendn e-kMoMUth $ s e kisi Kk @ ® T
on keskmiste HMMikastumine Erikompleksides tuvastati Ce, Eu, Y anomaaliatjakivide puhul

vdi b | ar el dednadHMBekumklatdioomslié ds dUurt mdj u gsighaalg md o d
on tdenédoliselt osali s elGlaukpnitlivakig ttearhreilgjesd naskesset
positiivset lorrelatsiooni apatiidi ja HMMabhel, mist 8 e n & wviitath H\MM Frikastumise seotusele
apatiidiga.Arvestades, etmudakivis on HMMrikastuminestatistiliselt seotud kvartsi ja apatiidi
sisaldusega, orapatiit taas peamisekdHMM kandj&s. Fosforiidis leiduvatel HMMnN teiste
elementide ja apatiidi, dolomiidijaMn@a k&i ge tugevam korrelatsioon
on n é&isiskeskmiste HMM i k a st u mi teiste MMMmavigab etapisiisilisele HMM
omastamisele ja frakisneerumiselemerevees.

Sel | ek s, et saada teavet vali tsevate redokstin
element aarse suhte m@dér amosmamaki adsobitdsidtanoksilisse” p 6 hj al
kategooriasseainult fosforiidiproovid k & iteised proovidangesid "suboksilisse U h.nmesaks

andsid uuritud litoloogiate Y/Ho suhted valdavalt “terrigeehsei s e nd i signaali, v
fosforiidiproovid, mil |l est enami k naitas rohken
signaald lubjakivi ja mudakivi yp h u | voivad vi i dBausgnaalRlega ICRIS$S er f er e
anal.odaSi il ski voi b see viidata kReUW&nadiatl e kebeu
diageneetilises keskkon a s . T6O ka&digus saadudasih et mepopplalyv i
uuringuteksnii paleokeskkonna kui ka ressursside vaatenurgast.
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Glossary of Abbreviations andefms

HREE heavy rare earth element
ICPMS-inductively coupled plasma mass spectrometry
LOI-loss on ignition

LREE light rare earth element

MREE- mediumrare earth element

PAAS- Average Posirchean Australian Shale
ppb— parts per billion

ppm - parts per million

ppt — parts per trillion

REE-rare earth element

XRD- X-ray diffraction

XRF-X-ray fluorescence
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1. Introduction

The demand for energy and raw mineral resourcéses every day due to urbanisation,
improvements in welbeing, higher living standards and production of advanced technologies.
global shift to green energy alternatives has triggered a need for rardé edetnents (REES). The
demand for rare earth oxides from clean technologies is expected to reach 50 kt {2038 et

al., 2016) The European Commission has created a distritical raw materialdbased ontheir
economic importance and supply risk. As of 2023, the list contains 34 critical mafEriedpean
Commission, 2023)including light rare earth elements (LREE) and heavy rare earth elements
(HREE), but also phosphate rock and phosphorus, all of which cartdygigity extracted from
Estonian sedimentary phosphorite complexgsirther research is needed to understand the full
potential of these local sedimentary deposits in terms of REE valoris&tios, for sustainable and
environmentally safe extraction, ¢hability to accurately predict the amount and variability of REEs
and carriers of those elements is crucial.

The thesis aim® provide a stratigraphically more extensive overview of the rare earth element
distribution inEstonian Lower Ordovician complexes, along with currently under investigatien REE
containing shelly phosphoriteRecent studies have explored the distribution of REES in the latter,
suggesting multistage uptake of REEs, which started during sediment aetiom and continued
through early diagenesi$raul, Kallaste, Pajusaar, et al., 2023; Lumiste et al., 282%ever, the
scarcity of data on REE distribution within other associated litholgiigdi et al., 2000; Voolma et

al., 2013)limits the ability to further interpret the REE uptake pathways and local environmental
controls on REE enrictent processes. Moreover, other sedimentary complexes, such as
glauconiterich rocks, have been explored as economically potéctariers of REEs in different
localities(Kechiched et al., 2018pn a more general level, the development of specific enrichment
patterns in case of what light, medium or heavy REEs are preferentially enriched in ancient marine
sedimentary deposits, is still a debatabipic despite extensive research in this figtight, 2020;
Lécuyer gStltznaah etal., 2210 ;GHolkovitz, 19%)tential major control factors include
REE distribution in seawatdractionation of REEs related to differgmimary carriers such as e

Mn oxyhydroxides or organic matter, and admixture of RBEched terrigenous fraction to
sediments(Abbott et al., 2019Auer et al., 2017; Chen et al., 2023; Graul, Kallaste, Pajusaar, et al.,
2023; Tadayon et al., 2024; Tostevin, 2021)

This is the first systematic highsolution study on REE nability in Estonian Lower Railzoic
complexes using whole rock data of different lithologies. The samples for the study were collected
from borehol e PHGe@virinBa. Tha rock soenpléxes uridér dnmestigation are
limestone, glauconitic sandstone, mudstone and phosphofike stratigrapicallystudied interval
spansfrom the Toila Formation (Volkhdstage) to the Kallavere Formation (Pakerort Stage). The
thesis excludes the black shale horizon (Turis
nature and the challenges of interprag results without additional research. Muitistrumental
(ICPRMS, XRFand XRD) analyses were conducted using-fegblution sample setBom different

rock complexes to provide a comprehensive overview of REEs and related chemical and
mineralogical vaables.The thesis consists of a literature review (rare earth elements, geological
background of Estonian Lower Ordovician complexes, inductively coupled plasma mass

9
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spectrometry analysis principles;ray fluorescence analysis principlesta) diffraction analysis
principles), methodology description (data description, sampling and sample preparation), results
(mineralogy of studied lithologies, major elements of the complexes and REE distribution) and
discussion.
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2. Literature Review

This chaptegives a synthesis of the main topics related to the thesis: an overview of rare earth
elements, the geological background of the Lower Ordovician of Estonia, and used analytical
methods: inductively coupled plasma mass spectrometry-MISIP analysis, -Kay fluorescence
(XRF) analysis;r&y diffraction (XRD) analysis.

2.1. Rare Earth Ements

The International Union of Pure and Applied Chemistry (IUPAC) defines rare earth elements as a set
of 17 metallic elements that share chemical similarities, comprisingrithanides (from La to Lu)
alongside yttrium (Y) and scandium (Sc), which have similar chemical and physical pr@pecties

et al., 2017) REEs are divided into light rare earth elements (ERBEE@, Pr, Nd, Pm), sometimes
medium rare earth elements (MREEmM, Eu, Gd, Tb, Dy) and heavy rare earth elements (HREE
Ho, Er, Tm, Yb, Lu, Y), not including Sc, which falls outside this catego(i¥tieth et al., 2014)

Rare earth elements were first discovered in 1788 and are, in fact, not rare and have a broad
geological distribution{Zhou et al., 2017)All lanthanidesoccur in nature, although Pm, which is
radioactive, isnot found in significant quantitiegElkina & Kurushkin, 2020Te is the most

abundant, followed by La; Tm and Lu are the least abundant. REEs are typically engetleerto

in the Earth's crust due to their common triva
exceptions include Ce, which can al so occur wi
can exi @&an Gasen eEal,22017)he average concentrations of REEs in the Earth's crust

range from 150 to 220 parts per million (ppm), which surpasses the concentrations of many other
metals mined for industrial purposefutta et al., 2016)

REEs can be found in a wide rangenuheral types, including halides, oxides, carbonates,
phosphates and silicates. Over 200 minerals are known to contain REE, although a small number
has the potential to become commercially significant. Mineral deposits of REE can occur in a broad
range ofigneous, sedimentary and metamorphic rod@itish Geological Survey, 2010hina,

which has dominated global REE production for decades, has acddontver 90% of worldwide
production and supply on average over the past dedddm Gosen et al., 2017)

Rare earth elements are used in a wide ranféeohnologies, for instanceptical, magnetic, and
catalytic applicationsHigurel). They also occupy a vital role in the green transitgarticularlyin
the production of wind turbinegZhou et al., 2017Additionally, media and communication devices
such as cell phones, televisions, and compytesge rare earth elements in various components,
including magnes for speakers and hard drives, as well as phosphors for optical digpldtysh
Geological Survey, 2011)

11
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OTHER La, Ce, Pr, Nd,Y

-Nuclear (Eu, Gd, Ce,Y, Sm, Er) Eu, Gd, Lu, Dy Nd, Pr (Tb, Dy)

-Defence (Nd, Pr, Dy, Tb, Eu,Y, La, Lu, Sc, Sm) -Capégitors -Motors

-Water treatment -Sensors -Disc drives

-Pigments Ce,Y -Colourants el
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_Refractories -Microphones and speakers

-Magnetic refrigeration

CATALYSTS La, Ce, Pr, Nd,Y
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Figurel. RareEarth Elements applicatioriBritish Geological Survey, 2011)

Moreover, REEs can be used as proxias paleoenvironmentalstudiesto reconstruct anciat
environmental conditionsto understand the geological history recordeddifferent complexes
andto trace geochemical processé®rexample the redox conditions in seawaté8hields & Stille,
2001) depositional environments and diagenetic proceq®&au & Dulski, 1996and oceanic and
atmospheric oxygen leve{&erman & Elderfield, 199@pn be investigated based on Ce anomaly
calculationgTostevin et al., 2016)

2.2. Geological Background ddstonian Lower Ordovician Complexes

Estonia is located on the East European Craudrich forms a part of the Baltica paleocontinent.

