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Abstract: The Rare Earth Element (REE) mineralizations are not so “rare” in Sweden. They normally
occur associated and hosted within granitic crystalline bedrock, and in mineral deposits together
with other base and trace metals. Major REE-bearing mineral deposit types are the apatite-iron
oxide mineralizations in Norrbotten (e.g., Kiruna) and Bergslagen (e.g., Grdngesberg) ore regions,
the various skarn deposits in Bergslagen (e.g., Riddarhyttan-Norberg belt), hydrothermal deposits
(e.g., Olserum, Bastnéds) and alkaline-carbonatite intrusions such as the Norra Karr complex and Alné.
In this study, analytical data of samples collected from REE mineralizations during the EURARE
project are compared with bedrock and till REE geochemistry, both sourced from databases available
at the Geological Survey of Sweden. The positive correlation between REE composition in the three
geochemical data groups allows better understanding of REE distribution in Sweden, their regional
discrimination, and genetic classification. Data provides complementary information about correlation
of LREE and HREE in till with REE content in bedrock and mineralization. Application of principal
component analysis enables classification of REE mineralizations in relation to their host. These results
are useful in the assessment of REE mineral potential in areas where REE mineralizations are poorly
explored or even undiscovered.

Keywords: rare earth elements; Sweden; lithogeochemistry; till geochemistry

1. Introduction

The Rare Earth Element (REE) occurrences in Sweden are widely distributed all over the country
but some regions are more endowed than others. Major REE-bearing mineral deposit types, found
mainly in Norrbotten and Bergslagen ore regions, are the apatite-iron oxide mineralizations in
Kiruna and Grangesberg, the skarn mineralizations of the Riddarhyttan-Norberg belt, the alkaline
igneous rock-associated in Norra Kérr, and the hydrothermal mineralizations in Olserum and Alno
deposit areas [1] (see Figure 1). Distribution of REEs in Swedish soil and bedrock has previously
been investigated by Sadeghi and Andersson [2] with the aim to identify the main changes in REE
geochemistry related to geology and weathering, taking also into account the current baseline level
for REE in soil and bedrock over Sweden. The Geochemical Atlas of Sweden provides a harmonized,
countrywide database with modern baseline geochemical data from C horizon (element concentration
in the weathered parent rock horizon of soil profile) in till [3] and REEs in different solid media (topsoil,
subsoil, and stream sediments) have been investigated using the Forum of European Geological
Surveys (FOREGS) database in order to identify the REEs regional background values [4]. In Sadeghi
et al. [5], the Geochemical Mapping of Agricultural and Grazing Land Soil (GEMAS) project data were
investigated with focus on REEs in two solid media (topsoil from agricultural (Ap) and grazing land
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(Gr) soil) to identify the background values of REEs both in Sweden and in Europe. The Ap samples
were collected from regularly plowed fields at a depth interval of 0 to 20 cm and the Gr samples were
collected from soil under permanent grass cover at a 0 to 10 cm depth range.
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Figure 1. Simplified map of major lithotectonic units and ore districts in Sweden, with a selection
of Rare Earth Elements (REEs) deposits, prospects, and occurrences (modified from [1] and bedrock
database at Geological Survey of Sweden)

REE deposits can be referred to regolith, basinal, metamorphic and magmatic associations based
on a mineral-systems approach [6]. Various deposit types form either directly from the crystallization
of the melt and/or fluids predominantly derived from the melt. The magmatic deposits can be divided
into orthomagmatic and hydrothermal types. Basinal deposit types are inferred to be formed through
mechanical (e.g., placer) and chemical (e.g., phosphorite) sedimentary processes, and from diagenetic
fluids generated in sedimentary basins. Deposit types of the regolith association require an REE-bearing
rock source to form feasible secondary contents of REE. The REE deposits are formed either due to
enrichment of REE in the residual material and/or from local remobilization of REE. Deposit types of
the metamorphic association are generated during regional and/or contact metamorphism and involve
related metamorphic fluids.

This study analyzes, explores and evaluates the composition of REE mineralized samples collected
during the EURARE project (2013-2017) enabling their genetic classification into specific deposit types.
This information is integrated with the Geological Survey of Sweden (SGU)'’s lithogeochemistry and till
geochemistry databases to better approach and interpret the distribution of REE anomalous provinces

at the scale of the country.
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2. Overview of REE Mineralizations in Sweden

2.1. REE Mineralizations in Granitic Pegmatites and Granitoids

Partial melting of crustal material produces felsic melts that are enriched in REEs. Elements in
pegmatites that can be enriched up to minable (ore) grades include Li, Cs, Be, Sn, Nb, Ta, U, Y, Zr, and
REEs. This long and diverse list of elements, to which a significantly high content of B, P, F, Rb, Bi, Hf,
etc., could be added, make fractionated pegmatites among the most mineralogically complex deposit
types on the Earth [7]. Pegmatitic facies associated with syenite-alkaline granite complexes constitute
important deposits of REEs, U, Nb and Zr, and less commonly, Be and P [7].

