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Abstract: The Lovozero Alkaline Massif intruded through the Archean granite-gneiss and Devonian
volcaniclastic rocks ca. 360 Ma ago and formed a large laccolith-type body. The lower part of the massif
(the Layered complex) is composed of regularly repeating rhythms: melanocratic nepheline syenite
(lujavrite, at the top), leucocratic nepheline syenite (foyaite), foidolite (urtite). The upper part of the
massif (the Eudialyte complex) is indistinctly layered, and lujavrite enriched with eudialyte-group
minerals (EGM) prevails there. In this article, we present the results of a study of the chemical
composition and petrography of more than 400 samples of the EGM from the main types of rock of
the Lovozero massif. In all types of rock, the EGM form at the late magmatic stage later than alkaline
clinopyroxenes and amphiboles or simultaneously with it. When the crystallization of pyroxenes and
EGM is simultaneous, the content of ferrous iron in the EGM composition increases. The Mn/Fe ratio
in the EGM increases during fractional crystallization from lujavrite to foyaite and urtite. The same
process leads to an increase in the modal content of EGM in the foyaite of the Layered complex and to
the appearance of primary minerals of the lovozerite group in the foyaite of the Eudialyte complex.

Keywords: eudialyte-group minerals; Lovozero Alkaline Massif; fractional crystallization

1. Introduction

Zirconosilicate of sodium, calcium, and iron, “eudialyte” was described more than 200 years
ago in samples from the Ilimaussaq alkaline massif in Greenland [1]. Yet, even now this mineral,
more precisely a group of minerals (eudialyte-group minerals, or EGM), is being actively studied and is
a subject of debate. Such interest is caused not only by the unusual crystal structure of eudialyte-group
minerals [2], but also the ability to use it to extract Zr and rare earth elements (REE) [3-5]. Currently,
vast amounts of eudialyte mineral deposits have been reported, some of which are located in Pajarito
(New Mexico, USA) [6], Lovozero (Kola Peninsula, Russia) [7], Ilimaussaq (South Greenland) [8],
Mont Saint-Hilaire (Canada) [9], and Norra Karr (Sweden) [10].

The chemical composition and crystal structure of eudialyte-group minerals are sensitive to
even minor changes in the geochemical media during magmatic crystallization and subsequent
ion-exchange processes. Therefore, the EGM are widely used to reconstruct the conditions of mineral
crystallization [11-17]. The EGM are characteristic minerals of highly evolved, peralkaline (molar
(Na + K)/Al > 1) magmatic rocks [8,18-21]. In syenitic systems, the EGM are indicator minerals of
so-called agpaitic rocks [8,18,22,23]. Although such rocks are neglegible in volume of the earth’s crust,
it is important to study conditions of their formation for mineralogy and material science, since agpaitic
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rocks concentrate high field strength elements (HFSE) and are famous for their exceptional variety of
titanium- and zirconosilicates.

The EGM are extremely widespread in the Lovozero alkaline massif (Kola Peninsula, Russia).
They are found in all types of rock, and often occur as rock-forming minerals. The EGM crystallized
at all stages of the Lovozero massif evolution, recording a constant change in the composition of the
melt/solution, temperature, and fO,. This led to a large diversity of EGM, and many new minerals of
this group were discovered in the Lovozero massif [24-27]. Due to the long crystallization period and
sensitivity to external conditions, the EGM are excellent petrogenetic indicators. This article is based on
the results of studying the chemical composition, occurrence, paragenetic associations, and secondary
transformations of the EGM from the main types of the Lovozero massif rocks. We emphasize that
the aim of the present paper is not to treat crystallographic aspects, nor to put further constraints on
possible site occupancies of the EGM structure. Instead, our results place constraints on the possibility
of using eudialyte as a petrogenic indicator.

2. Geological Setting

The Lovozero layered pluton (Figure 1) is located in the Archean granite and gneissose granite,
has a form of laccolith, and covers an area of 650 km?. Its age is 370 + 7 Ma (whole rock Rb-Sr
isochron [28]). Pluton consists of two macro units: the Eudialyte complex (at the top) and the Layered
complex [29,30]. The Layered complex of the Lovozero massif consists of the subhorizontal layers (or
rhythms). The bottom of each rhythm is composed of urtite. Higher in the section, the content of alkali
feldspar increases, and urtite gradually turns into foyaite (leucocratic nepheline syenite). At the top of
the rhythm, the content of mafic minerals, such as pyroxene and amphiboles, increases, and foyaite
gradually passes into lujavrite (trachytoid melanocratic nepheline syenite). Sometimes, there is no
urtite in the rhythm and such a rhythm consists only of a foyaite-lujavrite sequence. The contact
between underlying lujavrite and overlying urtite (or foyaite) is sharp. The rhythms are well-traced
horizontally, and urtite (so-called “marker horizons”) has its own numbers consisting of Roman
and Arabic numerals (Figure 1). The Eudialyte complex consists of lujavrite with lenses of foyaite,
porphyritic/fine-grained nepheline syenites, and urtite.

Among the rocks of the Layered and Eudialyte complexes, xenoliths of volcaniclastic rocks
are widespread. There are both unchanged xenoliths, which consist of overlapping olivine basalt,
basalt tuff, tufite, sandstone, quartzite, and intensely metasomatized xenoliths. Poikilitic nepheline
and sodalite-nepheline syenite (foid syenites) form lenses and rounded bodies among rocks of the
Layered and Eudialyte complexes. Almost all pegmatites and hydrothermal veins of the Lovozero
massif containing various rare-metal minerals are associated with these rocks. Pegmatites, the mineral
composition of which is usually less diverse and corresponds to the composition of the host rocks,
are common throughout the massif.
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Figure 1. (a) location of the Lovozero massif within the Kola Peninsula (red square); (b) geological
scheme of the Lovozero massif and (c) cross-section along the line A-B [30].

3. Materials and Methods

We used samples of eudialyte-containing rocks (487 samples) collected in the Lovozero massif
during many years of its research at the GI KSC RAS. These samples were taken both from the surface
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of the massif and the drill cores (Mt. Alluaiv) and from an underground mine (Mt. Karnasurt and
Mt. Kedykvyrpakhk). The 487 thin polished sections were analyzed using the scanning electron
microscope LEO-1450 (Carl Zeiss Microscopy, Oberkochen, Germany) with the energy-dispersive
system Rontek and Quantax 200 (from 2012) to obtain BSE (back scattered electron) images and
pre-analyze all detected minerals. The chemical composition of minerals was analyzed with the
Cameca MS-46 electron microprobe (Cameca, Gennevilliers, France) operating in the WDS-mode at
22 kV with a beam diameter of 10 um, beam current of 20—40 nA, and counting times of 20 s (for a
peak) and 2 x 10 s (for background before and after the peak), with 5-10 counts for every element in
each point. The analytical precision (reproducibility) of mineral analyses is 0.2-0.05 wt.% (2 standard
deviations) for the major element and ca. 0.01 wt.% for impurities. The standards used, the detection
limits, and the analytical accuracy values are given in Supplementary Table S1. The systematic errors
are within the random errors. Statistical analyses are carried out using the STATISTICA 13 [31]. For the
statistics, resulting values of the analyses below the limit of accuracy (see Supplementary Table S1) are
considered ten times lower than the limit. The EGM contain an extensive set of elements, and a factor
analysis is the most suitable way to analyze the interrelations between the values of a large number
of variables [32]. Factor analysis is a statistical method used to describe variability among observed,
correlated variables in terms of a lower number of unobserved variables called factors. This method
allows for describing an object comprehensively and at the same time compactly. Mineral abbreviations
mentioned in this article are shown in Table 1.

Table 1. Mineral abbreviation.