The crust in this region consolidated during the Svecofennian Orogeny in the Paleoproterozoic.
Crystalline basement rocks are overlain by sedimentary layers from the Late Proterozoic (Ediacaran)
to the Lover Paleozoic (Cambrian, Ordovician, Silurian and Devonian). The thickness of these
sedimentary deposits varies from 100 meters in the north to 800 meters in the south of Estonia
because the surface of the crystalline basement dips to the spukha ukas & Teedumae
Soesoo, 2022)The Ordovician periodrom 488 to 443 rillion years ago, is charactegis by the
dominance of marine environmentfNestor et al., 2007)Ordovician rocks are extensively
distributed throughout the Baltoscandian region. In the East EuropearioRtgtthese strata
extend from the Baltic Sea islands in the west to the vicinity of Moscow in the east, and from the
Gulf of Finland in the north to Belarus and Poland in the sfidure2). The overall thickness of

the Ordovician strata in Estonia ranges from 70 to 180 meters, with the greatest thickness observed
in central and eastern Estonia, athe: thinnestin the outcrop areaf Baltic Klinend southwestern
mainland of the countryMeidla et al., 2014)
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Figure2. Distribution ofLowerOrdovician complexes in Baltoscandvodified afterNielsen et al.

(2018)

The Ordovician successi@mf Estoniacommences with the upper segment of the€allavere
formation (Figure3), characterised by brownistprey, mediuragrained, weakly cementeduartz
sandstone(phosphorites) typically 410 meters thick, but locally reaching up to 20 meters. This

unit is overlain bydark brown bituminous argillitegblack shals) o f

the Turisalu Forr

6 meters thick, andight grey claydmudstones) of the Varangu Formationyp to 4 meters thick.
Above these layershe Leetse Formation stands out as a marker unit of dark ggtaaconiterich
quartz sandstoneswvhich reach up to 4.5 meters in northern Estonia but less than 1 meter in central
Estonia. The contact between this sarals# and the overlying carbonate stratd the Toila
Formation is sharp. The boundary of Lower and Middle Ordovician is also locdtedlower part
of the Toila Formation, which is composedgafe and argillaceous limestonekcallydolomitised
and conaining glauconite The uppermost Lower Ordovician is primarily composed of diverse

limestones and marls occasionally dolomitic,

dolomites and argillitef Mei dl a et al

interspersed with infrequent occurrences of

, 2023.; Raukas & Teedur

The alteration in sedimentation type and biofacies chardstis is attributed to a progressive
climatic shift caused by the northward movement of the Baltica paleocontinent from the temperate

climatic zone to the (su tropical region(Meidla et al.,

2014)Estonia is renowned for studying

major evolutionary and paleoenvironmental changes from the Cambrian to Upper Devonian
periods(Harper et al., 2023; Sattan et al., 2011; Trotter et al., 2008)
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Figure3. Sratigraphy of LoweOrdovician in Estonia. Modified aftkteidla et al. (2023)

The FurongiafCambrian) to Lower Ordovician shallow marine complexes in Estonia, which formed
in shallow water inner shelf of the epicontinental Baltic Paleohasintain potential sedimentary
mineral resources such as shelly phosphorites and metalliferous blacls ¢Ndiaye, Liiv, et al.,
2023) Due to the scarcity of organisms with calcareous skeletons, sedimentation during the Early
Ordovician was slow and discontinuo(idestor et al., 2007)The shift from terrigenous to
carbonate rocks during the Bilien Stage is indicated by the emergence of calcareuasbeds

within the siltstones.The lower part of carbonate succession was characterised by numerous
hiatuses and episodes of glauconite deposition and ferruginous ooids accumulation in nearshore
regions(Meidla et al., 2023)The Ordovician limestone sequence in Estonia commences with cold
water carbonates laid down in a shallow marine basin with limited sediment supply, but increasing
sedimentation rategMeidla et al., 2014)

2.3. Inductively Caipled Plasma Mass Spectrometry (KOFS) Analysis
Principles

Inductively Coupled Plasma Mass Spectrometry-fMSP is an analytical technique used for the
detectionand quantification btrace elements and isotopédakonnen & Beauchemin, 202@Que

to its unique properties, including high sensitivity, meliément capabilities, a wide linear range,
and the ability to obtain isotopic information, numerous applications across various fields such as
geochemistry, environmental studies, clinical and biological materials, can bgMsedmann &
Nischwitz, 2018)

ICRMS typically has a scanning quadrupole mass filter and a detector, &3@istrument which
operates with thelCP at atmospheric pressure and the MS and detector in a vacuum charhber.
fundamental principle employeith ICPMS is the use of a higiemperatureAr plasma discharge to
generate positively charged ioby exciting the outer electron of a growstiate atom to generate
photons of light with specific wavelengthsubsequently quantified using a mass spectrometer
(Agilent Tehnologies, 2024)The samplewhich isusually in liquid form, is introduced into a spray
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chamber andanebuliser. It exits as an aerosol and is subsequently directed, via a sample injector,
into the base of the plasma. Progressing through various hgatbnes within the plasma torch,

the sample undergoes drying, vaporisation, atomisation, and ionisation. Over this process, the
sample transitions from a liquid aerosol to solid particles, and eventually into a gas state. Upon
reaching the analytical zorw# the plasma, at temperatures around 6G&WO0 K, it exists as excited
atoms and ions, representing the elemtal composition of the sampl@homas, 2001)

ICRMS offers acomprehensive capability to measure virtually every naturally occurring element
and rumerous nonnatural 'radiogenidsotopes. However, there are certain limitations to ndter
example, elements such as H and He fall below the mass range of the massmpter and
therefore cannot be measured. Additionally, Ar, N, and O, which are present at high levels from the
plasma and air, cannot be accurately measured usinglSPFurthermore, F and Ne cannot be
ionised within an Ar plasma, thus precluding themeasurement with this technique.
Understanding these limitations is crucial for accurate and reliable analysis when utilising this
instrumentation. ICRMS is highly demanded due to its remarkable sensitivity, offering detection
limits well below 0.1 pptdr most measurable elements. This exceptional sensitivity makesI 8P

an invaluable tool for trace element analysis in various figddglent Technologies, 2024; Thomas,
2001) To achieve accurate and precise isotope ratios, meticulous attention is required during
sample preparation, instrument optimization, and mass bias corre¢¥amg, 209).

2.4. X-Ray Fluorescence (XRF) Analy&imciples

XRF (Xay fluorescence) is a nafestructive analytical technique used to ascertain the elemental
compositionof materials(Oyedotun, 2018)Various samplg/pes, such as solids, liquj@snd loose
powders, can be analgd. By measuring the fluorescergdcondary) Xays emitted from a sample
when stimulated by @rimary Xray source, XRF analysers determine the sample's chemistry. Each
element in the sample generates a distinct set of characteristic fluoresceaysX making XRF
spectroscopy an exceptional tool for qualitative and quantitatimalgsis of materibcomposition
(Bruker, 2024; ThermoFisher, 21)2

A typical XRF spectrometer consists of arayXsource, a sample chamber, a possible crystal
analyser, a detector and a signal processing instrument. Various detector types, including gas flow
proportional and scintillation detectors, are utilised teasure théntensity of the emitted beam

(Bruker, 2024; Schramm, 2016XRF instrumentation is categorizédto two main types:
wavelengthdispersive Xay fluorescence (WDRF) and energglispersive ay fluorescence
(EDXRF). The primary difference between these two systems lies in how they distinguish the
energies of Xay photons emitted from the sample. WDXRF uses a crystal to achieve high
resolution, while EDXRF empl@ysemiconductor detectof Mar gui et al ., 2022)

A samples irradiated with higkenergy Xrays from a controlled Xay tube. When an atom in the
sample absorbs an-pdy with energy greater than its K or L shell binding energy, an electron from
one of its inner orbital shells is ejectetihe atom subsequently stabdsby filling the vacant inner
orbital shell with an electron from a higher energy orbital shell. As the eledtamsitions to the
lower energy state, it emits a fluorescentray (Figure4). As Xray energy prompts electron
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transitions between shell levels, varying intengtef XRF peaks are generated and observed in the
spectrum. The peak energy identifies the element, while the peak height or intensity typically
reflects ts concentrationBruker, 2024; ThermoFisher, 2020)