In Sweden, granitic pegmatites, typically of a moderately to highly fractionated character, often
host variable amounts of minerals rich in trace elements, including Be, Li, Nb, Ta, Sn, U, Th, as well
as REEs. [8,9]. One notable granitic pegmatite, that shows locally relatively high REE content,
(a porphyritic granite to gneiss with age 1300 Ga so-called “RA-granite”) is located in Balltorp
(Eastern Segment lithotectonic unit) (Figure 1) in southwestern Sweden [10]. The RA-granite is a
Be-F-Nb-REE-Sn-Ta-Th-U-Zr-anomalous gneissic granite that does show some potential but has so far
not been systematically explored (cf. [10] and references therein). Moreover, several other granitic to
syenitic rocks in southern Sweden and elsewhere exhibit increased REE contents. The most important
granitic pegmatites and granitoids with potential for REE mineralization are, Téaresdive (highest
contents of REE;; = 94,900 ppm) in northern Sweden (Norrbotten lithotectonic unit), Naveran in
Central Sweden (close to the Caledonides), as well as granitoids in Bergslagen (e.g., Ytterby; highest
contents of REEt = 30,624 ppm), and granite in the southwestern part of Sweden, (e.g., Balltorp;
highest contents of REE;,; = 8800 ppm), shown in Figure 1. A contrasting case to these primary
enrichments is the granitoid-hosted but epigenetic, shear zone-related mineralization at Naveran
(highest contents of REE;,t = 6929 ppm) in central Sweden [1].

2.2. REE Mineralization in Alkaline Intrusive Rocks and Carbonatites

Several REE deposits associated with peralkaline complexes (syenitic rocks) are usually enriched
in U and Th and have a relatively high Heavy Rare Earth Element (HREE) content when compared
with carbonatites [11]. In Sweden, Norra Kérr deposit represents one of the most advanced and
promising REE mining projects in northern Europe. This concentrically zoned alkaline intrusion, with
nepheline-syenite, contains eudialyte-group minerals highly enriched in REEs with up to 8.5 wt% (La +
Ca + Nd + Y) [1], showing also a strong resource potential in heavy REEs.

Carbonatites are common hosts of orthomagmatic-type REE mineralizations that tend to be
variably enriched in REEs, Sr, Ba, U, Th, Nb, Ta, P, and F. Although the overall REE content of
carbonatites may vary, their shape on the chondrite-normalized plot almost invariably displays high
Light Rare Earth Element (LREE) content and no negative Eu anomalies [12]. Barium and Sr are
generally abundant, whereas U, Th, Nb, and P, are variably abundant in the mineralized carbonatite.
REE-bearing mineral phases have the highest REE content but major carbonate minerals, including
calcite and dolomite, may also contain substantial contents of REEs [13]. Sovitic carbonatitic melts
tend to show the highest levels of REE enrichment. They also show significant enrichment in LREE
(LREE/HREE ratio of ~40, compared to ~7 of alkaline and felsic melts).

In Sweden, the Aln6 complex consists of alkaline and carbonatite intrusive rocks located on the
island of Alng, in the Bothnian Bay and on the mainland north to northwest of Alng, all along the
coast of east-central Sweden [14-16]. The carbonatite, and specifically the calcite-dominated sevite,
have significantly elevated total REE contents, between ca 500 and 1500 ppm [17]. Alnd intrusive
complex and associated co-magmatic rocks on the mainland have also been the focus of exploration
for REEs, including that carried out by the Boliden company in the 1970s. The main lithology ijolite
contains clinopyroxene with LREEs up to 100 times chondritic values [18,19]. The Soraker intrusion
located on the mainland north of AInd comprises Ca- and Mg-carbonatite dikes and melilitolites.
Another small carbonatite occurrence is known from the Middle Allochthon in the Caledonides



Minerals 2020, 10, 365 4 of 23

where calc-silicate rocks at Prastrun in west-central Sweden host a REE-Nb-(U-Th) mineralization
(highest contents of REE,; = 2300 ppm). This intrusive-hosted REE mineralization was first described
at Prastrun.

Alkaline lamprophyre is another lithology that tends to have elevated REE contents. Chemically,
potassic lamprophyre dikes are often characterized by relatively low SiO; and TiO, and high MgO
and KO contents. In addition, they show high content of large-ion lithophile trace elements (e.g., Rb,
Sr, and Ba) and LREE, but low content of high-field-strength elements (e.g., Nb, Ta, Zr, Hf, and
Ti) [20]. An example of the REE-enriched lamprophyre is the 1.1 Ga alkaline ultramafic dykes up to
1-metre-wide, outcropping along the northernmost part of the coast in the Gulf of Bothnia, (Kalix)
known as Storén deposit (Figure 1; [20,21]). The dikes represent olivine- and mica-rich lamprophyres
and silico-carbonatites [21].

2.3. REE Mineralization in Apatite-Iron Oxide Deposits

At present, over forty iron oxide apatite deposits are known in northern Sweden [22-24]. The main
(at over 2000 Mt) deposit in the Norrbotten district is the famous Kiruna (Kiirunavaara) deposit and
active mine (cf. [24]). A hydrothermal (including replacement) and (ortho-) magmatic origin of iron
oxide apatite deposits in Norrbotten have been suggested in numerous studies (e.g., [25-31] and
references therein). The main REE host minerals in this deposit are apatite, typically a fluorapatite,
and monazite, occurring often as inclusions in apatite [32-35]. Apatite abundance and composition
in the ore varies, e.g., at Kiruna, where the phosphorus content in the upper parts of the ore is ca.
2%, equivalent to almost 11% apatite. REE enrichment is represented mainly by LREEs, Ce and Y
anomalies observed as early as the 1930s by Geijer [34]. REE geochemistry of the host rocks in the
northern district shows two patterns, one with a negative Eu anomaly and strong enrichment in LREEs
at Kiruna and area close to this mine and the second one without a well pronounced Eu anomaly
e.g., at the Malmberget and the areas close to this mine (Figure 2) [36].
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Figure 2. REE spider plot [37] of host rocks from the northern districts; Kiruna mine and occurrences close
to this area (red) display a distinct Eu trough and a relative enrichment in LREEs compared to the HREESs,
and while the samples from the Malmberget mine and occurrences nearby show extensive metamorphism
and deformation overprint compared to the Kiruna area (Blue). Data sources: SGU and [36].