Symbol Mineral Name Symbol Mineral Name
Aeg aegirine Mc microcline(-perthite)
Aeg-Au aegirine-augite Nph nepheline
Ab albite Ntr natrolite
Ap fluorapatite Pcl pyrochlore
Kap kapustinite Pkl parakeldyshite
Lmp lamprophillite Pph pyrophanite
Lop loparite-(Ce) Sdl sodalite
Ltv litvinskite Rbd rhabdophan-(Ce)
Lue lueshite Tsn tisinalite
Marf magnesioarfvedsonite Ttn titanite

4. Results

4.1. Petrography

The Lovozero massif is composed of alkaline rocks, which are either foid syenites or foidolites.
According to International Union of Geological Sciences (IUGS), these rocks are modally defined in
the QAPF fields 11 and 15 [33]. Depending on the content of mafic minerals, nepheline syenites are
additionally subdivided into shonkinite (M’ = 60-90 modal %, where M’ is defined as a sum of mafic
minerals minus muscovite, apatite, primary carbonates), malignite (M" = 30-60) and nepheline syenite
(M’ < 30), and foidolites are subdivided into melteigite (M" = 70-90), ijolite (M = 30-70), and urtite
(M’ < 30) (Figure 2). Note that names of rocks for the Lovozero massif, as well as for the Ilimaussaq
massif, are outdated, but suitable for use, e.g., lujavrite and foyaite, are widely used. Figure 2 shows
the correspondence of the rock names used in this article to the nomenclature of the IUGS.
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Figure 2. Modal composition and rock names of the alkaline rocks of the Lovozero massif. A—alkali
feldspar, F—foid, M'—color index (sum of mafic minerals minus muscovite, apatite, primary carbonates).
The AFM’ triangle fields contain rock names accepted by the IUGS.

4.1.1. Rocks of the Layered Complex

Urtite (leucocratic foidolite, Figure 2) is a massive coarse- or medium-grained rock. Nepheline
occurs as euhedral to subhedral phenocrysts and microcline forms up to 1.5 cm large euhedral to
subhedral laths. Aegirine-(augite) forms large (up to 2 cm across) poikilitic crystals (Figure 3a),
and aggregates of its small needle-like crystals in interstice of nepheline and feldspar are less common.
In these aggregates, amphiboles are always in close intergrowth with clinopyroxenes, but their
content is much lower than the one of clinopyroxenes and rarely reaches 5% of the rock volume.
Accessory minerals of urtite are sodalite, fluorapatite, loparite-(Ce), and EGM. All of them are unevenly
distributed in urtite. Fluorapatite and loparite-(Ce) are mainly in the lower parts of the urtite horizons,
sodalite forms local clusters. The EGM content in urtite reaches 20%, and its average content is
2.4 modal % [29]. The EGM occur exclusively as anhedral grains in interstices of rock-forming minerals
(Figure 3a), sometimes they form poikilitic crystals with inclusions of nepheline, aegirine, fluorapatite
(Figure 3b). Poikilitic or skeletal crystals of loparite-(Ce) frequently enclose the EGM grains in mono-
and polymineralic inclusions.

Jjolite (mesocratic foidolite, Figure 2) differs from urtite by a higher content of mafic minerals
(clinopyroxenes, amphiboles, and loparite-(Ce)). Parallel oriented long-prismatic crystals of amphibole
and clinopyroxene are grouped into “streams”, and the EGM are located inside these “streams”
(Figure 3c).

Foyaite (leucocratic nepheline syenite, Figure 2) is a massive to trachitoid coarse- to
medium-grained rock. Rock-forming minerals are nepheline, microcline, aegirine-(augite),
and amphiboles (arfvedsonite-magnesioarfvedsonite series). Foyaite differs from urtite only by a higher
content of alkali feldspar. The accessory minerals of foyaite are the EGM, sodalite, lamprophyllite,
murmanite, and lomonosovite. In foyaite, as well as in urtite, the EGM are widespread and sometimes
become rock-forming (the content reaches 25%). The average content of the EGM in foyaite is 2.7 modal
%. The EGM form anhedral grains in the interstices of rock-forming minerals (Figure 3d), as well as
poikilitic crystals with inclusions, mainly nepheline.
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Figure 3. BSE-images. Morphology of the EGM from the Layered complex of the Lovozero massif. In all
types of rocks, the anhedral EGM grains fill the interstices of rock-forming minerals. (a) Urtite LV-01-54
(Mt. Kitknyun); (b) urtite LV-IV-2-2 (Mt. Kedykvyrpakhk); (c) ijolite LV-III-2-2 (Mt. Kedykvyrpakhk);
(d) foyaite LV-307-2 (Mt. Alluaiv); (e) lujavrite LV-316-1 (Mt. Alluaiv); and (f) lujavrite LV-02-25
(Mt. Parguaiv).

Lujavrite (meso- or melanocratic nepheline syenite, Figure 2) consists of microcline, nepheline,
clinopyroxenes (aegirine, aegirine-augite), and amphiboles (magnesioarfvedsonite, arfvedsonite) and
has a trachytoid texture. Long prismatic crystals of clinopyroxenes and amphiboles are grouped into
a communicating system of “streams”, as in ijolite. Such “streams” of mafic minerals flow around
alkali feldspar and nepheline crystals. Typical accessory minerals of lujavrite are sodalite, loparite-(Ce),
the EGM, lamprophyllite, and baritolamprophyllite. Sodalite forms euhedral or round crystals,
(barito)lamprophyllite form poikilitic crystals, and loparite-(Ce) is usually present as skeletal twins.
The EGM are in the interstices of clinopyroxenes and amphiboles, inside the “streams” (Figure 3e).
The small EGM grains are often located inside skeletal crystals of loparite-(Ce) (Figure 3f). Overall,
the EGM content in lujavrite is lower than in urtite and foyaite (average 2%, maximum 10% [29]).
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4.1.2. Rocks of the Eudialyte Complex

Eudialyte lujavrite (Mesocratic or melanocratic nepheline syenite enriched in EGM, Figure 4a)
prevail in the Eudialyte complex. In terms of mineral composition and texture, these rocks are similar
to the lujavrite of the Layered complex, but there are also differences. First, the content of EGM in
local areas can reach 90%. Secondly, the “streams” of mafic minerals often have an internal structure.
The marginal parts of the “streams” consist of long prismatic clinopyroxene crystals, and the axial
zones are composed of larger anhedral amphibole grains. The EGM form round or oval grains, and are
situated in the axial parts of such “streams”. The marginal parts (up to 200 pm) of the EGM grains
are saturated with inclusions of aegirine and, in smaller quantities, magnesioarfvedsonite (Figure 4b).
In addition, the content of sodalite in eudialyte lujavrite is higher than in lujavrite of the Layered
complex and reaches 20%.

200 ym

Figure 4. Diversity in morphology of the EGM from the Eudialyte complex of the Lovozero massif.
(a) Euhedral grains of EGM in eudialyte lujavrite LV-44-6 (Mt. Alluaiv, photo of a polished thin section in
transmitted light); BSE-images: (b) euhedral grains of EGM in eudialyte lujavrite LV-29-37 (Mt. Alluaiv);
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(c) anhedral grains of EGM in foyaite LV-33-35 (Mt. Alluaiv); (d) rounded grains of EGM in
porphyritic nepheline syenite LV-191 (Mt. Kuivchorr); (e) rounded grains of EGM in fine-grained
nepheline syenite LV-154-280 (Mt. Alluaiv). Morphology of other EGM rocks of the Lovozero massif:
(f) anhedral grains of EGM in sodalite syenite LV-222-448 (Mt. Alluaiv); (g) anhedral grains of EGM in
metasomatized volcaniclastic rock LV-180b (Mt. Kuivchorr); and (h) parakeldyshite surrounded by
EGM in metasomatized volcaniclastic rock LV-152-9 (Mt. Appuaiv).

4.1.3. Poikilitic Foid Syenites

In these rocks, subhedral grains of sodalite, vishnevite-cancrinite, and nepheline are enclosed in
large (up to 15 cm across) alkali feldspar crystals. Foids do not occur simultaneously, but form two
associations: sodalite (predominant) + nepheline and vishnevite-cancrinite (predominant) + nepheline.
Outside feldspar, interstices of feldspathoids are filled with long prismatic crystals of aegirine-(augite).
The EGM are usually located among aegirine and form anhedral grains, poikilitic crystals (Figure 4f),
and thin discontinuous rims around feldspathoid grains enclosed in microcline crystals. The EGM
content does not exceed 5% of the rock volume.

4.1.4. Metasomatized Volcaniclastic Rock

The EGM were also formed during metasomatic changes (fenitization) of volcaniclastic rocks.
As a result of this process, fine- or medium-grained rocks with a metasomatic texture consisting
mainly of albite, nepheline, microcline, aegirine, and magnesioarfvedsonite are formed. Enrichment in
titanite, fluorapatite, and ilmenite up to the formation of apatite-titanite ores is typical. The EGM
form poikilitic crystals or clusters of small grains (Figure 4g). Segregations, in which the EGM
grow around parakeldyshite grains in association with titanite, ilmenite, pyrophanite, fluorapatite,
and lamprophyllite, are also common (Figure 4h).