- e photo electron
incident X-ray = ;

photon G

Figure4. XRF process sket(Bruker, 2024)

The result of XRF analysssstrongly dependent on sample preparatidrechniquesnclude XRF
pressed pellets and XRF fusion techni@@etts, 1987)The pellet technique isapid and simple
however, fusion gives higher precision with an ideally homogeneous sample but includes dilution
and therefore is rational to analyse only the major elemeRRF analysis cannot make a difference
between variationsn the isotopes of an elemeriSchramm, 2016)

2.5. X-Ray Diffraction (XRD) Analydisinciples

Xray diffraction (XRD) serves as a #umstructive analytical method enabling the exploration of
diverse crystalline material phases. While elemental analysis facilitates identifying and quantifying
constituent chemical elements, XRD offers a comprehensinedenstanding of element
arrangement within a material, focusing on its crystal lattiE®D allows the&etermination of
mineralogical composition dsed on obtained diffractogram@alvern Panalytical Ltd, 2024,
Speakman, 2011)

The periodic lattice arrangement of atoms in a crystal enabledliffraction of light. The scattering

of Xrays from atoms produces a diffraction pattern, which gives information about the atomic
arrangement within the crystal. The location of the diffraction peaks is dictated by the spacing
between parallel planes oftams (Speakman, 2011TheBragg's lawn Equationl computes the
angle at which constructive interference occurs, resulting in the formation of a diffraction peak
from Xrays scattered byhe parallel planes of atoms:

¢ _ ¢QOE+ )

where¢i s an i nt e@marks tlelinterplanar sgiacing.rreating the diffraction, and
the Xray incident angléKhan et al., 2020)The atoms within the crystal, owing to their regular
arrangement, generate a pattern of constructive interference fromvlaeswithin the scattered
X-ray beam(Speakman, 2011)

The main pad of an Xay instrument are an-Xay source, a sample holder and an XRD detector
Within an Xray diffractometer, distinct crystalline phases yield unique diffraction patterns. The X
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rays produced by the source illuminate the samg@efinely ground and dmogenised sample is

requiredto determineof the bulk compositionlt is then diffracted by the sample phase and enters

the detector. By moving the tube or sample and
angle between the incident and diffreedd beams), the intensity is measured, and diffraction data

are recorded(Figureb). Identification of these phases entails comparing theayX diffraction

patterns d unknown samples with those stored in reference databa$és. Rietveld method is a
semiquantitative technique that adjusts selected parameters to minimise the disparity between

an experimental profile and a model derived from the theoretical crystatsire and instrumental
parametergMalvem Panalytical Ltd, 2024; Speakman, 2011)

Figureb. Diffractometer scheméSpeakman, 2011)
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3. Methodology

To provide an overview of the distribution of rare earth elements in Estonian Lower Ordovician
complexes, IGRIS, XRF, and XRD analyses were conducted on selected samples from the Aseri
PHO12B borehole. The followingubchapters describe the data selection process, sample
preparation, and the details of executing the analyaisthe sampling and analytical studies were
carried out athe Department of Geology,allinn University of Technology.

3.1. Data ofAseriPHO12BBorehole

To investigate the distribution of rare earth elements in Estonian Lower Ordovician compiexes,

borehole PHO12Ras choself59.426053, 26.755267It islocated7 km southwesbf Aseri, Estonia

(Figure6). The borehole penetrates rock complexesfrtmaVao For mati on ( Uhaku S
Ordovician) tothe Tiskre Formation (Series 2, Cambriantluding limestone, glauconitic

sandstone, mudsine, black shales, phosphorjnd sandstonéMeidla, 2020; Meidla et al., 2014)

The drill core was drilled by the Geological Survey of Estonia in 2020. The diameter of the drill core

is 85 mmand the total length is 27.2 m. The core reeoy is 100% famost ofthe core( e Ma a p 6 u,
2024)

This boreholevas chosen as several higesolution geochemical investigations have recently been
conductedusing considered sectiq®raul, Kallaste, Moilanen, et al., 2023; Ndiaye, Liiv, et al., 2023;
Ndiaye, Pajusaar, et al., 202B%urthermore, it is located within the Rakvere Phosphorite Region
where active exploration of phosphatic sandstones and related rare earth elements resources is
ongoing. Nevertheless, beskglphosphorites, little is known about rare earth distribution in other
LowerPalaeozoic sedimentary rocks in the study and® lithologyof the borehole is summarised

in the Figure?.

} Aseri

Figure6. Borehole PH012B location. Asérida &\firemaa(Estonian Land Board, 2024)
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3.2. Rock Compleas Selectionand Samplindgresolution

Different rock complexes were selected to investigate theeraarth element distributions:
limestone, glauconitic sandstone, mudstone goltbsphorite (drill core boxes 5, 6, 7, 8). Black
shales are omitted from this thesis because of their physicochemical complexity and difficulty in
interpreting the results without further research. Samples were prepared for instrumental studies,
and asystematic dataet was compiledrepresenting 203 samples between depths 1424934 m
(Figure8). Unpublished data of phosphorite samples (depths 2826517 m) andome mudstone
samples (depths 21.321.55 m) published bidiaye, Pajusaar, et al. (202Bad beernincluded to

the analysed data set

19



Henri Olavi Suomalainen, Distribution of Rare Earth Elements in Estonian Lower Ordovician Complexes

Formation

(]
o
o
& PHO12B
HS001 - 14.49 -p
15.00 —
HS0O1 - 14.49 m o
o©
w
=
Z 16.00 —
[- 9
w
(=)
-l“l._._ -
™ ) 17.95
18.00 —|
Ow
= z
GLAUCONITIC SANDSTONE (z) g
19.00 — Oa
2=
33
)
20.00 —

20.05

21.00
HS203 - 21.34 )
2155

MUDSTONE

v

20
22.00 — ; .
:EEE
0nzZzous
¥ 0 5
GuEz
23.00 — 33a
[]
23.65 :
| w
| &
24.00 — o
o
x
o
(7]
o
T
y 25.00 — a
247 251 2517 —

Figure8. Drill core PH0O12Bvith selected samiihg intervals rock complexes and i&hological
profile. The depth between HS06114.49 m and HS20321.34 m marks the region in which the
samples wereollected andorepared by the author.

3.2.1. Descriptions ofSelected Rock Compleg

Theoverall observations afelected rock complexes of limestone, glanitic sandstone, mudstone
and phosphorite are described more in detail in the following paragraphs.

a) Limestone
The varicoloured limestorsof the Toila Formation present differefithologicalvarieties ranging
from greenish grey to browshadegFigure9). The upper part of the studied limestoweill core
crosssection contains Feoids and the lower partgreen glauconitic grains. The forn@t also
presents argillaceous laminae, discontinuity surfaces, nodular features, and small caverns.
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Figure9. Selected limestone s&on from the studieddrill core(depths 14.4917.95 n).

b) Glauconitic sandstone

The glauconitisandstone of the Leetse Formation presents a lithologically heterogeneous section
with varying grain sizes from sandstor@ mudstone and different shades greenishgreyish
colour due to the distribution of glauconitdstribution (Figurel0).

17.95 m 18M 187

oM

20M 20.05 m
Figurel0. Theglauconitic sandstone section frotine studieddrill core (depths of 17.980.05 nj.

¢) Mudstone
The mudstone from th&arangu Formation is mostly grey and presents a homogenous aspect, with
generally welpreserved horizontal (micrp lamination(Figurell). The lowerpart shows darker
shades, in transition with the black shales.

-'-A.A'.
4

20 05m

2M | 2152155 m
Figurell The mudstoneection fromthe studiedstudied drill coe (depths of 20.021.55 n).
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d) Phosphorite
The phosphorite section (the lower part of the KallavEmFrmation) comprises a basal cemented
coquina layer, followed by horizontal to cressninated sandstones with phosphatic detritus of
brachiopods. The upper horlzons comprise sandstone with black shale intefigdse(2).

25M 25125.17 m

Figurel2. Phosphorite section frorthe studieddrill core(depths 23.6825.17 m).

3.2.2. Sampling Rsolution

High sampling resolution (small sizes of the ceaemples) was selesdl to explore rock complexes

and capture potential primary or diagenetic variation in rare earth element distributions. The
samplingintervalfor limestone and glauconitic sandstone (depif#49 m to 20.05 m) was skt

5 cmand for mudtone samples (depths 20.05 m to 21.34tm)l cm. The phosphorite samples
have a resolution of 5 cninitially, continuous sampling of the core section was caraed for
targeted horizonsHowever, as the preparation and analysis processes aredonaiming, the
number of limestone and mudstone samples was reduced by picking selected materials in regular
intervals. Thusthe number of sampleanalysed is lower than the number of sampfaepared
initially (Tablel).