Minerals 2020, 10, 365 5 of 23

In central Sweden, (the Bergslagen district), a number of iron oxide apatite deposits are known
with the biggest being Grangesberg and Blotberget, which were mined in historical times (Grangesberg
mine closed in 1989) and both represent Kiruna-type deposits. The previous studies reveal that they
still constitute a rather important potential reserve of REEs and phosphorus, both from the main ore
and from mining waste [38]. The deposits are predominantly hosted by 1.9 Ga volcanosedimentary
rocks variably metamorphosed and deformed. The ore is usually enriched in LREEs and to a minor
degree in U, Th, Sm, Tb, Yb, and Y. The majority of REE enrichment is located in phosphate minerals
such as apatite, xenotime, and monazite and to a lesser degree in silicates such as allanite and
epidote [1,30,33,35].

2.4. Fe-REE Hydrothermal (Bastnis-Type) Mineralizations

Evaluation of the REE geochemistry of hydrothermal mineral deposits, and the processes by
which they are concentrated, is a complex task [39]. However, these mineralizations can be grouped
on the basis of their geochemical and mineralogical characteristics. The degree of REE enrichment in
a deposit is a function of the concentration of REEs in the fluid, the water-rock ratio, the efficiency
of the precipitation process and the nature and amount of co-precipitated phases [39]. Oreskes and
Einaudi [40] suggested that the high abundance of fluorocarbonates and the lack of Ca minerals in
REE deposits (e.g., Olympic Dam) indicated that the fluids behind hydrothermal REE mineralizations
may have been F- and CO;-rich and that the REEs were transported as Cl and/or F complexes.
Lottermoser [41] suggested that the association of REE with U minerals indicated that U and REE were
complexed by the same ligands and inferred that those were CO3, F, or SOy.

The Bastnids-type Fe-REE deposits in Sweden are early Proterozoic, skarn-hosted iron oxide
(magnetite-dominated), locally polymetallic (+Cu, Au, Co, Bi, Mo) mineralizations that in part carry
very REE-rich mineral assemblages (cf. [42]). They are located in the Bergslagen district and are
characterized by the occurrence of locally abundant REE-rich silicate minerals such as cerite-(Ce) and
allanite (sensu lato) but also include REE fluorocarbonates such as bastnasite-(Ce).

3. Materials and Methods

In this study the lithogeochemical and till geochemistry databases have been used for
re-interpretation of the REE baseline in different rock types and till in Sweden, and for the evaluation
of REE mineral potential. More than 20,000 rock samples were collected and analyzed as part of
the bedrock mapping program at the Geological Survey of Sweden (SGU; www.sgu.se). Within the
EURARE project (www.eurare.org), field work activities were carried out in several REE-mineralized
areas and were followed up by detailed investigations on selected mineralizations. The modal mineral
composition, petrographical features and chemical compositions carried out for more than 200 rock
samples [1]. The lithogeochemical analyses were carried out at the ACME Lab (Vancouver, BC, Canada)
and ALS Scandinavia AB (Luled, Sweden). At the ACME Lab the samples were analyzed for major,
minor, and trace elements by ICP-emission spectrometry following a lithium metaborate/tetraborate
fusion and dilute nitric digestion. At the ALS, trace elements including the full rare earth element
suites were obtained from fused beads followed by acid digestion and measured by either ICP-AES or
an inductively coupled plasma sector field mass spectrometer (ICP-SFMS).

The till database used in this study contains over 2500 samples analyzed by aqua regia digestion
followed by ICP-MS. These national-wide results have been published as the Geochemical Atlas of
Sweden [3] and are available for the public online (https://www.sgu.se/mineralnaring/geokemisk-
kartlaggning/geokemisk-atlasy/).

The open-source software Geochemical Data Toolkit in R (GCDKIT-version 4.1) [43] which is built
using the freeware R language, has been applied for the data processing and biplot diagrams in this
paper (http://www.gcdkit.org).

Principal component (PC) analysis is a conventional multivariate technique that is often used for
studying geochemical data [4,44—47]. PC analysis reduces a large number of variables to a smaller
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number, allowing the user to determine the components (groups of variables) that account for variation
in multivariate data [47]. PC analysis has often been used to process and interpret geochemical and
other types of spatial data e.g., [4,5,47,48]. PC analysis builds on the correlation (covariance) matrix,
which measures the interrelationships among multiple variables. The first PC (PC1) explains most of
the variance within the original data, and each subsequent PC (PC2-n) explains progressively less
of the variance. A multivariate dataset can usually be reduced to two or three PCs that account for
the majority of the variance within the dataset. PC analysis was performed on average values of the
different mineralization types as discussed above. Thirty-seven elements were chosen for PC analysis
based on correlation coefficients. The Statistica software (version 13.2, Dell Software, Aliso Viejo, CA,
USA) has been used for the principal component analysis (https://statistica.software.informer.com/).

