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The fifteen lanthanides, Sc and Y, are commonly grouped under the rare earth elements 
(REE) appellation. These elements are widely used in high-tech industries and are espe-
cially needed for low-carbon energy components such as wind turbines and permanent 
magnets. Contrary to their name, rare earths commonly occur in the earth’s crust but rarely 
in minable quantities. The three main types of REE deposits are igneous carbonatite con-
taining bastnaesite ((La,Ce,Y)CO3F) and monazite ((Ce,La,Nd,Th)PO4), monazite placer, and 
ion-adsorption clays ores from subtropical regions. The growing demand for green tech-
nology and the scarcity or availability of conventional resources have spurred interest in 
exploring unconventional deposits (Balaram 2023). 

Unconventional REE resources include a wide range of low-grade, high-tonnage min-
eral bodies, such as polymetallic nodules, coals, black shales, and phosphorites (Balaram  
2023). Most of these deposits are of sedimentary origin and result from multiple complex 
formation processes, leading to numerous types of mineralisation and high intrinsic chem-
ical variability. Therefore, the exploration and extraction of valuable metals are challenges 
for the industry in terms of sustainable mining and mineral characterisation (Klyucharev et 
al. 2013). This issue applies particularly to REE, as they are commonly extracted as by-prod-
ucts (McNulty & Jowitt 2022) from ores in which concentrations can be below the detection 
limits of the conventional semiquantitative automated mineralogy techniques (Li & Li 2016; 
Schulz et al. 2020).

The REE in studied Estonian phosphorites are carried by fragments of brachiopod’s 
shells in sandstone, mineralised in carbonate fluorapatite (CFA), an apatite with a high-
ly diverse chemical composition [Ca10-a-bNaaMgb(PO4)6-x(CO3)x-y-z(CO3⋅F)x-y-z(SO4)zF2]. Shells 
themselves are complex objects, the apatite originating from the crystallisation of organic 
tissues and the precipitation of secondary phosphate during sediment burial. The parti-
tioning and uptake of the individual REEs in them depend on many factors, including in-
puts from marine sources, oxygenation state of the sedimentary column and REE ‘carriers 
phases’ that may have differing affinities for each rare earth (Graul et al. 2023). Estonian 
phosphorites are similar to placer deposits, often investigated using automated mineralogy 
techniques such as QEMSCAN®, which are very well suited to heavy minerals. However, in 
the case of shelly phosphorite, this type of analysis is unsuitable since EDS analysis has a 
lower limit of 0.1 wt.% and the most abundant REEs in shells, such as Y, rarely exceed 0.08 
wt.%. The study introduces an innovative LA-ICP-MS mapping method combined with an 
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empirical distribution function (ECDF) as a powerful, accurate, and cost-effective tool to 
determine the distribution of REE between apatite varieties (Drost et al. 2018). It allows a 
good visualisation at different scales, representative measurements, and the identification 
and discrimination of mineral phases by integrating semiquantitative compositional data 
through the stepwise distribution of elements. Phosphorites from Toolse and Aseri depos-
its were selected, and two pathfinder elements were studied to investigate REE distribution 
and genesis: Sr and U.
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Shelly apatites generally have homogenous REE-distribution patterns with positive Y and 
Ce anomalies, indicative of a progressive uptake, traceable by the Sr distribution (Fig. 1). 
The average REE content in the studied apatites is 2149 ppm. However, the extent of di-
agenetic overprint and enrichment varied from one locality to another. In Toolse, the shells 
show less severely recrystallised textures, with preservation of the Sr- and U-poor ear-
ly-stage uptake signals. In Aseri, U-sorting reveals a second, diagenetic alteration-driven 
enrichment stage in which the shell edges present a ΣREE up to 7020 ppm. This alteration 
stage is less pronounced in Toolse, where the REE content reaches only 4150 ppm. 

Based on these observations, the compositions of the apatite species could be mod-
elled to determine phosphorite genesis. A combination of factors such as accumulation of 
P and nutrients, desorption of Fe-Mn phases and redox fluctuations drove REE enrichment. 
Developing euxinic conditions and lithogenic input endorsed a later alteration-driven en-
richment stage, resulting in highly REE-enriched edges in some localities. Despite differ-
ences in enrichment level, the two deposits’ REE distribution patterns are similar. Main REEs 
are Ce (33%), Y (21%), La (12%), Nd (16%) and Dy (3%), and are considered among the most 
critical elements. On average, U concentrations are 92 ppm in Aseri and 31 ppm in Toolse, 
and toxic elements (Cd, Zn, Th) are found in trace amounts. To determine ore prospectivity, 
the mineralisation prospectivity outlook coefficient (Koutl) was calculated. It divides the ratio 
of critical REE (Ce, Ho, Tm, Yb, and Lu) (Seredin 2010). The percentage of critical elements 
in total REE (REEdef) was plotted by dividing the sum of critical REE by the sum of REE. Based 
on this approach, both deposits fall in the range of ‘promising for economic development’ 
(33% ≤ REEdef ≤ 50; 0.9 ≤ Koutl ≤3.1). Therefore, the ratio of valuable REEs is relatively high in 
Toolse and Aseri deposits. These ores are potential REE resources as by-products with low 
toxic element contents and predictable REE and trace elements contents.

The LA-ICP-MS image-based method has provided a better overview of the factors 
controlling low-grade sedimentary ores’ genesis, identified their potential value-adding 
pathways, and provided an initial approach to semiquantification.