Tablel. Rock complexes and samplirggolution.

Number of  Prepared | Number of

Complex Analysis

Depths samples samples samples . REINEIS
name . resolution
prepared @ resolution | analysed
Limestone | 14.4917.95m Samples
Glauconitic prepared and
sandstone 17.9520.05 m 44 5cm 44 5cm analysed by thel
20.0521.34 m 89 1cm 19 5cm author
Mudstone
21.3421.55m - - 4 5cm Samples
_ prepared
Phosphorite | 23.6525.17 m - - 26 5cm
beforehand
87 samples
i were prepared
Samples in
P - 203 - 117 - and analysed by
total .
the author in
total
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3.3. Sampling and Sample Preparation

The firstsamplingstep was to clean the drill core of resid material from previougutting and
transportation which was started in February 20Z¢he selected drill core segments wénen cut

into regular piecewvith a sawand crushed and milled afterwardBigurel3). 203 samples were
collected in total: 70 limestone samples (HS®{8070), 44 glauconitic sandstone samples (HS071
HS114), and 8&udstone samples (HS1:H55203).

Figurel3. AseriPH012B dll core boxes 5, 6, 7, andd&fore sampling

3.3.1. Cutting

For limestone sampling, 1/8 of the drill core segment was processed; for glauconitic sandstone and
mudstone, 1/4th of the drill core was cut, respectively. Small pieces of rocks that broke apart from
the drill core segments duringutting made the samplingrocedure highly challengingspecially

for the mudstone part. Drill core segments were further cut to obtain intervals according to the
sampling schema explained beforehand. To preserve the 1 cm samples in the correct layout and
order, pieces were markkwith an arrow, and paper clips were used to separate the cut samples
(Figurel4).

RN it

oy geiimin )

Figurel4. Mudstone samplearedividedby papers to keep the layout and order.
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3.3.2. Crushing

The first comminution steps for limestone and glauconitic sandstone werduobed with a Retsch
jaw crusher Crushing was done to reduce samples to 2AQ0nm fraction, and after, to-2.5 mm.
Mudstoneswere crushedwith a hammer between paper towel sheets.

3.3.3. Milling

Materials were ground using a tungstearbide grinding set and the Rocklabs Benchtop Ring Mill.
The milling time was set at 3 minutes, and each sample grain size was checked to ensure a
sufficiently fine grain sine. The grinding set had to be cleaned between each sample, arelafier

10 samples othe change of rock complexes, milling with abrasive quartzdeswvas used to
remove impurities. Some glauconitic sandstone samples turned out teehlarger grains durinigpe
analysis preparation antad tobe milled again beforecontinuingsample preparations for analysis.

3.4. ICRMS Analysisviethodology

Rare earth quantification in with I@RS required complete digestion of samples and several
dilution steps to bring dowthe total dissolved solids concentrationtime solution. Procedures and
parameters used fothe ICPMS analysis are summagis in thefollowing subsections.

3.4.1. Sample Preparation for ICRIS Analyss

The sample preparation for I®WS analysis involved measuring the loss on ignition (&ad)
preparing sample solutions with borate fusion and dilution.

a) Measuring theloss onignition
The samplgreparation for ICBMMS anal ysi s began with oxidising
the LOI and to ensure the removal of moisture and volatiles (organic content, carbon dioxide and
hydrated compound). The LOI process

1 Ceramic crucibles were weighedtivMettler Toledo weight.

1 2.5 grams of finely crushed sample powder was weighed into crucibles.

1 Crucibles with samples inside were put for 30 minutes to an hour into the drying cabinet to
remove any excess moisture from the samples.

1 After taking the samles out, samples were weighed again.

I Samples were then put into a muffle furnace. Settings ugeldours of heating the samples
at 950°C.

1 ThelLOIl was measured by weighing the crucibles with samples inside. Oxidised samples
were removed from the crucibles, homogenised in a mgad then stored.

b) Preparingthe ICRMSfirst dilution and conducting thefusion
50 ml tubes, Teflon beaker cupsagnets, 10% and 1% HjEodlution, ceramic crucibles, ultgure
lithium borate flux, platinum crucibles, were used for those procedures. The following steps were
applied for aliquot preparation:
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1 0.1 gof oxidised sample powder and 1 g of borate flux wesighed into ceramic crucibles,
mixed with a vibrating shaker, and poured into platinum crucibles.

1 The platinum crucibles were then set, the Teflon beaker cugre illed with 45 ml of 10%
HNGQ solution and a magnet was put in each of the cups. Fusioncaagucted by using
Claisse M4 fusion instrument.

1 After fusion magnets stirred the liquid inside Teflon beaker cups. Any drops stuck on the
crucibles were removed and transferred into the beaker cups to ensure full recovery.

1 When the sample was completetiissolved, homogenised content was poured into a 50
ml tube. 1% HNgsolution was finally added to fill up to 50 ml.

1 Rigorous cleaning procedures were applied for the used equipment before preparing the
next sample batch.

c) Preparing the ICRMS second diltion
Forthe second dilution step 1@l tubes, 50 ppb bismuth and05ppb indium internal standard
solutions, 1% HNO3 sudion, first dilution tubes, gipette and safety equipmenivere used.The
process is described below:

1 1 mlof Bi and In standablutions were added to the 10 ml tube.

T 0.5 ml of the solution from the first dilution tube added to the same 10 ml tube.

T 7.5 ml of 1% HNgolution was then poured. The total solid content (TDS) was calculated.
Total samplalilution rates were in the rang of 8000 to 9000.

1 Pipette tips were replaced after each use to ensure maximum precision.

3.4.2. Conducting thdCRMS Analysisand Data Obtained

ICRMS analysis was performed using a Thermo Scientific iICAPQ instrument for the measurement

of quantitative elemeral concentration of 50 trace and major elements (or their dominant
naturally occurring isotopes) such as: Na, Mg, Al, P, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ga, Ge, As Zn,
Se, Rb, Zr, Nb, Mo, Ag, Cd, Sn, Sb, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, &d, Dy, Mb, Lu, Hf,

Ta, W, Tl, Pb, Th, U. Element calibration solutions feMEmvere prepared from mufelement

calibration solutionsEach calibration solution set wasgpared in four concentrationdt, 10, 100

and 1000 ppb. Calibration curves welieear and forced through blank. The coefficient of
determination of the calibration curves was typically in the range of 0.999 to 0.9999.

Quantitative measurement of element concentration was measured at two different medes
kinetic energy discrimin&n (KED) mode (also referred to @sllision Cell Technologyor the
elements with an atomic weight fro 45 to 85; and a standamode for other elements. In KED
mode, a gas mixture of 8% hydrogen in helium is fed into the mass spectrometeruoceréue
interference. Argonwas used as the plasma gas. Measurement results were automatically
corrected for drift and matrix effects (matrix loading) using internal standard recoVeeyworking
principle of ICRMS analysis is described in paragragiB Inductively Capled Plasma Mass
Spectrometry (IGIRIS) AnalysiBrinciples
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3.5. XRF Analysislethodology

The XRF measurements conducted for the current study consistathlysi®of XRF fused discs and
powdered pressed pellets. The settings used for sample preparation, analysis and different data
treatment parameters are listed in the following paragraphs.

3.5.1. Sample Preparation for XRF Disc Analysis

The sample preparation for XRFa&nalysis involves measuring the loss on ignition (LOI), sample
preparation for fugon, and conducting the fusioithe process of measuring the loss on ignition has
been described earlier in chapt8r4.1and is conducted identically.

a) Preparation of fused discs
The preparation for XRF fusion started with preparing ceramic crucibles, pure borate flux, platinum
cruciblesand platinumcrucible noulds.

1 Ceramic crucibles were weighed with Mettler Toledo weight.

9 10 grams of pure borate flux and 1 g of oxidised (LOI) sample powder were also weighed,
added into the ceramic crucibles, and mixed thoroughly.

1 The prepared mix was added into platinum chles and fusion was conducted using fusion
instrument Claisse M4. The melt waastinto mould and afterwards, XRF discs were
labelled.

3.5.2. Sample Preparation for XRF Pellet Analysis

The sample preparation for XRF pressed pellet analysis started with prepasittgMowiol glue
(CHCHOH)solution, hydraulic pellet press equipment, and miscellaneous lab items such as a
mortar with pestle and a syring@&he process as described below:

1 8-8.5 grams of finely crushed sample powder was added into the mortar anddemised
with a pestle.

1 4-5 drops of 5% Mowiol glue was added to the sample using a syringe. The glue drops were
covered with sample powder and mixed with the pestle3 2times to ensure
homogenisation. The mix was transferred into the press mould.

1 Preparal mould with sample was put under the press and 5 tonnes of maximum pressure
was applied to compress the powder. The pellet was then taken out of the press mould,
labelled, and dried for 125 minutes.