4.2. Crystal Structure and Chemical Composition of the EGM
After [34], the general EGM formula can be written as:
N(1)3N(2)3N(3)3N(4)3N(5)3M(1)6M(2)3.6M(3)M(4)Z5[S12407,104.6 X2,
where
N(1-5) = Na, H;0%, K, Sr, REE, Y, Ba, Mn, Ca;
M(1) = Ca, Mn, REE, Na, Sr, Fe;
M(2) = Fe, Mn, Na, Zr, Ta, Ti, K, Ba, H;0";
M(3) and M(4) = Si, Nb, Ti, W, Na;
Z =Z7r,Ti,Nb;
O’ =0, (OH), H,0;
X =Cl, E H;O, OH, CO3 and SO;.

As a rule, one letter corresponds not to one site in the EGM structure, but to a group of closely
spaced sites. Each letter corresponds to a region in the unit cell, which can be populated by different
components that differ in size, coordination number, and/or charge [35].

In 1971, Golyshev with co-authors [36] and Giuseppetti with colleagues [37] independently solved
the crystal structure of eudialyte. The EGM crystallize in the R3m, R3m or R3 space groups. The eudialyte
sensu stricto has R3m symmetry, whereas substitutions like Ca + Fe?* + Si — REE + Mn + Nb lead to
decreasing symmetry [34,35]. In terms of modular crystallography, the crystal structure of EGM can be
described as a stacking of complex ZTMT modules perpendicular to [001] with t; = 1/2a + 1/3¢ [38].
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Each module contains four Z, T, M, and T layers based on T-, Z-, and M-polyhedra. Two adjacent
tetrahedral T-layers has the same topology and consist of [Si309]6~ and [SigOyy]*8~ rings, which are
connected by shared vertexes with the N(4) distorted octahedra [36,37]. A nine-membered ring may be
centered by an additional M(4B) tetrahedra occupied by Si or be vacant. Ordering of the additional
Si-centered tetrahedra is a case of doubling ¢ parameter ~60A for the EGM [39]. The Z-layers are
sandwiched between two T-layers and composed by the ZrOg octahedra and N(1A, B) polyhedra.
The M-layer is composed by octahedral six- and nine-membered rings based on edge-shared M1Og or
alternating M104 and M2Og¢ octahedra (square pyramid or square). One half of the nine-membered
rings are usually centered by an additional M(4A) octahedra. Two different types of M-layer were
observed in several “megaeudialytes” [40,41]. The Cl" and OH" anions are located in cavities of the M
layer, and may reach 2 apfu. The eudialyte MT-framework usually contains a significant number of
splitted and low-occupied sites {N(1A,B), M(2A,B), and M(4A,B)}.

The EGM structure contains numerous extra-framework N sites ordinary populated by Na, K,
which can be easily exchanged by Ba?*, Sr**, Pb%*, H30* H,0, CO3%~, and SO4%~ via complex
substitutions under hydrothermal conditions [2,42]. Various sites in the crystal structure can
accommodate a third of the periodic table [2]. Consequently, the eudialyte group includes a wide
range of minerals of varying compositions and space groups [43].

To calculate the EGM formula, the sum of (Si + Zr + Ti + Nb + Al + Hf + W + Ta) cations was
normalized to 29 atoms per formula unit (apfu) and portions of all other cations resulted from this
standardization [34,44]. Some of the calculation results are presented in Tables 2 and 3.

These calculations showed that Zr pfu exceeds 3 (up to 17.14 wt.% ZrO, or 4.17 Zr pfu) in 70% of
the analyses, i.e., these samples contain zirconium, which occupies not only the Z position. An excess
number of Zr atoms was first revealed in the Giuseppetti eudialyte [37]. These excess Zr atoms are
located at the M(3) and M(4) sites with an octahedral coordination. Subsequently, excess Zr atoms
were found at the M(2) sites in the planar square in hyperzirconium eudialyte [45,46] and at sites with
both fourfold and fivefold coordinations in hyperzirconium sulfate eudialyte [47]. A study on the
crystal structure of five eudialyte samples (LV-154-0, LV-117-76, LV-117-111, LV-153-1, and LV-157-178)
from drill cores located at Mt. Kedykvyrpakhk (Lovozero massif) showed that the excess of zirconium
is located at the position M(2B) [48].

Calculation for 29 atoms (Si + Zr + Ti + Nb + Al + Hf + W + Ta) excludes the possibility of
zirconium entering into positions that are not taken into account as the basis for calculating the formula.
Therefore, it is not suitable for calculation of the formulae of the most EGM samples from the Lovozero
massif. Following [35], the formula coefficients were calculated either (1) by the content of the unit cell
or (2) by the number of Si atoms estimated by the IR spectra.

Table 4 shows two options for calculating the formula of the raslakite. This is a eudialyte
group mineral discovered by Chukanov et al. [24] in 2003 in agpaitic pegmatite of the Lovozero
massif. Raslakite contains an excess of zirconium, which occupies the the M(2) site. For calculation,
we used the composition and structural data for the raslakite sample from the article of Chukanov
et al. [24]. Table 4 shows the calculation based on Si = 25.40 (according to structural data)
and (Si + Zr + Ti + Nb + Al + Hf + W + Ta) = 29 and the results of these calculations differ significantly
from each other. Thus, the calculation of the formulas of the minerals of the eudialyte group without
taking into account structural data may lead to incorrect results.
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Table 2. Representative microprobe analyses of the EGM from the Layered complex, wt.%.

Rock Lujavrite Foyaite Tjolite Urtite

Sample  LV-XI-5  LV-I-7-5 LV-IV-3-5! LV-IV-3-5!  LV-X-3 LV-X-3  LV-I-7-1  LV-X-=2

Ls. d.s. Ls. d.s.

Nb,Os 1.95 0.28 1.43 0.57 1.28 0.92 0.48 0.72
SiO, 49.18 50.78 4947 49.97 49.68 52.26 51.45 51.09
ZrO, 10.78 13.37 9.83 10.42 10.93 16.13 14.62 10.32
TiO, 0.64 0.44 0.72 0.50 0.44 0.57 0.74 0.66
Al,O3 0.08 0.16 0.11 0.08 0.10 0.35 0.29 0.11
Y,0; b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.27

LayO3 1.09 0.39 0.88 0.77 0.99 047 0.38 0.46

Cep0O3 2.35 1.19 1.92 1.54 3.01 1.42 1.11 1.67
Pr,O3 0.20 b.d. 0.07 0.18 0.52 0.25 b.d. b.d.

Nd, 03 091 0.63 0.68 0.56 0.53 0.45 0.42 0.74

Sm;05 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
FeO 0.76 2.35 0.70 0.71 0.54 1.05 0.66 0.71
MnO 4.50 3.30 3.84 3.46 3.55 2.62 2.08 2.07
MgO b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
CaO 7.90 5.94 7.97 8.43 8.41 6.71 7.64 9.70
SrO 2.48 141 3.03 2.51 1.31 0.66 1.28 2.31
BaO 0.68 b.d. 0.74 0.83 b.d. b.d. b.d. b.d.
Na,O 14.03 15.23 13.31 15.05 15.33 14.69 17.42 15.89
K,O 0.25 0.14 0.21 0.15 0.19 0.19 0.10 0.14

Cl 0.43 0.36 0.24 0.24 0.37 0.34 0.56 0.11
SO3 0.71 0.30 0.69 0.51 1.02 0.76 b.d. 0.98
O=Cl 0.10 0.08 0.05 0.05 0.08 0.08 0.13 0.03
sum 98.82 96.15 95.80 96.40 98.08 99.79 99.10 97.93
Formula based on £(Si + Al + Zr + Ti + Hf + Nb + Ta + W) normalized to 29 apfu
Nb 0.46 0.06 0.34 0.13 0.30 0.20 0.11 0.17
Si 25.51 25.42 25.81 25.98 25.71 24.69 24.99 25.96
Zr 2.73 3.26 2.50 2.64 2.76 3.72 3.46 2.56
Ti 0.25 0.16 0.28 0.20 0.17 0.20 0.27 0.25
Al 0.05 0.09 0.07 0.05 0.06 0.20 0.17 0.07
Y - - - - - - - 0.07
La 0.21 0.07 0.17 0.15 0.19 0.08 0.07 0.09
Ce 0.45 0.22 0.37 0.29 0.57 0.25 0.20 0.31
Pr 0.04 - 0.01 0.03 0.10 0.04 - -
Nd 0.17 0.11 0.13 0.10 0.10 0.08 0.07 0.13
Fe2* 0.33 0.98 0.31 0.31 0.23 0.42 0.27 0.30
Mn 1.98 1.40 1.70 1.52 1.55 1.05 0.86 0.89
Ca 4.39 3.18 4.46 4.69 4.66 340 3.98 5.28
Sr 0.75 0.41 0.92 0.76 0.39 0.18 0.36 0.68
Ba 0.14 - 0.15 0.17 - - - -
Na 14.11 14.78 13.46 15.18 15.38 13.46 16.41 15.65
K 0.16 0.09 0.14 0.10 0.12 0.11 0.06 0.09
Cl 0.38 0.30 0.21 0.21 0.32 0.27 0.46 0.10
S 0.28 0.11 0.27 0.20 0.39 0.27 - 0.37