References
Balaram, V. 2023. Potential Future Alternative Resources for Rare Earth Elements: Opportunities 

and Challenges. Minerals, 13, 425.
Drost, K. et al. 2018. An Image Mapping Approach to U-Pb LA-ICP-MS Carbonate Dating and 

Applications to Direct Dating of Carbonate Sedimentation. Geochemistry, Geophysics, 
Geosystems, 19, 12, 4631–4648.

Graul, S. et al. 2023. REE + Y distribution in Tremadocian shelly phosphorites (Toolse, Estonia): 
Multi-stages enrichment in shallow marine sediments during early diagenesis. Journal of 
Geochemical Exploration, 254, 107311.

Klyucharev, D. S., Volkova, N. M., Comyn, M. F. 2013. The problems associated with using non-
conventional rare-earth minerals. Journal of Geochemical Exploration, 133, 138–148.

Li, X.-H., Li, Q.-L. 2016. Major advances in microbeam analytical techniques and their applications in 
Earth Science. Science Bulletin, 61, 23, 1785–1787.

McNulty, B. A., Jowitt, S.M. 2022. Byproduct critical metal supply and demand and implications for 
the energy transition: A case study of tellurium supply and CdTe PV demand. Renewable and 
Sustainable Energy Reviews, 168, 112838.

Schulz, B., Sandmann, D., Gilbricht, S. 2020. SEM-Based Automated Mineralogy and Its Application 
in Geo- and Material Sciences. Minerals, 10, 11.

Seredin, V. V. 2010. A new method for primary evaluation of the outlook for rare earth element ores. 
Geology of Ore Deposits, 52, 5, 428–433. 


	EGEOS_bülletaan10b_kaaned_online
	EGEOS_bülletaan10_online
	Eessõna
	Aprillikonverents 2024
“Geoloogia: kliimast ringmajanduseni”
	Programm ja 
ettekannete teesid
	Konverentsi programm
	Riina Aav:
	Maapõueressursid ringluses – kuidas läheb nende ringmajandamisega?

	Sophie Graul, Vincent Monchal, Lauri Joosu, Rutt Hints:
	Unconventional resources of REE: challenges for exploration and processing, with the example of Estonian phosphorite

	Olle Hints:
	Vanaaegkonna kliima ja 
millest kõnelevad konodondid

	Ene Jürjens:
	Kliima, maavarad ja ministeerium

	Martin Liira:
	Fosfori ja raskmetallide geokeemia Eesti mereala põhjasetetes

	Madis Osjamets:
	Põlevkivituhaga tagasitäitmise teostatavus ning mõju põhjaveele

	Kärt Paiste:
	Kui usaldusväärsed on paleokeskkondade rekonstruktsioonid?

	Erik Puura:
	Geoloogid ja kliima – maailmas ja Eestis

	Alar Rosentau: 
	Holotseeni meretaseme ja rannavööndi muutused Läänemere idaosas

	Alla Shogenova, Kazbulat Shogenov:
	Role of CO₂ Geological Storage in Reaching Climate Targets in the Baltic Sea Region: Technological Prospects and Regulatory Challenges

	Ivo Sibul:
	Uuendused Maa-ameti geoloogilistes avaandmetes ja kaarditeenustes

	Alvar Soesoo:
	Rohe-amokk ja maavaramajandus: mis teeb meid õnnelikumaks?

	Kalle Suuroja:
	Quo vadis, geoloogiline kaardistamine?

	Annette Talpsep:
	Pärnumaa jõekallaste maalihkeohtlikkusest

	Siim Veski:
	Kliima ja geoloogia

	Rein Einasto:
	Säästva arengu seadusest mahekultuurse elulaadini

	Bilal Gul, Tõnu Meidla, Leho Ainsaar:
	Paleokeskkonna ja temperatuuri muutused Baltika kontinendil Vara-Ordoviitsiumist hilise Silurini brahhiopoodikodade süsiniku- ja hapniku isotoopkoostise põhjal

	Tony Hand:
	The AGEMERA Project: Building European capacities with innovative exploration technologies

	Triinu Jairus, Alar Rosentau, Hannes Tõnisson jt:
	Kolga vanad rannamoodustised kajastamas Holotseeni meretaseme muutusi ja paleotormisust

	Mall Orru:
	Eesti turbauuringute andmebaas ja ringmajandus

	Daria Panasiuk, Oive Tinn:
	Diversity of non-calcified algae in Kalana Lagerstätte (Aeronian, Silurian)

	Kairi Põldsaar:
	EGT-TWINN projekti esimene edukas aasta – Eesti Geoloogiateenistus liigub rohelise energia teel!

	Kazbulat Shogenov, Alla Shogenova, Pavel Ivashchenko, Sergiy Azykovskyy:
	Satellite Exploration of Earth Resources Using Nuclear Magnetic Resonance Phenomenon: Application for Estonia


	Geoloogiauuringute ja eestikeelse terminoloogia ajaloost
	Heidi Soosalu:
	Eesti seismoloogia hiilgav minevik

	Leo Vallner: 
	Eesti hüdrogeoloogilised uurimised 1691–2021

	Aasa Aaloe:
	Eestikeelsetest geoloogiaõpikutest ja geoloogilistest oskussõnadest


	Eesti Geoloogia Selts 
2015–2023
	Kroonika 2015–2023
	Geoloogia ja siduserialade lõpetajad Tartu Ülikoolis ja Tallinna Tehnikaülikoolis






