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Abstract: The Lovozero complex, Kola peninsula, Russia and the Ilímaussaq complex in Southwest
Greenland are the largest known layered peralkaline intrusive complexes. Both host world-class
deposits rich in REE and other high-tech elements. Both complexes expose spectacular layering with
horizons rich in eudialyte group minerals (EGM). We present a detailed study of the composition
and cryptic variations in cumulus EGM from Lovozero and a comparison with EGM from Ilímaussaq
to further our understanding of peralkaline magma chambers processes. The geochemical signatures
of Lovozero and Ilímaussaq EGM are distinct. In Lovozero EGMs are clearly enriched in Na + K,
Mn, Ti, Sr and poorer Fe compared to EGM from Ilímaussaq, whereas the contents of ΣREE + Y
and Cl are comparable. Ilímaussaq EGMs are depleted in Sr and Eu, which points to plagioclase
fractionation and an olivine basaltic parent. The absence of negative Sr and Eu anomalies suggest a
melanephelinitic parent for Lovozero. In Lovozero the cumulus EGMs shows decrease in Fe/Mn,
Ti, Nb, Sr, Ba and all HREE up the magmatic layering, while REE + Y and Cl contents increase.
In Lovozero EGM spectra show only a weak enrichment in LREE relative to HREE. The data
demonstrates a systematic stratigraphic variation in major and trace elements compositions of
liquidus EGM in the Eudialyte Complex, the latest and uppermost part of Lovozero. The distribution
of elements follows a broadly linear trend. Despite intersample variations, the absence of abrupt
changes in the trends suggests continuous crystallization and accumulation in the magma chamber.
The crystallization was controlled by elemental distribution between EGM and coexisting melt during
gravitational accumulation of crystals and/or mushes in a closed system. A different pattern is
noted in the Ilimaussaq Complex. The elemental trends have variable steepness up the magmatic
succession especially in the uppermost zones of the Complex. The differences between the two
complexes are suggested to be related dynamics of the crystallization and accumulation processes in
the magma chambers, such as arrival of new liquidus phases and redistributions by mush melts.

Keywords: EGM; Lovozero; Ilímaussaq peralkaline nepheline syenites; EGM evolution

1. Introduction

Eudialyte is a valuable resource for high-tech elements including Zr, Hf, and REE.
This resource potential of eudialyte group minerals (EGM) has attracted increasing interest
in the last decade and new information on the EGM group continue to be added [1–5].
EGM is an accessory mineral in many agpaitic rocks with molar ratios of Na + K/Al2O3 > 1.
EGM is found more than in 100 localities (e.g., Pilansberg, Norra Karr, Pocos de Caldas,
Tamazeght), but is only present in high tonnage deposits in the Lovozero (Kola Peninsula)
and the Illimaussaq (Greenland) complexes. EGMs are here concentrated in layers with
25–95 vol.% EGM [6,7].

The aim of this contribution is to use the occurrence and composition of eudialyte
group minerals (EGM) to further our understanding of magma chamber differentiation and
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dynamics in layered peralkaline syenite complexes such as the Lovozero Complex, Kola
peninsula, Russia and Ilímaussaq complex of South Greenland. Lovozero is the world’s
largest agpaitic complex and hosts immense resources of high-field strength elements
(HFSE) in syenites enriched in loparite or eudialyte. In the Ilímaussaq, the HFSE are in
syenites enriched in EGM and steenstrupine. In this study we provided detailed informa-
tion on composition and cryptic variations in EGM of the Lovozero and a comparison with
published information on EGM from the Ilímaussaq [8,9].