1 sector zoned grain on Figure 7b; 1.s.—light sector; d.s.—dark sector; b.d.—below detection limit.
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Table 3. Representative microprobe analyses of the EGM, wt.%.
Eudialyte Complex Met. vol.-sed. Poik.
Rock Lujavrite Foyaite Tjolite Porph. Rocks
Sample LV-117-121 LV-160-42 LV-222-437 1V-153-186  LV-222-1511 LV-157-137 LV-44-168 LV-222-448
core rim core rim core rim
Nb,O5  0.60 0.81 0.91 0.59 0.69 0.38 0.40 0.67 1.79 0.77 0.92
510, 49.66 49.83 52.16 50.62 49.09 51.31 50.15 51.43 49.35 53.50 48.73
ZrO, 1353  12.00 12.33 15.74 14.73 12.66  13.16 12.55 10.40  11.46 12.47
TiO, 0.62 0.53 0.41 0.66 0.69 0.46 0.47 0.54 0.40 0.42 0.66
AlLO3 0.22 0.10 0.12 0.24 0.33 0.17 0.15 0.22 0.21 0.24 0.21
Y>03 b.d. b.d. 0.62 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
La,O3 032 0.57 043 0.27 0.19 0.20 0.27 0.23 0.13 0.16 0.30
CepO3 0.62 1.06 0.88 0.67 0.53 0.69 0.81 0.75 0.67 0.40 0.94
Pr,03 025 0.28 0.15 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Nd,O3 029 0.39 043 0.27 0.26 0.33 0.27 0.32 0.15 0.06 0.34
SmpyO;  b.d. b.d. 0.15 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
FeO 3.33 3.33 1.94 3.54 1.86 3.10 2.40 2.89 2.26 2.95 2.38
MnO 2.23 2.58 3.07 1.94 2.33 2.30 2.39 1.68 2.04 1.49 2.79
MgO 0.08 0.07 0.08 b.d. b.d. b.d. b.d. b.d. 0.07 0.04 b.d.
CaO 7.00 7.60 7.87 5.62 5.73 8.58 8.40 8.13 9.86 10.03 7.34
SrO 1.69 1.98 2.51 0.89 1.22 0.98 117 2.25 2.34 1.71 1.36
BaO b.d. b.d. 0.47 0.11 0.16 0.10 0.24 0.69 0.38 0.77 b.d.
Na,O 16.15 15.78 8.29 14.90 15.67 14.89 15.47 13.52 10.87 10.26 14.90
K,O 0.31 0.29 0.21 0.24 0.31 0.30 0.23 0.25 0.18 0.24 0.29
Cl 1.34 1.48 1.43 0.82 0.97 0.85 1.23 1.54 1.32 1.52 1.10
SOs b.d. b.d. 0.12 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
O=Cl  0.30 0.33 0.32 0.18 0.22 0.19 0.28 0.35 0.30 0.34 0.25
sum 97.96 98.33 94.24 96.95 94.53 97.08 96.93 97.30 92.13 95.65 94.44
Formula based on X(Si + Al + Zr + Ti + Hf + Nb + Ta + W) normalized to 29 apfu
Nb 0.14 0.19 0.20 0.13 0.16 0.09 0.09 0.15 0.42 0.17 0.22
Si 25.15 25.55 25.63 24.74 2477 2557  25.39 25.49 25.66 25.85 25.25
Zr 3.34 3.00 2.95 3.75 3.62 3.08 3.25 3.03 2.64 2.70 3.15
Ti 0.24 0.20 0.15 0.24 0.26 0.17 0.18 0.20 0.16 0.15 0.26
Al 0.13 0.06 0.07 0.14 0.19 0.10 0.09 0.13 0.13 0.13 0.13
Y - - 0.16 - - - - - - - -
La 0.06 0.11 0.08 0.05 0.03 0.04 0.05 0.04 0.03 0.03 0.06
Ce 0.11 0.20 0.16 0.12 0.10 0.13 0.15 0.14 0.13 0.07 0.18
Pr 0.05 0.05 0.03 - - - - - - - -
Nd 0.05 0.07 0.07 0.05 0.05 0.06 0.05 0.06 0.03 0.01 0.06
Sm - - 0.03 - - - - - - - -
Fe?* 141 1.43 0.80 145 0.78 1.29 1.02 1.20 0.98 1.19 1.03
Mn 0.96 1.12 1.28 0.80 1.00 0.97 1.03 0.70 0.90 0.61 1.22
Mg 0.06 0.05 0.05 - - - - - 0.06 0.03 -
Ca 3.80 4.17 4.14 2.94 3.10 4.58 4.56 4.32 5.49 5.19 4.07
Sr 0.50 0.59 0.71 0.25 0.36 0.28 0.34 0.65 0.71 0.48 0.41
Ba - - 0.09 0.02 0.03 0.02 0.05 0.13 0.08 0.15 -
Na 1586  15.69 7.90 14.11 15.33 1438  15.18 13.00 10.96 9.61 14.97
K 0.20 0.19 0.13 0.15 0.20 0.19 0.15 0.16 0.12 0.14 0.19
Cl 1.15 1.29 1.19 0.68 0.83 0.71 1.05 1.29 1.16 1.24 0.96
S - - 0.04 - - - - - - - -

1

rocks—metasomatized volcaniclastic rocks; poik.—poikilitic foid syenites; b.d.—below detection limit.

oscillatory zoned grain on Figure 7a; porph.—porphyritic/fine-grained nepheline syenites; met. vol.-sed.
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Table 4. The chemical composition and calculation of the formula of raslakite [24].

Atomic Amount Formula Based on
Comp. Wt.% Mol. Mol. i+ Zr+ Ti+Nb+ Al
Weight Amount Cation Anion Si =25.40 _:_ -I'-I £ -1;--;\’ :--tl"a) =;9
Na,O 15.97 61.98 0.2577 0.5153 0.2577 Naig.02 Nais.e
K,0 0.48 94.20 0.0051 0.0102 0.0051 Koz Ko
CaO 5.64 56.08 0.1006 0.1006 0.1006 Caz 13 Caz s
SrO 0.69 103.62 0.0067 0.0067 0.0067 Stoo1 Sro.20
MgO 0.28 40.30 0.0069 0.0069 0.0069 Mg Mgp 21
MnO 2.01 70.94 0.0283 0.0283 0.0283 Mng gg Mng g5
FeO 5.02 71.85 0.0699 0.0699 0.0699 Fey 17 Fes 19
Al Oy 0.26 101.96 0.0026 0.0051 0.0078 Al 16 Al s
LayO; 0.44 325.81 0.0014 0.0027 0.0042 Lag og Lag,og
CepO3 0.87 328.23 0.0027 0.0053 0.0081 Cep16 Cep.16
Nd,O3 0.42 336.48 0.0012 0.0025 0.0036 Ndg o Ndg 08
Si0, 49.10 60.09 0.8171 0.8171 1.6342 Sias 40 Sins 77
TiO, 0.37 79.86 0.0046 0.0046 0.0092 Tip.14 Tig 14
Zr0, 15.07 123.22 0.1223 0.1223 0.2446 Zr3s0 Zrsm
HfO, 0.43 210.49 0.0020 0.0020 0.0040 Hfg 06 Hfg 06
Nb,Os 0.71 265.81 0.0027 0.0053 0.0135 Nby17 Nbo 16
Cl 1.34 35.45 0.0378 0.0378 Cly1g Cly1g
H,0 135 0.0749 0.1499 0.0749 Ha g6 Hyss
-0 = (ECl), -0.30
sum 100.15

Comp.—component; mol. weight—molecular weight; mol. amount—molecular amount.