The Geochemical Atlas of Sweden [3] is a country-wide harmonized database with modern
baseline geochemical data from the C horizon in till. The database encompasses 2578 till samples from
SGU archive as well as new sampled till collected mainly in the mountainous areas of western Sweden.
Since the C horizon is considered as an anthropogenically undisturbed layer, the major geochemical
signature in till should originate from underlying bedrock, its lithology, mineralogy, and potential
mineralization. Secondary processes such as ice transport, leaching, and biological activity have minor
impact on till chemical composition. During weathering, REEs are generally not very mobile, but this
varies depending on the host mineral and local pH. REE mobility is further controlled by adsorption
onto iron oxides, phosphates, and clay minerals [2,49]. In general, till can be used as proxy for the
underlying bedrock in areas where outcrops are not available. Till can be treated then as composite
rock material and its composition can be often interpolated to the average parent rock.

4. Results and Discussion

4.1. REE Content in Bedrock

Lithogeochemistry data from the SGU database have been used to examine links between REE
contents in bedrock with known REE mineralizations. The main intention was to establish a tool
for future exploration and predictive mapping surveys. Generally, primary REEs are associated
with magmatic (granite and pegmatite) and alkaline rocks. Rocks enriched in monazite and zircon
often contain higher contents of rare earth elements. In sedimentary rocks, higher contents of rare
earth elements occur in shale and greywacke. There are no obvious differences in the geochemical
distribution between the LREE group (La, Ce, Pr, Nd, and Sm) and the HREE group (Eu-Lu + Y) in the
lithogeochemical data. However, their relative contents may differ for each element, probably due to
the mineral composition and type of the host rock. For example, Eu is often found in rock-forming
minerals such as plagioclase and in accessory minerals, mainly in allanite, bastnésite, monazite, apatite,
zircon, and fluorite. Typically, Eu can replace Sr and Ca in rock-forming minerals, therefore, its
enrichment in plagioclase is common. This results in Eu enrichment in plagioclase-rich rocks in
northernmost Sweden, such as gabbro and granodiorite.

The data with a higher content of the total REE and Y (above 500 ppm) were extracted from the
database and compared with the extracted data with a content of Y more than 100 ppm (Figure 3).
Our results show a linear correlation and match between the samples with a higher content of REE + Y
in total with Y content, and more importantly, there is a direct link between Y content in samples with
existing known mineralizations in Sweden (Figure 3).

4.2. Geochemistry of REE Mineralization in Sweden Inferred from the EURARE Project

During the EURARE field campaign, approximately 200 samples were taken for petrography
and mineralogy studies and for geochemical analysis. The location of the samples and type of
mineralization are shown in Figure 4, and the geochemical results are provided in Table 1.
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Figure 3. Simplified map of lithogeochemical data in Sweden: (a) total REE + Y > 500 ppm and (b) Y
content >100 ppm (source of data: lithogeochemical database at the Geological survey of Sweden).
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Minerals 2020, 10, 365 8 of 23

Table 1. Summary of samples analyzed with a total REE (TotREE) content above 1% (10,000 ppm). N and E are SwerefTM coordinates.

Occurrence/Deposit Sample N E Type FE;;RIEF LREE (ppm) f;l;i];: Th (ppm) U (ppm) P (ppm)
Ingridstorp KES155002A 6,392,246 559,703 Pegmatite/aplite 47,172 43,007 4165 >1000 266 70
Stalklockan PNY130005 6,635,349 532,852 Magnetite-Calc silicate skarn 45,512 34,001 11,511 2.01 58.5 90

Téreséive INGO090076 A 7,421,196 709,317 Pegmatite/aplite 42,651 33,056 9596 >1000 1505 140
Bastnis BAST140001 6,634,470 532,926 Magnetite-Calc silicate skarn 38,078 33,149 4929 20.7 66.4 70
Bastnés PNY130001 6,634,425 533,003 Magnetite-Calc silicate skarn 37,907 33,134 4773 9.64 92 60
Gyttorp Gyttorp 6,597,427 497,660 Magnetite-Calc silicate skarn 37,069 33,233 3836 50.4 1120 <10
Morkens MORK2 6,662,160 577,465 Magnetite-Calc silicate skarn 36,921 33,225 3697 3.36 18.85 40

Djupedalsgruvan JSM150007A 6,425,442 578,440 Fe-ore unspec. 34,643 22,746 11,898 158 9 2640
Ingridstorp KES155003A 6,358,023 372,718 Pegmatite/aplite 33,895 19,577 14,318 >1000 1330 1260
Ytterby YBY140002 6,592,332 690,226 Pegmatite/aplite 30,624 13,624 17,000 >1000 1185 6200
Rodbergsgruvan Rodbergsgruvan A 6,597,194 494,237 Magnetite-Calc silicate skarn 30,536 29,379 1158 1.53 4.15 80
Ostanmossa PNY130015 6,660,543 551,764 Magnetite-Calc silicate skarn 30,319 28,850 1469 1.21 3.7 40
Djupedalsgruvan JSM150008A 6,425,442 578,440 Fe-ore unspec. 29,990 16,626 13,365 214 8.39 3360