3.5.3. Conducting theXRF Analysis

To conduct the XRF analysis and analyse XRF discs and pellets, a Bruker S4 Pioneer wave dispersive
XRF spectrometer was used. Already existingouse calibrations based on internationally
acknowledged comparative tests were employed. The apparatus ogeadt3 kW with a rhodium

X-ray tube. One measurement takes approximately 15 minutes for XRF discs, and 30 minutes for
XRF pellets. The working principle of XRF analysis is described in patagbéptay Fluorescence

(XRF) Analysirinciples Spectra PLUS and a tool called EVAL2 were usetegiigate the results.

The XRF analysis of fused glass discs provided mass percentages of major elements in oxide format:
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SiQ, TiQ, AkOs, Fe0s, MNO, MgO, CaO, Na, KO, BGs, SQ). Measurements of pressed pellets

also provided concentrations of majoompounds (the list above plus S a@{), but were used to

provide volatile, such as F and £énd 23 minor components data (As, Ba, Br, Ce, Co, Cr, Cu, Ga,
La, Mo, Nb, Ni, Pb, Rb, Se, Sr, Th, U, V, W, Y, Zn, Zr). The data of the XRF disc analysis is used
correct the results of the XRF pellet analysis. The results of XRF discs are calculated for the initial
sample (including the mass percentage of LOI).

3.6. XRD Analysisethodology

The XRD analysis methodology consists of sample preparation, analysistaticedtment based
on Rietveld refinement to interpret the semuantitative mineral composition. The settings used
for analysis and different data treatment parameters used are listed in the following paragraphs.

3.6.1. Sample Preparation for XRD Analysis

The sample preparation for XRD analysis starts with preparing a mortar and a pestle, ethanol and
an XRD specimen holderhe materialvasprepared adollows.

1 Approximately 0.1 grams of finely crushed sample powder was put into the mortar, 0.1 g
of alcohol was added, and the mix was homogenised with a pestle.

1 The sample wasmeared evenly across the surface of the sample holderinghe drying
cabinet, and nalysed

3.6.2. Conducting theXRD Analysis

XRD analyses were performed with a Bruker D8 ADVANCEBetgno Xray diffractometer at

35 kV, 40 mA and the wavelength of 1.79 A was u
and LYNXEYE detector. Ttidfraction data wasc ol | ect ed bet wezth. 50neand
measurement took approximately 18 minutes. The working principle of XRD analysis is described in
paragraph2.5 X-Ray Diffraction (XRD) Analy§isinciples The Bruker DIFFRAC SUITE software
package EVA and a reference databasgst@liography Open Databasegre usedto determine

the minerals that are occurring. The main software used for XRD pattanadysis is
DIFFRAC.TOPAS, utilisghg et ve |l d’ s filméting @ith XRDanalygkenvquantitative

mineral contents of dolomite, Gdolomite, orthoclasequartz, pyrite, calcite, chlorite, muscovite,

anatase, apatiteCaF, sanidine, goethite, zircon and glauconite were obtained for different rock
complexes.
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4. Results

The results summarise multistrumental (ICRMS, XRF and XRD) data obtained fionestone,
glauconitic sandstoneandmudstonesamples from the Aseri PHO12B core, collected and prepared
for the thesis by the author, as well as unpublished results of some mudstone samples and the
whole set ofphosphorite samples which haveeen recently analysedsing similar study schema.

As stated in the introduction, the main focus chosen for this thesis is to present an overview of REE
distribution in the Lower Ordovician complexes. Thus, the primary information about rock
complexes, theimineralogy major eements and the REE contents are presented in the following
sections A summarising graph of the results can be foundppendixl.

4.1. Mineralogy of Studied Lithologies

The average sentjuantitative mineral composition of the samples obtained based on XRD Rietveld
refinement is presented visually on column chaRiy(rel5, Figurel6) and a depth profileRigure

25). The mineralogy afach sample complex is given aaiog to XRDPesults with related standard
deviations After an overall description a@lie mineralogy of the rock complexes, all rock types are
analysed in detail below.

4.1.1. Average Mineralogy

Figurel5andFigurel6give an overview of the mineralogy of studied complexes. The highest levels
ofdolomite( CaMg ( COs) o) can be detected in |imestone
highest levels otalcite ( Ca C O3 ) are associated with | imesto
feldsparscan be found in mudstones (51%) and glauconitic sandstones (13%); maxjunautn

(Si O2) content appears in phosphorite %jthd %), gl
highestpyrite (Fe$) concentrations can be detected ingdphorite (2%). Concerning claynerals,

the maximum chlorite ((Mg,Fe)(Si,AROo(OH)- ( M g(OlFRE ) muscovite
(KF)(ARG3)3(SiQ)s(H0)) and/or illite (KHO) - ( Alz, (M, BNYHO)]) levels are

detected in mudstone (3% and 16%)Jauconite((K,Na)(Fe,Al,Mg)Si,AO.o(OH}) can be mostly

found in glauconitic sandstone (34%). From minor phasegase(TiQ) content is the highest in
mudstones (0.55%); whilgrcon (ZrSi@) can only be detected in phosphorites (0.02%patite

(Ca(PQ)) amount peaks in phosphorite (18.90%), and locally in limestone (1.73%) and glauconitic
sandstone (1.46%))Goethite (FeO(OH)) appears in limestones (1.83%). It should be noted that
presentedf el dspars data include the merged XRD res
( KAI Si gh&daja pf ddomites includhe results of dolomite and G@olomite.
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Figurel5. Average mineralogy of studied rock compleresording to XRD RietvedthalysesThe
standard deviation whisker shows how widely the samples are dispersed from the mean.
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Figurel6. Average mineralogef studied rock complexesccording to XRD Rietveddalyses.

a) Limestonesamples
The average main composition of limestone samgesn inFigure16 and Figurel8 is calcite
(44.65%), dolomite (40.06%), feldspars (4.87%) and muscoitie(8l56%) At the approimate
depthof 16.75 m, the dominanimineral changes from calcite to dolomite. The first 4 samples
(depths 14.5615.08 m)show significant goethite conterfaverage 10.25%;igurel?).
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Limestone samples
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Figure 18. Mean values and standard deviation of the limestone mineral phaSke lower
boundary of the box is the 1st quartile (25th percentile) the upper boundatiieobox is the 3rd
quartile (75th percentile)and the whisker caps' locations show the minimum and maximum values.

b) Glauconitic sandstonsamples
The average composition of glauconitic sandstone samples is glauconite 34.35%, quartz 27.94%,
dolomites 12.95%, feldspars 12.82% and muscovite/illite 8.398tie16, Figure20). The upper
half of the samples (depths 17.98.75 m) presenta high content of dolomite and the amount of
glauconite generally increases with depth being the highest in the middle patteof eetse
Formation Figurel9). Notably in the lower part of the formationapatite-rich intervas could be
followed.
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Glauconitic sandstone samples
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Figure20. Mean values and standard deviation of the glauconitic sandstone mineral ghase

c) Mudstone samples
The average mineral composition wiudstone samples from the Varangu Formation is feldspars
51.19%, quartz 26.34%, and muscovite/illite 16.2B¥urel6, Figure22). The samples have quite
similar mineralogical compositiorexceptthe last 4 samples (depths 21.301.55 m) where
feldspars content decreas and pyrite cotent increases (average 13.14Bigure21).
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Mudstone samples

Phase content (%)

HS-T15
HS-120
HS-125
HS-130
HS-135
HS-140
HS-145
HS-150
HS-155
HS-160
HS-165
HS-170
HS-175
HS-180
HS-185
HS-190
HS-195
HS-200
HS-203
MN22-01-04
MN22-05-09
MN22-10-14
MN22-14-19

Dolomite = Feldspars = Quartz ®Pyrite mChlorite mMuscovite/lllite  Anatase = Apatite

Figure2l. Mudst one s amthdVarangu Formatigm=238) o g y

55
— 50
& 45 51119 #—Mean Mudstones
§ 40
g- 35
E 30 2634
e 25
g 20 16.28
% 15 =
3 0
£ 5 035 0.63 272 000 055 000 039 0.00
0 —ii— = s 0 pn ——®m g
g ¢ £ £ £ 8 2 2 5 2 9
o o) < = = E E =
= o o s c 2% ¢ e O 5 =
5 g 5 & = 0 8 © N 8 o
© ko) O 3~ 3 < < O
&) L > 0

Figure22. Mean values and standard deviation of the mudstamaeral phases

d) Phosphoritesamples
The average mineral composition of phosphorite samples from the Kallavere Formation are quartz
74.98%, apatite 18.90%nd pyrite 2.50%Higurel6, Figure24). The samples in depths 23:88.15
m and 24.7525.15 m have higher values of apatifgégqure23). The lower part of the studied profile
also preserganotable proportion of dolomite.
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Phosphorite samples
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Figure24. Mean values and standard deviation of ffi@osphoritemineral phases

4.1.2. Mineral CompositionDepth Model

Tovisually present the mineralogical variaticen mineralogy depth model of 5 cm resolution was
created for the depths of 14.5@5.20 metres(Figure 25). me rock complexes hatbwer
resolutiondata availablebut to achieve a 5 cm resolution modedlated datawere interpolated
between the samples by averagifithe average mineralogyf rock complexebas beerdescribed

in paragraph4.1.1
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Figure25. Mineral compositiommodel (resolution 5 cmipr the studied drill core prfile based on
XRD Rietveldnalyses.