Regardless of the calculation method, the coefficients in the formula of any mineral are obtained by
normalizing the atomic amounts of cations and anions. Therefore, the ratio of the formula coefficients
of any elements and the ratio of atomic quantities of the same elements are equal. So, in raslakite
(Table 4), the ratio Mnatomic amount/F€atomic amount (0.0283/0.0699 = 0.40) is equal to the ratio Mn,y,/Fe,z,
(0.88/2.17 = 0.40 or 0.85/2.10 = 0.40).

In this article, to compare the chemical composition of the EGM from different rocks of the Lovozero
massif, we used the ratios of atomic amounts of elements. The results of the calculation of atomic
amounts for the EGM samples used in this work are given in Supplementary Table S2. In this calculation,
iron is divalent. R.K. Rastsvetaeva [2] notes that “Iron ions in the majority of eudialytes are divalent;
however, eudialytes formed in an oxidizing medium can contain trivalent iron ions”. The reduced
conditions during crystallization of the Lovozero pluton are recorded by a methane-dominated
magmatic fluid phase [49,50] and by compositions of pyroxenes [51]. Previous Mossbauer spectroscopy
studies indicate that the Fe>*/ZFe of all natural eudialytes reported in the literary sources is <0.2,
except for those that are significantly hydrated [52].

Factor analysis of data on the EGM composition showed that they are divided into three groups
(Figure 5). The first group includes the EGM enriched in Fe?*, Mg, Cl, as well as in Zr. These are
the EGM from rocks of the Eudialyte complex, mainly melanocratic (eudialyte lujavrite and ijolite).
Among the rocks of the Eudialyte complex, the maximum contents of the elements listed above are
typical of porphyritic/fine-grained nepheline syenite, and the minimum—for foyaite.
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Figure 5. Results of factor analyses of data on the composition (in atomic amount) of the EGM from the
Lovozero massif. Var.—variables; Expl.var—Explained variance; Prp.totl—proportion of total variance.
Factor loadings > |0.5] are shown in bold.

The second group includes the EGM rich in REE, Mn, Ti, and S. This group includes the EGM
from rocks of the Layered complex. The highest concentrations of manganese and associated elements
are typical of the leucocratic rocks enriched in nepheline, i.e., urtite, as well as ijolite. The third
group includes metasomatized volcaniclastic rocks. The eudialyte-group minerals in these rocks
contain relatively high concentrations of Ca, Sr, Ba, Nb, and, in addition, are enriched in divalent
iron, magnesium, and chlorine. Among the EGM from poikilitic foid syenites, the whole spectrum of
compositions is presented, from enriched Fe?*, Mg, and Cl to those containing maximum concentrations
of REE, Mn, and Ti.

The Factor 2 is associated with the presence of zones and sectors of different composition in the
EGM grains. Oscillatory zoning is typical of the rounded or oval EGM grains from the meso- and
melanocratic rocks of the Eudialyte complex (lujavrite and ijolite). Two zones are usually most clearly
distinguished: the core enriched in zirconium, aluminum, and sodium, and the rim with a high content
of Ca, Sr, Ba, and Nb. Figure 6a shows the oscillatory zonal EGM grains from the ijolite of the Eudialyte
complex, and Figure 6¢ shows the points corresponding to the composition of the core and rim of
the grain in the coordinates of the Factor 1 vs Factor 2 (see Figure 5). The width of the outer zone is
variable, and the widest sections of this zone in neighboring grains are often oriented in the same
direction (Figure 6a). The sector zoning is typical of the anhedral EGM grains located in interstices of
rock-forming minerals. This is most clearly observed in leucocratic rocks, namely in foyaite, and urtite
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from the Layered and Eudialyte complexes. One example of sector zoning is shown in Figure 6b,
and the corresponding points are shown in Figure 6c¢.

c 0.8 T T T T T T
rims of zonal crystals / bright sectors
Sree Nb*
L Ca J
0.4rf
Ke
°
T *Fe2+
g o0
©
w
041
Zre
83 cores of zonal crystals / dark sectors ) .
-0.8 0.4 0 0.4 0.8

Factor 1

Figure 6. (a) BSE-image of the oscillatory zonal EGM grains from the ijolite LV-222-151; (b) BSE-image
of the sector-zoned EGM grains from the foyaite LV-IV-3-5; (c) position of the points shown in Figure 6a
(red arrow) and Figure 6b (red dotted line) in the coordinates of the Factor 1 vs Factor 2 (see the results
of factor analysis in Figure 5). The gray arrows show some examples of the oscillatory zoning (the
arrow is directed from the core to the rim) in the EGM from magmatic rocks. The black arrows show
some examples of the oscillatory zoning (the arrow is directed from the core to the rim) in the EGM

from metasomatized volcaniclastic rocks. Black dotted lines show some examples of the sector zoning
in the EGM.

Figure 7 shows values of the Mn/Fe ratio for all types of the Lovozero massif rocks. Among the
rocks of the Layered complex, the maximum Mn/Fe value is typical of urtite. Upwards the rhythm
section, i.e., in the series urtite — (jjolite) — foyaite — lujavrite, this ratio is gradually decreasing.
The same decrease occurs in the rocks of the Eudialyte complex, except for an increase in the Mn/Fe
median value in foyaite. Yet, the Mn/Fe values in the rocks of the Eudialyte complex are generally lower.
The median values of Mn/Fe in the series from urtite to lujavrite in the Layered complex decrease from
2.77 to 1.50, and in the similar series of rocks of the Eudialyte complex, from 1.27 to 0.90. The minimum
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Mn/Fe median ratio is in porphyritic/fine-grained nepheline syenites. Lesser values were recorded
only for the EGM from metasomatized volcaniclastic rocks. The median value of Mn/Fe in poikilitic
foid syenites is low and comparable with urtite and foyaite of the Layered complex. The Mn/Fe ratio
decreases from the Layered complex to the Eudialyte complex mainly due to an increase in the amount
of iron (Figure 8). Fe and Mn do not follow a strictly negative 1:1 correlation, and the decrease of Fe
and the increase of Mn occur to variable degrees.

20.0
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10.0} " 0 g @
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3 o) o) 2 o
6.0t * 9 & 8=
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o »5€ ©
%2.0- | >I<§ o I>§< EX <
= I 8§ o g:>|< 2 AZ
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08 _8 4 o g
L >a< = e ., 1
06} g o) ]
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A
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Figure 7. The Mn/Fe ratio in the EGM from rocks of the Lovozero massif. Black arrows show the
median contents. porph.—porphyritic/fine-grained nepheline syenites.
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Figure 8. Atomic amount Fe?* vs atomic amount Mn in the EGM from different rocks of the Lovozero
massif. (a) Fe?* vs Mn in the EGM from lujavrite; (b) Fe?* vs Mn in the EGM from foyaite; (c) Fe>*
vs Mn in the EGM from ijolite; (d) Fe?* vs Mn in the EGM from urtite; (e) Fe?* vs Mn in the EGM
from porphyritic/fine-grained nepheline syenites; (f) Fe?* vs Mn in the EGM from metasomatized
volcaniclastic rocks.

4.3. Secondary Substitutions of the EGM

The EGM of the Lovozero massif rocks often undergo various secondary changes. Common products
of the EGM change are the lovozerite-group minerals (Figure 9). They form porous rims around the
EGM grains and sometimes complete pseudomorphoses. Exceedingly small grains of lueschite or
rhabdophan-(Ce) are found in intergrowths with minerals of the lovozerite group. Lueschite and
rhabdophan-(Ce) often fill thin cracks (Figure 9b—d). Minerals of the lovozerite group, which are
formed as a result of the EGM substitution, usually contain an admixture of rare earth elements.
This (in addition to intergrowths with lueschite or rhabdophan-(Ce)) distinguishes them from the
primary lovozerite-group minerals, which are found in local areas in foyaite and porphyritic/fine-grained
nepheline syenites of the Eudialyte complex. The EGM from melanocratic rocks (lujavrite and ijjolite)
are replaced by litvinskite, sometimes in association with tisinalite (Figure 9a,b, Table 5), and the
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EGM from leucocratic rocks (urtite and foyaite) are usually replaced by kapustinite (Figure 9¢,d,
Table 5). Moreover, the EGM grains at the periphery are often surrounded by a loose aggregate
consisting of small grains of undiagnosed phases, including Na, Zr, Ti, Nb, Si, Mn, and REE in different
ratios. Small grains of natrolite, rhabdophan-(Ce), fluorite, barite, pyrite, lueshite, loparite-(Ce), rutile,
and manganese oxides are mixed with these phases. An important fact is that even with the complete
destruction or replacement of the EGM, the natrolitization of adjacent nepheline and albite is weakly
occurred. At the same time, EGM is completely preserved unchanged in intensely natrolitized rocks,
e.g., in urtite.