Holmtjarn HOLM140001 6,691,407 514,383 Pegmatite/aplite 29,550 12,550 17,000 >1000 >10,000 450

Ytterby YBY140003 6,592,332 690,226 Pegmatite/aplite 26,419 10,239 16,180 >1000 1270 1470
Djupedalsgruvan JSM150006A 6,425,442 578,440 Fe-ore unspec. 25,904 11,133 14,771 134 215 690
Morkens MORK3 6,662,160 577,465 Magnetite-(Fe-sulphide)-Calc silicate skarn 24,971 21,636 3335 0.43 2.67 30
Gruvhagen GRUVHAGI1 6,662,377 577,026 Magnetite-Calc silicate skarn 24,574 23,618 956 3.34 0.77 10

Ingelsbo KES155006A 6,364,317 411,300 Pegmatite/aplite 22,192 5192 17,000 >1000 >10,000 <10

Ytterby YBY140001 6,592,332 690,226 Pegmatite/aplite 18,695 3801 14,894 >1000 2360 6280
Reunavaare REU140001 7,342,033 697,981 Pegmatite/aplite 18,207 13,158 5049 >1000 438 30

Tybble SGUR10007 6,517,096 516,016 Iron oxide apatite 17,428 17,274 154 6.41 457 1400
Ingridstorp KES155001A 6,392,246 559,703 Pegmatite/aplite 16,320 16,026 294 257 53.9 90
Flakaberget FLA140001 7,389,427 703,658 Pegmatite/aplite 15,556 1627 13,929 >1000 1600 520

Johanna PNY130013 6,658,660 550,883 Magnetite-Calc silicate skarn 14,008 12,966 1042 0.72 8.68 30
Sveafallen SVEAFALLEN 6,563,279 467,518 Pegmatite/aplite 13,220 12,579 641 >1000 16 1460

Morkens MORK1 6,662,160 577,465 Magnetite-(Fe-sulphide)-Calc silicate skarn 11,077 9203 1874 0.09 2.47 40
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The geochemical analyses of the samples collected during the EURARE project show that
68 samples have a total REE content above 1000 ppm and of those 27 have more than 1% total REE.

The samples with more than 1% REEs represent mineralizations classified as: iron oxide apatite
(1 sample), Fe-ore unspecified (3 samples), magnetite-calc-silicate skarn (9 samples), magnetite-
(Fe-sulphide)-Calc silicate skarn (2 samples), and granitic pegmatite (12 samples). These results are
summarised in Table 1.

A bivariate plot of total REE content vs. LREE (Figure 5a) and vs. HREE (Figure 5b) show that
there is a general bimodal linear correlation between total REE and LREE (Figure 5a), one trend is
characterized by LREE enrichment (for magnetite-skarn mineralization) and a second one by LREE
depletion, especially in some late magmatic pegmatite REE mineralizations and some related to iron
mineralizations. The comparison of total REEs with HREEs also shows clear decoupling between
two groups, the first composed of low HREE mineralization types (e.g., various iron ores, skarn
mineralizations, carbonatite, and sulphide-dominated skarn ores) and these with elevated HREE
content are mainly represented by late magmatic pegmatites and unspecified iron ore types. It is
unclear how the magmatic rocks differ in primary composition, so they host both low- and high-level
HREE mineralizations. BIF deposits (magnetite-hematite-quartz) do not show a very high content of
REE;,t and generally are most likely to have elevated LREE rather than HREE. The number of two
samples of sulfide dominated skarn is limited and, therefore, it is excluded from interpretation of the
results to avoid any over interpretation.

A bivariate plot of La vs. La/Yb (Figure 6) shows a weak but overall positive correlation between
the two variables, except for a few samples, which show higher HREE contents. This suggests that
those samples with a high LREE content also have relatively high LREE/HREE ratios. They mostly
represent REE mineralizations associated with granitic pegmatites. One sample from iron oxide-apatite
deposits contains REE-bearing minerals such as xenotime and monazite and shows higher contents of
HREEs (Figure 6).

Thorium and uranium content and their ratio are useful for recognizing geochemical facies
and also the content of radioactive elements in different types of mineralization which may have an
impact on future exploitation. Figure 7a shows Th content versus total REEs. In general, skarn and
iron oxide-apatite mineralizations with higher contents of total REEs (REE; > 1%) show a positive
correlation with low contents of Th (Th < 50ppm). A few samples from iron oxide mineralizations
show higher content of Th up to 200 ppm and total REE contents of up to 3.5%. Two samples of granitic
pegmatites show higher contents of Th, whereas those of total REEs are low, which means that the
content of Th in those samples is not directly related to REE-bearing minerals and may also correspond
to the primary origin of the host rocks and its later deformation. For example, rocks with sedimentary
origin have usually higher Th/U ratios than magmatic rocks, and these ratios can be further modified
during regional metamorphism [11,12,49].
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The U/total REE (Figure 7b) of the EURARE samples shows that high U contents (U > 400 ppm)
are typical of REE mineralization hosted in granitic pegmatites. An additional few samples collected
from magnetite-calc silicate skarn type deposits show higher contents of U (>1000 ppm). In the sample
from magnetite-calc silicate skarn, one sample shows a high content of total REE correlates with high
U content which may indicate the U enrichment in REE-bearing minerals.