4.2. Major Elements of theComplexes

The XRF disc analysis result$igure26 describethe distribution of the major elements the
samplesIn the composition dfimestonesCa((35.48%,) SiQ (10.10%pand MgQ(7.40%dominate

in glauconitic sandstone SiQ (56.14%) AbO; (9.78%) FeO; (9.32%)and KO (5.92%)are present
via major compoundsn mudstonesSiQ (63.28%,) AbOs (15.41%,) KO (8.89%)and Fe0s (3.63%)
occur via major elementsandin phosphorites SiQ (64.88%,) Ca0(15.32%) and P,Os (10.08%)
appear as dominant compounds
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Figure26. The majorcomponentsaverage contendf the studiedrock complexes based on XRF
analyses

To create a major components model of thedied lithologies, Gnajor elements (ADs, FeGs;,
MnO, CaO, #s and SGQ) were chosenKigure27). Al.Os; contentis generally high in the whole
mudstone section (20.081.55 m) but also peaks at the boundary of limestone and glauconitic
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sandstone complexes (depth 17.95 nkeOs; concentrationis the highest in the uppermost
limestone samples (depths 14.65 m and 14.95MnO content remainslow compared to other
elements,but shows highevalues in the limestone horizodepths 16.7617.90 m).CaOpeaksin
the calciterich section of the limestone of the Toila Formati®Oshas largeipeaks at 19.90 min
the glauconitic sandstone regicaand shows elevated concentration throughoutd phasphorite
horizon(23.6525.17 m-larger peaks a23.95 m, 24.40 m, and in the range 242810 n). Snaller
peaksof P.Os can be detectedat 14.5014.95 m,15.10 m, 15.70 m16.65 m and 17.70 m for
limestone horizonsand20.20 m and 21.50 for mudstone sampl8& content peaks at 21.50 m
above blackshale complexes and presetitigher values also iphosphorites.
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Figure27. Major components model (resolution 5 crfgr the studied drill coregorofile based on
XRF disknalyses.

4.3. Rare Earth ElementBistribution

The average RE&GNtent of the samples obtained based on4&8 data is presented and visualised
in the following subchapters.

4.3.1. Average REE Content

Figure28 provides an overview of REE distribution in all the rock complexes; the highest value of
each REE can be found in phosphorite. The total REE contem &verage95+2 ppm for
limestones 142+2 ppm forglauconitic sandstonesl5#6 ppm formudstonesand 10223 ppm

for phosphorites All rock complexes are described separately below.
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Figure28. The averageontent of RE&in studied rockcomplexes based on I@dPSanalyses.

When the average REE values of all the rock complexes are compiled, Ce, Y, La, and N appear
the most enriched elementd$-{gure29). Based on the figurahe sum oflight rare earth elements
(LREEjLa, Ce, Pr, Nai all the complexess 929.23 ppmmedium rare earth elements (MREE)
(Sm, Eu, Gd, Tbh, Dy) is 161.07 ppm, lzewly rare earth elements (HREEo, Er, Tm, Yb, Lu) is
51.54 ppm.
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Figure29. Total REE content by elements and rock compleias.division of REENto light REE
(LREE), medium RBEREE) and heavy REE (HREH#gsented.
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a) Limestone samples
Asshownin Figure30, limestones have considerablygheer values o€e, La, Y and Nd compared to
other REEs, while those elements also skhayher variability and standard deviation.
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Figure30. Meanvalues and standard deviation REEin limestone

b) Glauconitic sandstone samples
The glauconitic sandstone samples also have higher content values of Ce, La, NEigaeY1).
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Figure31. Mean vales and standard deviation of REEglauconitic sandstone.

c) Mudstone samples
The mudstone sampleshowthe highest content of Ce, La, Nd, and Y among Btdtire32). For
these elements, the standard deviation is also higher.
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Figure32. Mean values and standard deviationREESs imudstone

d) Phosphorite samples
The enrichment pattern with Ce, Y, La and Nd as the most enriched REE is also refibateasi

of phosphorite sampled={gure33).
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Figure33. Mean values and standard deviationREES in phosphorite

4.3.2. REE Content and Model of the Drill Core

To providean overview of the REE distribution variability in stkedied proportion of thedrill core,

the same depth model described earlier in pguaph4.1.2was usedPeak concentrations of REEs
canbe detectedin Figure34 at depths of 17.95 m19.90 m, and 20.20 m, but highedREE values

are detected from 21.25 m to the end of phosphorite samples at 25.17 m. The model in the
logarithmic scale ifrigure35 shows that the REEact quite similarly in the whole section. Peaks of
individualelementsappearat depthsof 16.70 m, 18.00 m, 19.95 m, 20.20 m, 21.40 m, and in the
phogphorite region of 23.625.17 m. Theninimum REE valuappear at depths 16.15 m, 16.40 m,
16.85 m, 20.05 m, 20.30 m, and 24.80 Figure36 illustrates the sum of REcontent by 5 cm
resolution. Peaks of REE can be seen at depths of 19.90 m, 19.95 m, and 20.20 m. The amounts of
REE start to rise from 21.30 m to the phosphorite samples, declining at 24.80 m and peaking at their
maximum at 25.05 metres.
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4.3.3. REBENormalised Rtterns

To characterise REE distribution in sedimentary rocks, normalised values are commonly used to
indicate enrichment or depletiorespect tostandard compilations, such as PAAS/erage Post
Archean Australian Shale, employed in this th€$mylor & McLennan, 1985The normalised
values are calculated by dividing the original values by those fhenstandard data setsThis
method also helps to eliminatéhe 'zigzad patterns seen in nomormalised REE distribution
graphs, occurring due to the Odditarkins effect- where rare earth elements with even atomic
numbers are more abundant than their osdimbered neighbours and the lighter REE are
predominant die to their larger iorc radii(Harkins 1917)

The normalied REE patterns for the studied limestone, glauconitic sandstone, and mudstone
suggest that the enrichment levels of these complexes are similar to that of averagd\siiaés

of Figure37, Figure38 and Figure 39 cluster aroundl). However, in the case of phosphorite, some
REESs showp to tenfold enrichment(Figure40). Limestone samples exXit a pronounced negative
Ceanomaly and a strong positivEu anomaly. Glauconitic andstone samples show a strong
negative anomaly for both Ce and Y. Mudstone samgligslay strong positive Eaeaks in certain
instancesand the maximum REE values of mudstones are related to the Varangu Forrii&ton
lowermost samples (21.35 to 21.50isplay a different behaviour, with an enrichmesftup to 3-

fold and an MREE bulgeHgure 39). Additionally, some phosphorite samgl@resent a negative
anomaly ofCe and Y. Despite the varying enrichment levels, a common feature of the limestones,
glauconitic sandstones, and phosphorite is MREE enrich(Rénire41).
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Figure37. PAAS normaliseREE distribution ithe Asei PHO12B coréor limestone sample
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Figure38. PAAS normalised REE distributiothinthe Aseri PH012B ce for glauconitic sandstone
samples.
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Fgure39. PAAS normalised REE distributiothemAseri PHO012B coreor mudstone sample
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Figure40. PAAS normalised REE distributiothenAseriPH012B coréor phosphorite sample
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5. Discussion

This section of the thesis will be used to discuss the restiltse thesisand use them to make
further conclusionsabout the distribution of REE in Estonian Lower Ordovician compléxes.
summarise some of the key resulton average, the highest total values of REE can be found in
phosphorite, after that in mudstoneand glauconitic sandstones, whiimestoneshave the lowest
content of RE& Thegreatest proportiorof the RE&in therock complexesomprisesfthe LREES,
then MREE ard the lowest amount is the HR&EEThe normalised REE patterns for the studied
limestone, glauconitic sandstone, and mudstonggest that thegeneralenrichment levels of
these complexes are similar to that of average siBBAS normalisation) oever,in the case of
phosphorite,REESs show up to tefold enrichment.