Figure 9. Products of the EGM decomposition. (a) lujavrite LV-228-176 (Mt. Alluaiv); (b) detailed part
of Figure 9a (red rectangle); (c,d) foyaite LV-33-32 (Mt. Alluaiv). BSE-images. The composition of the
lovozerite-group minerals is shown in Table 5.
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Table 5. Representative microprobe analyses of the lovozerite-group minerals, wt.%.

Sample LV-28-261 LV-31-181 LV-228-176 LV-228-176 LV-33-32 LV-33-32 LV-VI-3

Mineral Ltv Ltv Ltv Tsn Kap Kap Kap
Nb,Os5 0.19 0.88 b.d. 0.37 0.51 0.23 0.26
SiO, 58.44 58.61 58.56 57.88 50.34 51.00 49.58
TiO, 0.83 0.63 0.72 3.95 0.49 0.37 0.45
ZrO, 12.99 13.36 12.75 5.83 14.35 13.51 13.52
Fe, O3 0.68 0.72 1.03 2.57 0.05 0.21 0.17
Al,O3 b.d. b.d. b.d. b.d. 0.55 0.08 b.d.
LayO3 b.d. 0.12 b.d. b.d. 0.15 b.d. 0.34
Cep O3 0.49 0.58 0.31 b.d. 0.60 0.32 0.88
Nd,O3 0.35 0.36 0.23 b.d. 0.33 0.24 0.28
MnO 3.73 2.29 3.39 4.75 0.70 1.50 1.10
CaO 1.10 1.15 1.46 1.27 0.26 0.47 0.37
SrO b.d. 1.15 0.23 b.d. b.d. b.d. b.d.
Na,O 10.50 8.09 12.17 15.70 26.65 27.99 28.80
K,O b.d. b.d. b.d. b.d. b.d. b.d. 0.06
Sum 89.29 87.94 90.85 92.32 95.00 95.91 95.80
Formula based on Sig(O,0H)1g, apfu
Si 6 6 6 6 6 6 6
Nb 0.01 0.04 - 0.02 0.03 0.01 0.01
Ti 0.06 0.05 0.06 0.31 0.04 0.03 0.04
Zr 0.65 0.67 0.64 0.3 0.83 0.78 0.8
Fed+ 0.05 0.05 0.08 0.2 0.01 0.02 0.01
Al - - - - 0.08 0.01 -
La - - - - 0.01 - 0.02
Ce 0.02 0.02 0.01 - 0.03 0.01 0.04
Nd 0.01 0.01 0.01 - 0.01 0.01 0.01
Mn 0.32 0.2 0.29 0.42 0.07 0.15 0.11
Ca 0.12 0.13 0.16 0.14 0.03 0.06 0.05
Sr - 0.07 0.01 - - - -
Na 2.09 1.61 242 3.16 6.16 6.38 6.76
K - - - - - - 0.01
OH 5.87 6.26 5.58 4.63 1.6 1.75 1.24
O 12.13 11.74 12.42 13.37 16.4 16.25 16.76
H,O 0.73 0.99 0.34 0.34 1.19 0.73 1.08

Ltv—litvinskite; Tsn—tisinalite; Kap—kapustinite; b.d.—below detection limit.

4.4. Associated Minerals: Clinopyroxenes

In the meso- and melanocratic rocks (lujavrite and ijolite) of the Layered and Eudialyte complexes
of the Lovozero massif, the minerals of the eudialyte group are in close association with pyroxenes
(aegirine and aegirine-augite). For example, in eudialyte lujavrite, the length of common boundaries
between the EGM and clinopyroxene grains significantly exceeds the one between the EGM and
leucocratic minerals (9:1 ratio) [53]. Therefore, the composition of coexisting pyroxenes is important
for establishing crystallization conditions for the minerals of the eudialyte group.

The composition of clinopyroxenes from the rocks of the Eudialyte complex is presented by us
in the article [53]. In these rocks, clinopyroxenes are presented by aegirine and aegirine-augite with
high content of Ti (up to 0.16 apfu), Zr (up to 0.05 apfu), Al (up to 0.05 apfu), and Mn (up to 0.04 apfu).
The main isomorphic scheme in clinopyroxene from the Eudialyte complex is as follows [53]:

Nat + Ti** + (Al, Fe)>* 2 Ca®* + Mg?*" + Zr**

Representative analyses of clinopyroxenes from the Layered complex are given in Table 6.
Complete data on the composition of clinopyroxenes from rocks of the Layered complex are given in
Supplementary Table S3. According to the results of factor analysis (Figure 10), the main scheme of
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isomorphism in clinopyroxenes from rocks of the Layered complex is the same as in pyroxenes of the
Eudialyte complex (Factor 1). However, the clinopyroxenes from the Layered complex differ in the
content of Ca, Mg, Zr, and Mn. A higher content of these elements is in clinopyroxenes from lujavrite
and ijolite. The content of sodium and ferric iron is greater in clinopyroxenes from urtite (Figure 10).

Table 6. Representative microprobe analyses of clinopyroxenes from the Layered complex, wt.%.

Rock Lujavrite Foyaite Tjolite Urtite
Sample  LV-III-5-2  LV-XI-1 LV-309  LV-IV-1-5 LV-IV-3-2 LV-IV-1-2 LV-327-6  LV-IV-2-3
Si0; 52.17 52.62 52.09 50.78 52.84 51.52 52.48 52.14
TiO, 2.31 1.93 2.45 1.94 1.84 1.85 4.47 2.02
ZrO, 0.57 0.65 0.74 0.52 0.75 0.79 0.58 0.57
AL O3 0.99 0.93 0.87 0.80 0.92 0.82 0.75 1.09
CaO 5.15 6.62 3.04 2.24 4.46 5.55 2.05 3.57
MgO 2.88 3.06 1.87 1.56 2.48 2.29 1.28 2.23
FeO 23.01 21.78 24.88 24.63 23.08 23.86 23.92 23.42
MnO 0.60 0.54 0.51 0.43 0.40 0.48 0.48 0.45
Na,O 11.17 11.82 11.97 11.89 11.47 11.02 13.55 12.47
sum 98.84 99.96 98.41 94.78 98.23 98.18 99.56 97.96

Formula based on 4 cations and 6 oxygen atoms, apfu

Si 1.96 1.94 1.97 1.99 1.99 1.96 1.95 1.96
Ti 0.07 0.05 0.07 0.06 0.05 0.05 0.12 0.06
Zr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Al 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.05
Ca 0.21 0.26 0.12 0.09 0.18 0.23 0.08 0.14
Mg 0.16 0.17 0.11 0.09 0.14 0.13 0.07 0.12
Fe2* 0.02 - 0.05 0.05 0.05 0.03 - -
Fe3* 0.70 0.67 0.73 0.76 0.68 0.73 0.74 0.74
Mn 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.01
Na 0.81 0.84 0.88 0.90 0.84 0.81 0.97 0.91

Figure 11 shows the correlation coefficients (r) between the magnesium content in clinopyroxenes
(in apfu) and the contents of different cations and anions (in atomic amounts) in the coexisting EGM.
It turned out that in the melanocratic rocks (eudialyte lujavrite and ijolite) of the Eudialyte complex,
the compositions of pyroxenes and EGM are interconnected. Significant correlations (p < 0.05) are
between the magnesium content in pyroxenes (Mgpy) and the content of 11 elements in the EGM.
As the content of Mg (as well as Ca and Zr in accordance with isomorphic scheme) in clinopyroxene
increases, the content of Mn, Ca, Sr, Ba, La, Ce, and Cl increases in the composition of the coexisting
EGM, while the content of Fe2*, Zr, Ti, and Al decreases. The EGM grains in these rocks are oscillatory
zonal, and Figure 11 shows the correlations between the composition of the cores of the EGM grains
and the composition of pyroxenes. There are no significant correlations between the composition of
the rim of the EGM grains and the composition of coexisting clinopyroxenes.