Comparison of total REE with Th/U ratios based on two analyzed samples from lamprophyres
(Figure 7c) shows that the samples with low contents of total REE (REE < 400) typically have higher
Th than U contents (Th/U > 20). The Th/U ratio is generally low in the samples from skarn and
iron oxide-apatite REE mineralizations (Th/U < 10) with the exception of four samples from iron
oxide-apatite REE mineralizations (at the Djupedalsgruvan) that show high contents of both Th and
REE (and contain xenotime and allanite minerals) (Figure 7c).

Plots of quantitative values of selected REEs (Nd, Pr, and Y) and phosphorus compared to binary
plots of LREE versus HREE show at least two contradicting trends. For example, in Figure 8a samples
with high Nd contents show two opposite trends; one positive with well correlated LREE and Nd
contents accompanied by low HREE and the second negative trend where samples with decreasing
Nd contents plot towards a lower LREE content and a higher HREE. Few exceptions of samples with
high content of HREE and Nd content (>4000 ppm) can also be observed (Figure 8a).



Minerals 2020, 10, 365

500

50

Th (ppm)

0.5

0.05

500

50

U (ppm)

0.5

12 0f 23

L]
L ]
L
*
. ¥
. ©
*
o
. o
.0 ’. . (o]
. 4 %’, -l .
s y . ¢ &
L .Q .’ .0 [ ]
Mg % " - » . o
L oG:O - & e i |
A o.’ * %
L d PN 8 o * * :
& o V *
& . :O. - : eo) ‘B‘o
®
* * =, *0 - * .
¢ b v . L
g ® . o}
o *
*
[ ]
I I I I I I
10 50 100 500 5000 50,000
Total REE (ppm)
° L J
®
* = o....
[ ] .
a
o
L 3 b o o
o * - %o
%
& * * *
o cET 8 o e
L J
. © 2. % @
'S * Ot e 3
IS  J $, % * o
. v oo,% e &
. ,o.s e ” &
"O'O ** .'63’
. ’o‘o *©ien” o g »
% 0 O 0 . 4 *
Lo, . & o
. CVO v @
Y. T & .
I | I I I |
10 50 100 500 5000 50,000

Total REE (ppm)

Figure 7. Cont.



Minerals 2020, 10, 365 13 of 23

v v
.
C . ¥, A
o
' o ¢° oOQ * @ %
L 2 o .C’ * *
@ * L ;@ o] * o
0. ‘8?&. ® ..
o Obo’ < “eo A
. ® 0%\0.. oo +
— OO. C? L LA
& P * s — = Og B o R g
* * .. v ..‘ * s
s vt o b
* o @]
| * L4
— = ” - v + ¥ b °
i S - o
~ Py s *
L 2
e 2
*
o. i
(=]
-_
(=]
S —
o
T | T | T T | |
5 10 50 100 500 5000 50,000

Total REE (ppm)
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for the EURARE samples (see the legend in Figure 5).

In a similar type of plot, quantitative content of Pr in the samples shows a semi-concordant trend
with Nd, and this may reflect that the minerals bearing Pr and Nd are the ones containing HREE,
such as xenotime-(HREE) and fergusonite-(HREE) as well as gadolinite-(REE).

Figure 8c shows linear positive correlation of high Y samples with a higher content of HREE.
Since Y has a similar geochemical behavior as HREE the low HREE contents follow low Y contents in
EURARE samples. High LREE samples are less affected by Y content with weak negative correlation.
Samples with low and high Y content when compared to LREE might reflect various degrees of
host magma differentiation or secondary remobilization during regional metamorphism (competitive
re-crystallization and crystallization of metamorphic minerals) [11,12,49].

Comparison of phosphorus content, indicative of the presence of phosphate minerals shows two
different clusters (Figure 8d). The first cluster shows that some high P samples have low contents
of both LREEs and HREEs, which can be interpreted as apatite mineralization in iron ore with no
REE enrichment. The second cluster shows that samples with high P content correlate with high
HREE content, which may indicate the presence of minerals other than apatite as a host of HREEs,
such as xenotime.

Within the sample set collected during the EURARE project, there are several iron ore samples
(Fe-ore unspec.) that cannot be easily classified (more mineralogical and petrological investigations are
needed). In an attempt to classify them, the classical PM-normalized REE diagram has been used [37]
(McDonough and Sun 1995) (Figure 9). At a first glance, their REE patterns suggest the presence of
two genetic groups. The first group with REE enrichment (>100 ppm) shows a similar trend to the iron
oxide-apatite- and skarn-type REE mineralizations, with a negative Eu anomaly and relative HREE
enrichment. The second group shows a weak positive Eu anomaly and steep decreasing trends from
LREEs to HREEs accompanied by a rather low total of REEs (<100 ppm). These two samples may have
an alkaline or peralkaline origin but a more detailed study is needed (Figure 9).
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4.3. Principal Component (PC) Analysis

16 of 23

The results of PC analysis are reported in Table 2 for the PCs with eigenvalue >1 and show that
PC1 and PC2 explain 30% and 17%, respectively, of the total variance among the REE-mineralized
samples. It implies that in PC1 with an association of REEs, and Co, Fe, and Mn most likely represent
magnetite calc-silicate skarn samples, while an association of Cs-Hf-Nb-Sr-Ta-Th-Zr-Al-Ba in PC2
likely indicates REE mineralizations related to granitic pegmatite bearing Nb-Ta mineralization.