5.1.1. Comparison of the Results to Reference Détam Estonia

When @mparing the results obtained in this thesis to the reference data provideldiipyi et al.
(2000) as shown inFigure42, which includes limestone, dolomite, mudstone, and black shale
samples used for calibration and control in various analyses over the years, several observations
can be made. The closest reference samples to those analysed in this thesis3doe Ewestone
(Vao Formati on, N6 fdrddlomite (Kurdla Stage; Middle OrdoviGian), and Es

1 for mudstone (Lontova Stage, Early Cambrian). Notablylirttestone and mudstone samples
exhibit significant differences in REE enrichment magnitude. All reference limestone and dolomite
samples fall below the-fiold value lineandthusrelative REE depletion, whereas the thesis results
show astrong positive anmaly for Euand a general enrichmenBoth the reference and thesis
data display lower Ce and Tb values than neighbouring elemémésreference dataf carbonate

rocks indicatea peak for Y, which is not observed in the thesis samples. While the qattealn is
similar, the thesis data offers higher resolution and includes more detailed sample patterns. The
reference mudstone sample shows REE enrichment abovefibid ¥alue line; however, mudstone
samples fronthe Varangu Formatioanalysed in the tasis exhibiawide enrichment rangewith

at least half of the samples showjiwvalues below the-fold line.
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Figure42. Average shalmormalisedREE reference dateom Estonia(Kiipli et al., 2000)
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5.1.2. REE Bhaviourand Enrichment

To assess the REE pairwise relationships with different components, Pearson correlation
coefficients(R)for REEs and selectedmponents arealculated for each rock complex. Compared
datasesinclude the REEs, major mineral components, and Zivard, which carenrich together

with the REEsThe correlation beveen MnO and REE enrident has been observed §raul,
Kallaste, Pajusaar, et al. (2023)

As presented ifTable2, the limestones of the Toilkormation show a strong positivercelation
between most of the REER{.80), except for Eu anda, which have medium or low correlation
with other elements (0.41 to 0.57). Calcite and dolomite show none or very weak to moderate
negative correlation resgetively to each other-0.95), and with REESO(10 to -0.45). Apatite
presentsa good correlation with all REE @.55), except Ew0.22). With calcite, there is almost no
correlation. It can be concluded that calcite formation did not have major coriro REE
acawmulation in primary sedimentg.eldspars and Zr seem to present an increasing covariance with
HREE. As there is also a strong correlation between the abundance of quartz, feldspars, clays and
Zr £0.70), which make up detrital admixture imkstones, the measured REE signal is likely partly
inherited from terrigenous fraction and thus dependent on source, weathering and sediment
sorting during transpor(Bayon et al., 2015Nevertheless, the REEscashow a similar moderately

to strong positive correlation with seaborne detrital compounds, such as goethite (0.24 to 0.72)
and apatite (0.27 to 0.74).

Table2. Pearsorcorrelation coefficients of REEsain mineral phases arsglected minor elements
in limestones.
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Regarding glauconitic sandstones, there is a strongigesibrrelation between mofRREEs0.70),
except La, which shows a low covarianc®.@5) [able3). No correlation to strong negative
correlation was detected between glauconite and all REE® -0.61). Quatz, dolomite, and
glauconiteexhibit negative correlatios with each otherx( 0 to -0.65). Feldspar, clays and Zea
positivelyrelated. MnO presents a strong positive correlation with dolomite (0.98), and to erless
extent, with HREE (0.10 to 0.50otably, a strong positive correlation between apatite and REEs
suggests that REE capture in glauconitic sandstomassslikely connected to apatite distribution.
The lowetrcorrelationbetween apatite and.a,and themoderate positive correlationf Lawith clay
phasesgcan be connected to specific behaviour of La in marine environnféisott et al., 2019;
Grenier et al., 2018)
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Table3. Pearson correlation coefficients of REBain mineral phases and selected minor elements
in glauconitic sandstones.
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In Table4, the correlation coefficierst for themudstone sampleare presentedA strong positive
correlation between all REEs (.95), except La which has a weaker correlatio®.70), is
observed. REs show a moderately strong correlation with apatite and quartz, except Eu, which
presents weak covariance with apatite distributiorhere is a negativeorrelation between the
REEs and feldspars, clay minerals and Mn@(70).Aimost no correlation between Zr anREE
distribution could be detectedConsidering that the REE enrichment is statistically connected to
quartz and apatite, apatite is likely the main carrier phase of REBas to be noted that Eu
presents Bghtly less negé@ve correlationwith dolomite and feldsparscompared to other REE, and

is most likely connected to redox conditions due to its ability to exisbth B2 and +3 oxidation
states(Bright, 2020)

Tabled. Pearsm correlation coefficients of REBsain mineral phases and selected minor elements
in mudstones.
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A strong positive correlation in phosphorites can be detected with all thesREE98) except with
La and Ce, whickhowslightly lower orrelation coefficientvalues¥ 0.89;Table5). The strongest
correlation of REEsvith other compounds appears witlapatite, dolomites and MnOAll
terrigenouscompounds such & quartz, clays, and feldspahow negativaelationshipwith REE
and apatiteq -0.42).There is almost no correlation between REEs and calcite.
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Tableb. Pearson correlation coefficients of RERain mineral phases and selectetinor elements
in phosphorite samples.
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If we consider the relations o8 contents and the total conterif REE§Figure43), the Rearson
correlation coefficient R for limestones is R=0.7gjauconitic sandstoegs R=0.80, mudstones
R=0.59 and phosphoritd&=0.63Calculating thestatistical significancé)with the TTEST funcin

in MSExcel providep=1.18EL3 for limestones, p=1.86&3 for glauconitic sandstones, p=4.49E

for mudstones, and p=1.98Hl for phosphoritesBecause £0.05 for all the complexes, there is a
statistically significant differenc@he higlest coefficient of correlatiofior those variables can be
found in the cas of glauconitic sandstoise(very high correlation) then limestons (high
correlation) phosphorites (high correlation) and mudstone (moderate correlation) In all
lithologies, the amount of REEs increases with the increase@fd®ntent. The similartrends
observed suggest that the REE abundance followed the same behaviour in the entire studied
section, thus that, even in low proportion, apatite controlled the REE uptake and resulting signals.
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Figure43. Relation between #s and the REEs in aludiedrock complexes.
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As it could be seen from the normalised graphs presented before, there is a significant MREE
enrichment in phosphorite samples but also limestsaad sandstons, whichin general present
MREEenriched patterswith respect to average shaléBright et al., 2009; Picard et al., 200#us
confirming the significant influence afatite on REE signalslodern seawater exhibits patterns

that are enriched in HREBddepleted in LREE, and these patterns have likely remained consistent
throughout the Phanerozoi¢Shields & Webb, 2004 Conseqgently, the enrichment oMREE
relative to LREE and HREE suggests either a preferential uptake and fractionation relative to
seawater or an inheritance from terrigenous sourc&aul, Kallaste, Pajusaar, et al. (2023)
interpreted the development of MREE enrichment in shelly phosphorite as a result of progressive
uptake and fractionation during diagenesis, influenced by the input of rare earth elements to the
primary sedimentsvith FeMn oxyhydroxides.

5.1.3. First Paleoenvironmental Bta

To gathermore specifidnsights into sedimentary environments, differeaemental ratioscan
deliver valuable clues about the prevailing redox conditions or sources sf{RiD et al., 2021)
While neighbouring rare earth elements behave similarly in geological processes, particular
environmental caditions might trigger fractionation and decoupling between such REEs,
producing distinctive elemental dégtion or enrichment in normaled REE patterns. Thus, for
example, Ce anomaly, which appears due to the resnsitive nature of Ce, is widely ustxd
interpret the paleoredox environmen{German & Elderfield, 1990; Gong et al., 2021; Tostevin,
2021) A negative Ce anomatuggests oxiding conditions, while a positive anomadyattributed

to reducing conditionsTheCe/Ce* vs Pr/Pr* diagranfFigure44) illustrates relationships between
Ce and Panomalies based on calculated ratiosEquations2 and 3 (Bau & Dulski, 1996)t is
evidentfrom thefigurethat only shely phosphorite samples fall inthie 'anoxic' fieldln contrast,

all other samples produce 'suboxic' signatures or reach the 'oxic' ranges for a few limestones.
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To assess whether the sequestered REE budget reflects the inputs of marine or terrigenous sources,
the Y/Ho vs SmYb relationswere investigatedBau & Dulski, 19967 he Y/Ho variable is employed

due to the slightly different properties of these elements: Y is likely to be enriched in ergben
seawater, givin@ high Y/Ho ratio in marine settind®au & Dulski, 1996; Lumiste et al., 2019)
Converselyin terrigenous sources, Y/Ho tends to be closechondrite values (2830), or even

lower based on the detrital sourc€Pak et al., 2007)It can be seen ifkigure45, that studied
lithologies prevailingly produca 'terrigenous input' signal, exceffior phosphorite samples, most

of which produce moreseawaterlike signatures.
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Figured5. Y/Ho vs Sn¥bscatter plot. Afte{Kocsis et al., 2016)