It is important to note that, in all types of rock of the layered complex and leucocratic rocks
(foyaite, urtite) of the Eudialyte complex, there are no significant correlations between the compositions
of pyroxenes and EGM (Figure 11).
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Results of factor analyses of data on the composition (in apfu) of clinopyroxenes

from the Layered complex of the Lovozero massif. Var—variables; Expl.var—Explained variance;
Prp.totl—proportion of total variance. Factor loadings > |0.5] are shown in bold.
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Figure 11. Correlation coefficient (r) between the contents of Mg in clinopyroxene and elements in
coexisting eudialyte-group minerals. Black dots indicate significant (p < 0.05) correlation coefficients.
The cations and anions in the EGM are placed in accordance with a decrease in the correlation coefficient

between the composition of EGM and the Mgp, from lujavrite and ijolite of the Eudialyte complex.
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5. Discussion

When a database consisting of 487 samples of the EGM from rocks of the Lovozero massif was
formed, the problem of calculating the EGM formulas appeared. It turned out that the calculation
method based on Si + Al + Ti + Zr + Nb + Hf + W + Ta = 29 [34] is not always suitable for the EGM
from the Lovozero massif. In 30% of the analyses, the amount of zirconium does not exceed 3 Zr pfu,
but, in the remaining 70%, there is excess zirconium (Tables 2 and 3), which is included in the M(2B)
site [35,47,48]. The basis Si + Al + Ti + Zr + Nb + Hf + W + Ta = 29 does not provide for the possibility
of zirconium entering the M(2) position and cannot be used for the hyperzirconium samples. The apfu
values obtained by this calculation method can differ significantly from the apfu calculated based on
structural data (Table 3). Other methods for calculating the EGM formula are not suitable for large
number of samples, since they require solving the crystal structure or other additional studies [35].
The rocks of the Lovozero massif were formed under narrow range of physical and chemical conditions,
and even minor changes in the chemical composition of rock-forming minerals are important for
establishing their genesis. That is why the best approach to studying the evolution of the Lovozero
massif using indicator minerals is a statistical analysis of a large number of data [51,54].

The coefficients in the formula of any mineral are normalized values of atomic amounts of
elements. To trace the patterns of changes in the composition of a mineral, e.g., the eudialyte group,
it is possible to analyze changes in the ratios of atomic amounts. We suggest that this approach can be
used for other minerals of complex composition.

The EGM are a characteristic accessory and sometimes rock-forming mineral in most types of
rocks of the Lovozero alkaline massif. Petrographic data indicate that the EGM in lujavrite of the
Layered complex crystallized in the late magmatic stage after alkaline clinopyroxenes and amphiboles
and filled the interstices in the aggregate of their prismatic crystals (Figure 3e,f). It is important to
note that Kogarko [55] proposed a gradual transition from melt to hydrothermal fluid in agpaitic
systems. Therefore, in the studied rocks, it is impossible to accurately separate the late magmatic and
hydrothermal mineral associations.

In foyaite and urtite, the content of mafic minerals decreases, clinopyroxenes, and amphiboles
form large poikilitic crystals (Figure 3a), and the spatial connection between the EGM and mafic
minerals disappears. During the transition from lujavrite to foyaite and urtite, the modal content of
the EGM increases [29]. In foyaite and urtite, the EGM also crystallized at a late magmatic stage in the
interstices of rock-forming minerals (Figure 3a,b,d). For example, in urtite, the EGM crystallized later
than fluorapatite (Figure 3b), which is a late magmatic mineral [29].

Data on the composition of clinopyroxenes allowed us to additionally confirm petrographic
conclusions about the relative crystallization time of the EGM. We suggested that, in rocks of
the Layered complex, the eudialyte-group minerals crystallized later than clinopyroxenes because
clinopyroxenes contain a significant amount of zirconium [56]. Following [56], zirconium is incorporated
into the clinopyroxene structure, as an Na(Fe2+,Mg)0.5Zr0‘5SizO6 end-member, only when no other
zirconium-bearing phase such as eudialyte is formed.

The question about the relative time of the EGM crystallization in meso- and melanocratic
coarse-grained rocks (eudialyte lujavrite and ijolite) of the Eudialyte complex is difficult to solve only
by petrographic observations. The EGM in these rocks form round or oval grains that are situated in the
axial parts of aggregates (“streams”) of mafic minerals (Figure 4b). The rock-forming aegirine-(augite)
in these rocks is also enriched in zirconium [49,51], but its content is lower than in the rocks of the
Layered complex [49]. Larsen [57] suggested that “As long as eudialyte does not precipitate, Zr in the
melt (and in the pyroxene) must rise with differentiation, but the onset of crystallization of eudialyte
(with 12-15% ZrO;) in sufficient amounts will probably cause a fall in the Zr-content of both melt and
pyroxenes”. However, rocks of the Eudialyte complex are more evolved then rocks of the Layered
complex, and contain clinopyroxenes extremely enriched in the aegirine component [51]. After [58],
Zr abundances are mainly controlled by the major element composition of the host clinopyroxene
crystal, which, in turn, determines the crystal site parameters. Thus, the zirconium content in the
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clinopyroxenes of the Eudialyte complex is decreased due to the crystal-chemical effect. This decrease
is apparently not related to the crystallization of EGM.

Yet, data on the composition of clinopyroxenes can still help to establish the time of eudialyte
crystallization. In the eudialyte lujavrite and ijolite of the Eudialyte complex, the compositions of
clinopyroxenes and EGM correlate with each other (Figure 11), and we assume that this relation is the
result of simultaneous crystallization. The crystallization of EGM in these rocks was completed after
the formation of clinopyroxenes. In the leucocratic rocks (foyaite and urtite) of the Eudialyte complex,
there is no such relationship between the compositions of minerals.

In foyaite and urtite of the Eudialyte complex, the EGM crystallized at a late magmatic stage along
with other zirconosilicates (minerals of the lovozerite group) in the interstices of rock-forming minerals.
The texture of porphyritic/fine-grained nepheline syenites (Figure 4d,e) suggests that, in these rocks,
the minerals of the eudialyte group crystallized simultaneously with clinopyroxenes. The composition
of these rocks corresponds to the phonolitic eutectic, and they are one of the late and low-temperature
igneous rocks of the Eudialyte complex [53]. Thus, in igneous rocks of different composition and
texture, the minerals of the eudialyte group crystallized at a late magmatic stage, either immediately
after clinopyroxenes (aegirine and aegirine-augite) or almost simultaneously with them.

The Mn/Fe ratio of eudialytes has been suggested as a monitor for magmatic evolution by various
authors [13,59-61]. In general, the Mn/Fe ratio of both melt and EGM increase with fractionation.
This ratio is controlled by (1) the fractionation stage and composition of the coexisting melt, (2) the
partition coefficients of Fe and Mn for eudialyte-melt, and (3) co-crystallizing minerals [57]. The latter
point implies that the EGM incorporate elements that are left after the crystallization of simultaneously
and previously crystallizing Mn- and Fe-incorporating minerals. The Mn/Fe ratio in the EGM
from all types of rocks varies very widely. In general, this ratio increases from lujavrite to urtite
(i.e., from mela- and mesocratic to leucocratic rock) within both Eudialyte and Layered complexes.
Moreover, the Mn/Fe ratio increases from the Eudialyte complex to the Layered complex (Figure 7),
and this change occurs due to a decrease in the iron content (Figure 8).

A change in the Mn/Fe ratio from lujavrite to urtite of the Layered complex (Figure 7) indicates
that lujavrite is the earliest rock of each rhythm, and urtite is the more evolved and latest one.
The composition of clinopyroxenes can confirm it. Aegirine and aegirine-augite are found in all
rocks of the Lovozero massif [51] and, therefore, are most suitable for tracing the physico-chemical
evolution of the Lovozero magmas. The evolution from diopside-rich pyroxene compositions towards
aegirine-rich pyroxene is typical of alkaline massifs worldwide [57]. The major difference between
various massifs is the amount of Fe?* enrichment relative to Na and Fe>* enrichment during their
evolution. Three evolutionary paths were documented: (1) from diopside to aegirine without significant
Fe?* enrichment (e.g., Katzenbuckel, Germany [62]), (2) from diopside via hedenbergite to aegirine
(e.g., llimaussaq, Greenland [57,63]), and (3) intermediate paths (e.g., Lovozero [64]).