Table 2. Principal component loading, eigenvalues, % variance explained, and cumulative % variance

for PC1 to PCS8.

Value Number

Eigenvalues of Correlation Matrix and Related Statistics

Cumulative %

Cumulative %

Eigenvalue % Total (Variance) (Eigenvalue) Variance
PC1 17.56 29.77 17.56 29.77
PC2 9.99 16.93 27.55 46.69
PC3 4.65 7.88 32.20 54.57
PC4 3.41 578 35.61 60.35
PC5 2.89 4.90 38.50 65.25
PCé6 2.20 3.74 40.70 68.98
PC7 1.94 3.30 42.64 72.27
PC8 1.86 3.16 44.51 75.43

The PC3 defines an association of Cs-Rb-K-Li, which probably represents alkaline and/or felsic
rocks including granitic pegmatite and related polymetallic mineralization (Table 3).



Minerals 2020, 10, 365 17 of 23

Table 3. Explanation of the five principal components for elements analyzed, accounting for 65% of the
total variance.

Centered Log-Ratio (clr)-Transformed Data

Component
A’éfp‘{:ir;:?lce Association Interpretation
(i) REEs (i) REEs associations
PCl 2977 (ii) Fe-Mn (ii) Magnetite calc-silicate skarn
(i) REEs (i) REEs associations
PC2 16.93 . (ii) Granitic pegmatit-bearing
(ii) Cs-Hf-Nb-Sr-Ta-Th-Zr-Al-Ba . .
Nb-Ta mineralization
PC3 788 (i) Cs-Rb-K-Li (i) alkaline/granitic rocks
’ (i) Ag-Cd-Bi-Co-Cu-Zn-C (ii) Base metals component
PCa 578 (i) C-Hf-Sr-Ba-Ca (i) Carbonatite/lamprophyr?
’ (ii) Fe- -Mg-T1 (i) Magnetite calc-silicate skarn?
PC5 49 (i) Hf-Zr-In (i) Felsic component
’ (ii) V-P-Ni-Cr (ii) Mafic component

Plots of pairs of PCs show that it is likely possible to distinguish between some different types of
REE mineralization or to distinguish between samples with a higher content of REEs and those with
low one (Figure 10). For example, in the plot of PC1 versus PC2 (Figure 10) there are several clusters
representing an association of REEs and granitic pegmatite bearing Nb-Ta mineralization. A plot of
PC3 versus PC4 distinguishes between REE mineralization associated with magnetite calc-silicate
skarn, alkaline, and/or granitic rocks and polymetallic mineralization (Figure 10).

4.4. Comparison of REE Till Geochemistry with Lithogeochemistry of Underlying Bedrock

Table 4 shows simple statistics of REE distribution in till. The median values are similar to upper
crust values by Rudnick and Gao [49]. Due to the fact that Rudnick and Gao’s values are calculated for
total contents and till results originate from aqua regia digestion, one of the conclusions is that the
Swedish till is enriched in REEs in comparison to the global values.

Table 4. Percentiles, minimum, and maximum values for the REE + Y + Sc from the till dataset. P50 is
a median value. * abundance in the upper continental crust [49].

Element n = 2578 ucc* Min P25 P50 P75 P90 P99 Max

La ppm 31 8.1 256 316 396 499 8.5 1989
Ce ppm 63 163 601 748 960 1237 2118  388.1
Pr ppm 7.1 19 6.3 7.7 94 118 206 381
Nd ppm 27 70 233 285 349 434 731 1293
Sm ppm 47 1.4 44 5.4 6.7 8.3 133 242
Eu ppm 1.0 0.1 0.6 0.8 1.0 1.2 1.9 5.5
Gd ppm 4.0 11 3.6 44 5.4 6.6 104 223
Tb ppm 0.7 02 0.5 0.6 0.8 1.0 15 3.6
Dy ppm 39 0.9 29 35 43 5.3 85 226
Ho ppm 0.8 0.1 0.6 0.7 0.9 11 1.7 4.8
Er ppm 23 0.4 15 1.9 23 3.0 46 143
Tm ppm 0.3 0.1 0.2 0.3 0.3 0.4 0.6 2.0
Yb ppm 2.0 03 1.3 17 2.1 2.7 42 146
Lu ppm 03 0.0 0.2 0.2 0.3 0.4 0.6 26
Y ppm 21 37 149 183 226 279 471 1632

Sc ppm 14 0.6 3.5 45 5.6 6.8 9.6 21.2




Minerals 2020, 10, 365 18 of 23

All Groups
Projection of the variables on the factor-plane ( 1 x 2)
1 d
05 Mn
R
2]
@
© 0
tl\i Fe
O o
o
-0.5
-1
-1 -0.5 0 0.5 1

PC1:29.77%
()- REE association

(I)- Granitic pegmatite bearing Nb-Ta mineralisation

All Groups
Projection cf the variables on the factor-plane ( 3 x 4)

05 1

PC4: 578%
o

-1 -0.5 0 0.5 1
PC3: 7.88%

(I alkaline /granitic rocks
(Il) base metal components
(I magnetite-calc silicate skarn

Figure 10. Biplots of (a) PC1 vs. PC2; (b) PC3 vs. PC4.