The Eu anomaly observed in the complexes can be derivedrfroltiple sources.To assess the
influence of terrigenous mineral vs seawater and the source of Eu andd@dd vs Eu/Eu*
relations are investigatedKigure46; Equatiord). The limestone samples produce a high range of
Eu/Eu*, however, all the other complexes seenbwgrouped Recorded irregular Eu/Eu* signals

for limestone might indicate Ba interferences with Eu signals during/l€mMeasurements leading

to overestimation and poor accuracy of Eu val(Barrat et al., 2020)However, this might also
indicate a potential hydrothermal influence, as strong positive Eu anomalies have been attributed
to hightemperature fluids( Mi char d & A lobaMneddeFe cydli8g8irglyence in
diagenetic environmenti the studied limestone@Chen et al., 2023; Hood et al., 201dpreover,

a few mudstone samplesso have higher Eu values. Mudstoaesmainly comprisd offeldspars

which might dissolve, leading to the remobilisation of related REEs, such as Eu, and redistribution
might lead to a local increase of Eausing aranomaly(Gong et al., 2021)
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Figure46. Ba/Nd vs Eu/Eugcatter plot. Afte(Zhang & Shields, 2023)

The aptite influence alsdas a ponouncedeffect on the REE signals. For instance, limestones are
likely to have formed in a suboxic to oxic environmé¢Bau & Dulski, 1996which is usually
indicated by a pdsve Y anomaly- as observed iiiipliet al. (2000)Apatite is a mineral that can

form during the early diagenesis and 'capture’ significant REE content, thus overprinting the other
minerals/phases signature6 L é cuy er e The parVasive oc2ubrénde)of apatiten all
complexes indicates that the seawater and sediments were rich in nutrients or organic (zater

et al., 2023; Wu et al., 2022)

Glauconitic minerals can be typically found in shallow marine sedimentary environauetsre
indicative of very slow depositionratRu bi 0o R é Lk @ g e Th&RER ebitent of glauconite

is primarily derived from lithogenous clastic material, with minimal contribution from seawater.
The commonly observed negative Eu anomaly in glauconite is likely inherited from the source
material, which is the substrate on which glau@ets authigenic growth occurre(Tribovillard et

al., 2023)Nevertheless, REE signatures for more enriched glauconitic sandstone samples are likely
mixed signals obtained due to elevated apatite content.

5.1.4. Limitations and Future Research

Preparing an@donducting this thesis was associated with certain limitations. For instance, the scope
of sampling was confined to just one borehole, and due to time constraints, many samples still
require preparation and analysis to establish -fesolution depth mode, particdarly for
mudstones, wher@chieving a 1 cm resolution is necesdarypaleoenvironmental interpretation
Further research should encompass data from additional sections ofbtiehole or other
boreholes withthe same lithologies.

One avenuedr exploration could involve developing a regional model for REE distribution in
sedimentary deposits to evaluate the regional potential, including neighbouring countries. While
the primary objective of this thesis was to provide an overview of the didtdb of REES, the next
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step entails utilising the data for more-@epth research and analysis. Additionally, utilising REE
proxies to infer past climate and oceanographconditions could significanthenhance
understanding ofarine paleoenvironments bih from local as well as on a regiorg@rspective.
However, interpreting REE data requires expertise in geochemistry, mineralogy, and
sedimentology, highlighting the interdisciplinary nature of research in this field. Furthermore, a
broader perspective ahmore detailed background knowledge are essential for conducting further
research effectively.

A further aspectthat should be addressed to enhance the investigation of REE signtastural
analysisto obtainadditional information on mineragy andrends during diagenesis. In particular,
this work would allow to discover the nature of the apatites in the complexes and tly she
formation of glauconite.
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6. Summary

The study provides the first extensive overview of REEs distribution in Lower Ordovician rock
complexes in Estonia including limestones of the Toila Formation, glauconitic sandstone of the
Leetse Formation, mudstone of the Varangu Formation, and phosgharfitthe Kallavere
Formation. The epresentative data setvas composed of 117 wholeock samples from Aseri
PHO12B core, which were analysed by maktrumental studies to provide mineral, major and
trace element composition of the complexes. Obtained results allowed to composedsiglution
depth-tagged modelsdr mineral composition, major components, and REEs distribution providing

5 cm resolutionThe eceated model was investigated along with REE normalised patferrthis
studyto interpret the REE distribution.

The main average composition of limestone gdas analysed confirms the presence of dolomiti
limestone with the switch from calcitdominated lithologies to dolomitelominated horizons at

the lower part of the Toila Formation, with feldspars, muscovite/illite, glauconite and goethite
present as minophases. Glauconitic sandstone presents more complex mineral associations with
glauconite, quartz, dolomites, feldspars and muscovite/illite all present asfoookng phases.
Mudstone composition washade offeldspars with quartz and muscovite/illiteshichalso present

as the major phases. The phosphorite is dominated by quartz plus aphtiteontent of the latter
stayson average near 19%, while pyrite occurs as an important minor phase. The total REE content
is on average 22 ppm for limestones, 42+2 ppm for glauconitic sandstones, H&7ppm for
mudstones and 10223 ppm for phosphorites.

The shale normalised REE patterns of the studied complexes suggest that the enrichment levels of
these complexes are similar to that of average shefmvever,in the case of phosphorite, some
REEs show up to tdold enrichmentwith respectto reference values. Limestone samples exhibit

a pronounced negative Ce anomaly and a strong positive Eu anomaly; glauconitic sandstone
samples show a strong negative anomfally Ce and Y; mudstone samples display strong positive

Eu peaks in certain instances; and some phosphorite samples present a negative anomaly for Ce
and Y. Despite the varying enrichment levels, a common feature of the limestones, glauconitic
sandstonesand phosphorite is MREE enrichment.

Correlation analyses between REE and other compounds in the studied limestmves strong
positive correlation between most of the REEs, except for Eu and La, and medium or weak
correlation with other elementsThe &ck of covariance with calcite indicates that calcite formation

did not have primary control on REE accumulation in the sediments. The measured REE signal is
likely partly inherited from terrigenous fraction. Regarding glauconitic sandstones, thereasng str
positive correlation between modREES, except La, which shows a low covariance with other REEs.
None to strong negative correlation was detected between glauconite and all REEs. Notably strong
to very strong positive correlation between apatite andBREvas detected, suggesting the REE
capture in glauconitic sandstones is most likely connected to apatite distribution. For mudstones, a
strong positive correlation between all REEs, except La which had a weaker correlation with others,
was observed. REEIsow a moderately strong correlation with apatite and quartz, except Eu, which
presents weak covariance with apatite distribution. Considering that the REE enrichment is
statistically connected to quartz and apatite, apatite is likely the main carrieepdfd®EEs. A strong
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positive correlation in phosphorites can be detected with all the-RE&¥tept with La and Ce, which
show slightly lower correlation coefficient values. The strongest correlation of REEs with other
compounds appears with apatite, doloes and MnO.Consequently, the enrichment of MREE
relative to LREE and HREE suggests a preferential uptake and fractionation relative to seawater.

To gather more specific insights into sedimentary environments, different elemental ratios were
delivered togain clues about the prevailing redox conditions or sources of REEs. The Ce/Ce* vs
Pr/Pr* diagram showed, that only shelly phosphorite samples fall into the ‘anoxic' field, while all
other samples produce 'suboxic' signatures or for a few limestones, rb&ctoxic' ranges. To
assess whether the sequestered REE budget reflects the inputs of marine or terrigenous sources,
the Y/Ho vs Sm/Yb relations were investigated. It was concluded that studied lithologies prevailingly
produce a 'terrigenous input' sighaxcept for phosphorite samples, most of which produce more
seawaterlike signaturesTo further assess the influence of terrigenous mineral vs seawater Ba/Nd
vs Eu/Eu* relations were investigated. The limestone and mudstone samples pdbduugher

range of Eu/Eu* valuesdhowever, all the other complexes clustered into one group. Recorded
irregular Eu/Eu* signals for limestones and mudstones might indicate Ba interferences with Eu
signals during IGRIS measurements leading to overestimation and poorueacy of Eu values.
However, one <can’t excl uddn and Ae cyclag influemde mhy dr ot
diagenetic environment agpotential source for Eu anomaly.

As mentioned, this is the first systematic higgsolution study on REE variabilityEstonian Lower
Palaeozoic complexes using whole rock data of different lithologies. As a part of this thesis, a
general overview of the REE distribution in selected complexes has been proaikdome
possible easoning behind the results has bedisaissed. The data of this thesis will be published
later together with additional data from black shale and mudstone intervals in case of what 1 cm
resolution is aimed. Regarding future research, the scope of sampling for this thesis was confined
to just oneborehole. Further research should encompass data from additional sections of the
borehole or other boreholes from the same lithologies. The next step also entails utilising the data
for more indepth research to infer past climate and oceanographic ciamiitand to enhance REE
deposit models.
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Appendix1l. PHO12B Sample Description and REE Distribution
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