The clinopyroxenes from rocks of the Layered complex differ by the content of Ca, Mg (diopside
end-member), and Na, Fe3* (aegirine end-member). According to the results of factor analysis
(Figure 10), the higher concentration of Ca, Mg (and Zr) is in clinopyroxenes from lujavrite. The content
of sodium and ferric iron is greater in clinopyroxenes from urtite, and foyaite and ijolite are in an
intermediate position. Thus, changes in the compositions of clinopyroxenes and EGM indicate that
each rhythm of the Layered complex consists of less- (lujavrite) and more-evolved (urtite) rocks.

The Eudialyte complex was formed later than the Layered one. It is confirmed by geological
observations [30], geochemical evidence (extremely high concentration of HFSE and volatile
components, high (Na+K)/Al ratio [29]), as well as a change in the composition of rock-forming
minerals. Kogarko and co-authors [51] described the composition of clinopyroxene throughout the
whole vertical section (2.5 km thick) of the Lovozero massif. They found that pyroxenes from the
rocks of the Eudialyte complex are more enriched in sodium and ferric iron compared to pyroxenes
from the Layered complex. However, the Mn/Fe ratio in the EGM from rocks of the Eudialyte
complex is significantly lower (Figure 7) due to the high iron content (Figure 8). The maximum iron
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contents and, accordingly, the minimum Mn/Fe values are typical of the EGM, which crystallized
simultaneously with clinopyroxenes. These are eudialyte-group minerals from eudialyte lujavrite,
ijolite, and porphyritic/fine-grained nepheline syenites. According to Markl and co-authors [65],
crystallization of aegirine or arfvedsonite from a melt must involve the reduction of the melt according
to the two following two reactions:

2NayO + 4FeO + 85i0; + O, (in the melt) = 4NaFeSi; O (aegirine)

3Na,O + 10FeO + 165i0; + O, + H,O (in the melt) = 2NaszFe?* ;Fe3*SigOy,(OH), (arfvedsonite)

The crystallization of aegirine leads to an increase in the content of ferrous iron in the
mineral-forming melt/solution, and this iron enters the EGM, which grow simultaneously with aegirine.

The increase of the EGM content in leucocratic rocks (foyaite, urtite) of the Layered complex and the
appearance of primary minerals of the lovozerite group together with the EGM in the leucocratic rocks
of the Eudialyte complex can be explained as follows. The lujavrite — foyaite — urtite fractionation
path started with potassic alkali feldspar, clinopyroxene, and nepheline, whose removal drove the
melts towards HFSE- and Na-rich compositions, then the EGM started to crystallize. A similar
fractionation path occurs in the NayO-Al,O3-Fe;O3-5i0; system [66], where a melt of the “ijolite” type
(approximately 50% of aegirine) evolves towards “nepheline syenite” (approximately 10% of aegirine).
Following [66], after the crystallization of lujavrite, the residual foyaitic melt was significantly enriched
in sodium disilicate. Thus, in the rhythm of the Layered complex, the higher EGM content in foyaite
and urtite is a result of fractional crystallization.

It is important to note that the zirconosilicates of the eudialyte- and the lovozerite groups
differ by sodium content and crystallize at different alkalinity. According to Khomyakov [67],
for silicate minerals with the general formula AXMySiqu (A = Na, K, and other strong bases;
M = Zr, Nb, Ti, Be, and other Al-substituting elements), the so-called alkalinity modulus can be
calculated: Kk = (x X 100)/(x + y + p). By the value of K,x, the minerals and rocks, in which they are
present, are subdivided into five groups, namely miaskitic (Kyx < 15%), low agpaitic (K, = 15-25%),
medium agpaitic (K, = 25-35%), highly agpaitic (K, = 35—40%), and hyperagpaitic (K, > 40%).
Minerals of the lovozerite group are characterized by the highest alkalinity, and belong to the
hyperagpaitic group, and the K, of the minerals of the eudialyte group is lower (highly agpaitic
group). The melt evolutionary paths during crystallization of the Eudialyte and Layered complexes
were similar, i.e., melanocratic melt evolved towards leucocratic (foyaitic) melt extremely enriched
with sodium disilicate. However, during the crystallization of the rocks of the Eudialyte complex,
the proportion of sodium in the residual melt was greater than during the crystallization of the rhythm
(from lujavrite to foyaite and urtite) of the Layered complex. As aresult, primary hyperagpaitic minerals
(lovozerite, kapustinite, litvinskite) crystallized in the leucocratic rocks of the Eudialyte complex.

The EGM decomposition products are indicative of an increase in sodium concentration from early
melanocratic rocks (lujavrite) to late foyaite and urtite. Substitution of the EGM by the lovozerite-group
minerals occurs at the post-magmatic stage under the influence of residual solutions. The alkali
concentration in these solutions determines which of the lovoserite-group minerals will be formed.
In lujavrite and ijolite, eudialyte is replaced by litvinskite, and in foyaite and other leucocratic rocks, it is
replaced by kapustinite. Late hydrothermal solutions may not affect eudialyte. Under their influence,
only previously formed rims of the secondary lovozerite-group minerals are destroyed.

The eudialyte-group minerals are formed during the metasomatic alteration of volcanoclastic
rocks. Unchanged, these rocks contain extremely low concentrations of ZrO, (maximum 0.01 wt.%
for basalt) and REE (X REE,O3; = 300 ppm in average for basalt), but are significantly enriched in
CaO (10.18 wt.% in average for basalt), MgO (6.24 wt.% in average for basalt), and FeO (9.43 wt.%
in average for basalt) [68]. The EGM from metasomatites are quite different in composition to the
EGM from igneous rocks, since they are formed during the replacement of calcium-enriched rocks.
The arrangement of zones in the oscillatory zoned EGM grains from metasomatites is opposite to the
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arrangement of zones in the magmatic EGM, and indicates an increase in the concentration of Zr, Al,
Na, Fe?*, and Cl during metasomatism.

6. Conclusions

1. The minerals of eudialyte group (EGM) are a characteristic accessory and sometimes rock-forming
minerals of the Lovozero alkaline massif rocks. In all types of the rocks, they form at the late
magmatic stage. In the rocks of the Layered complex, the EGM crystallize later than alkaline
clinopyroxenes and amphiboles, but in the Eudialyte complex, crystallization of the EGM begins
simultaneously with clinopyroxenes and ends after their formation.

2. In the Layered complex, the maximum modal content of EGM is found in leucocratic rocks
(foyaite and urtite). In the Eudialyte complex, the largest amount of EGM is concentrated in
melanocratic rocks (lujavrite), while leucocratic rocks contain primary minerals of the lovozerite
group. This distribution occurs due to fractional crystallization by the lujavrite — foyaite — urtite
path, in which the sodium (and HFSE) concentration in the residual liquid progressively increases.

3. Mostof the EGM samples (70%) from the rocks of the Lovozero massif are hyperzirconium, i.e., their Zr
content exceeds 3 apfu. Since the excess zirconium is included in the M(2B) position, the generally
accepted formula calculation based on (Si + Zr + Ti + Nb + Al + Hf + W + Ta) = 29 cations cannot
be applied. To trace changes in the composition of EGM during magmatic evolution, the ratio of
the atomic amounts of cations can be used.

4. In the lujavrite-foyaite-urtite series in both Layered and Eudialyte complexes, the Mn/Fe ratio in
the EGM increases. However, the Mn/Fe ratio in the EGM from rocks of the Eudialyte complex is
significantly lower due to the high iron content. The maximum iron contents and, accordingly;,
the minimum Mn/Fe values are typical of the EGM, which crystallized simultaneously with
clinopyroxenes (aegirine and aegirine-augite). The reason for this is that, during the crystallization
of alkali clinopyroxenes in the melt/solution, the concentration of ferrous iron sharply increases.

5. At the post-magmatic stage, the EGM are replaced by minerals of the lovozerite group.
Which mineral from this group will replace the EGM depends on the alkalinity of the residual
solution. The EGM from melanocratic rocks (lujavrite and ijolite) are replaced by litvinskite,
and the EGM from leucocratic rocks (urtite and foyaite) are usually replaced by kapustinite.

Supplementary Materials: The following materials are available online at http://www.mdpi.com/2075-163X/
10/12/1070/s1, Table S1: Parameters of microprobe analyses, Table S2: Microprobe analyses of EGM, Table S3:
Microprobe analyses of clinopyroxenes.
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