Minerals 2020, 10, 365 19 of 23

Maps of LREE and HREE contents in till (see [3]) show both similar and distinct distribution
patterns. Generally, LREE (La-Sm) and HREE groups (Gd-Lu, Y) have similar distribution within
the group, therefore, we use here the La till map as a representative for all LREEs and the Yttrium
map as a representative for HREEs (Figure 11). Raster La and Y maps with regional anomalies show
large-scale REE trends, while plotted lithogeochemistry results (circle symbols) underlie local spots
and extreme values.

La ppm

Ozo,om -24,758

(O 10,001 - 20,000

QO 5001 -10,000
O 501 - 5000
© 0-500

Y ppm

O 10,001 - 21,700

O 5001 - 10,000

O 1001 - 5000
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© 0-500

Figure 11. Geochemical maps comparing till geochemistry (raster, after Andersson et al., 2014 [3]) with
lithogeochemistry (circle symbols) in Sweden: (a) Y in till and bedrock; (b) La in till and bedrock.

LREEs and Eu have major anomalies in northernmost Sweden (outlying Archean lithologies of
magmatic origin) while these anomalies are absent in HREEs. Minor enrichment in LREEs visible in
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lithogeochemistry data reflects possible LREE enrichment in granite-pegmatite bedrock and apatite-iron
deposits near Kiruna.

Further south, in central Norrbotten (Figures 1 and 11), the bedrock (granite-pegmatite and felsic
metavolcanics rocks) and overlying till are highly enriched both in LREE and HREE and correlation
with many REE (+W, Mn, and U) mineralizations, e.g., Taresaive (REEs, Mo, U, Th, Nb, and Ta).

In central Sweden, LREE and HREE enrichment in till occurs in the Caledonides within the tectonic
windows where many sulfide mineralizations and U deposits have been mapped. LREE enrichment at
the Caledonian front and within the Lower Allochthon can be attributed to the REE enrichment in the
fine-grained sedimentary rocks (black shale and phosphorite), e.g., Tésj6 deposit (Figures 1 and 11).
On the Fennoscandian Shield side, few REE mineralizations are known and they possibly may be
reflected in till with its prominent anomaly south of Ostersund, possibly in relation to the so-called
Rétan granite. NE from Ostersund, in central Sweden, -there is a prominent HREE anomaly and it is
probably related to the outcrops of younger granite (so-called Revsund granite). The lithogeochemistry
database has poor coverage in central Sweden, however, AIno carbonatitic intrusion by the coast
is both visible in till and few collected rock samples with elevated LREE contents. In the Ljusdal
(Ljusdal lithotectonic unit, Figure 1), high HREE (and elevated LREE) contents can be noticed in till
and several small REE (W, Mn, U, and Fe-Mn) mineralizations are known in direct relation to the
anomaly extension. Lithogeochemistry data are missing in this region.

In the Bergslagen ore district, there is a general decoupling between REE lithogeochemistry and
REE content in till. The known REE mineralization line in western Bergslagen is not visible in till
geochemistry. Point REE till anomalies can be observed in the NW part of Bergslagen (often related to
iron mineralizations) and LREE high contents in till occur in southern Bergslagen by the coast.

In southern Sweden, LREE anomalies in the bedrock are often related to mineralizations and
granitic lithologies. Younger granites of the Blekinge lithotectonic unit (Figure 1) and fluorite
mineralization in southern Sweden also seem to be well reflected in till geochemistry. High contents of
Y in bedrock and till in southern Sweden, south and south-west of the lake Véttern (Figure 11) seem to
correlate with occurrences of highly metamorphosed rocks including occurrences of eclogites with
Y-enriched garnet and pyroxene. Minor REE (W, Mn, and U) occurrences are known north of the Y
till anomaly.

The comparison of till geochemical maps with lithogeochemistry and mineralizations shows clear
correlation between REE anomalies in surficial deposits and the underlying bedrock and the presence of
mineralization. Therefore, till can be effectively used for REE mineral exploration and mineral potential
studies in areas where there is no sufficient information about the bedrock and mineralizations.

5. Conclusions

The analysis of REE geochemistry in mineralized samples compared to bedrock lithogeochemistry
and till geochemistry reveals several regional trends in REE distribution in Sweden, which may have
practical implications for mineral exploration:

1. Lithogeochemistry of the bedrock correlates with geochemical REE provinces and even single
REE ore deposits;

2. REE geochemistry of mineralized EURARE samples allows geochemical classification of various
REE occurrences in Sweden;

3.  Till geochemistry presents the complex picture of REE distribution at the country scale. Many
known REE locations are underlain by till anomalies. On the other hand, there are many high
REE spots in till, which cannot be easily explained by known REE deposits. They may present
interesting exploration targets;

4.  Taking into account favorable geological and metallogenetic conditions in Sweden, there is a
good potential for discovering new REE deposits;
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5. Applied geochemical methods should be integrated in a multidisciplinary way with complementary
data and methods, such as mineralogy, geophysics, and numerical modeling and statistics,
to improve understanding of REE ore genesis and related geo-modeling. This holistic approach,
also including ore geochemistry and mineralogy, will provide a well-documented REE mineral
knowledge base, intelligence, and exploration methodology.
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