The ability to host a large number of elements makes EGMs good indicators and
monitors for magmatic evolution in highly alkaline magmas [10,11]. EGM exhibit a broad
spectrum of compositions due to the unique mineralogical features [10–13]. The crystal
structures of EGM are best compared to a microporous zeolite-like framework with the abil-
ity to host a large number of elements. Even the simplified general formula of EGMs reflects
the significant complexity of the group, and is given as [N1N2N3N4N5]3M16M23M3M4Z3
(Si9O27)2(Si3O9)2Ø4–6X1X2, where M1 = Ca, Mn2+, REE, Na, Sr, Fe2+; M2 = Fe2+, Fe3+, Mn2+,
Na, Zr4+; M3,4 = Si, Nb, Ti, W; Z = Zr, Ti, Nb; N1–N5 = Na, H3O+, K, Sr, REE, Y, Ba, Mn2+,
Ca, H2O; X1,2 = H2O, Cl, F, OH–, CO3

2–, SO4
2. At present EGM includes 29 mineral species

as well as their chemical and structural variants [10,11,13]. In Lovozero, EGM is dominated
by “common” eudialyte (e.g., [14]), with proportions of raslakite (Na15Ca3Fe2+3(Na,Zr)3Zr3
(Si,Nb)(Si25O73)(OH,H2O)3(Cl,OH)), taseqite (Na12Sr3Ca6Fe3Zr3Nb(Si25O73)Cl2(O,OH,H2O)3),
and sergevanite Na15(Ca3Mn3)(Na2Fe)Zr3(Si26O72)(OH)3_H2O) [1].

It is traditionally assumed that giant layered intrusions and their mineral deposits
form due to magmatic gravitational accumulation of crystal or crystal mushes. Studies of
Rb-Sr, Sm-Nd, U-Th-Pb, Lu-Hf isotopic systems and of O, H [15–17] suggest that peralkaline
magmatic systems are closed and inhibit the separation and loss of volatiles and the rare
HFSE metals, i.e., REE, Zr, Hf, Nb, Ta, Th, U, Sr, Ba to late developed fluid phases [15].
In such systems, element contents in the bulk melt will change, mostly depending on the
partition coefficients of elements in the crystallizing liquidus phases. This process would
also control compositions of liquidus EGM up through the magmatic layers of the eudialyte
complex of Lovozero and in Ilímaussaq unless additional processes affected the distribution
of elements needed for EGM crystallization. Distributions controlled solely by fractional
crystallization would be reflected in cryptic variation in the compositions of EGM. We
demonstrate that Lovozero EGM becomes a liquidus phase after the crystallization of about
85 vol.% of the intrusion (eudialyte complex) [14] formed layers of cumulus EGM and that
cryptic variations suggest a traditional fractional crystallization process for Lovozero, but
not in Ilímaussaq which in addition to cumulus processes seems affected by redistribution
of elements to its latest formed units [8,9].

2. Geological Setting

The Lovozero peralkaline Complex is one of the world’s largest layered intrusions of
agpaitic nepheline syenite. It is located near the center of the Kola Peninsula in Russia and
part of the Devonian Kola ultramafic–alkaline and carbonatitic province (KACP) [15,18].
The Complex has a surface area of 625 km2 and exposes a 2400 m stratigraphic succession
of undersaturated felsic plutonic rocks.

The Complex comprise four units, formed in three distinct intrusive phases [6,16].
Phase I (Figure 1) comprise even-grained nepheline syenites, nepheline-nosean syenites
and occupy only about 5 vol.% of the complex. The rocks of Phase II occupy 77% and are
also referred to as the “Differentiated Complex”. It is composed of a strongly differentiated
and layered succession with a regular alternation between of layers of urtite, juvite, foyaite
and aegirine and amphibole lujavrite (for descriptions of these rock types see Gerasimovsky
et al. [19,20]). The layers range in thickness from a few centimeters to hundreds of meters.
The stratigraphic order of the rock types is the same across the complex. The inward dip of
the layers decreases toward the center of the complex. Lens-like bodies of poikilitic sodalite
syenite are related to the lujavrites. The rocks of Phase II are more alkaline than Phase I
(agpaiticy > 1). The main rock-forming minerals are nepheline, microcline, sodalite, aegirine
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and arfvedsonite. The accessory phases are typically enriched in elements such as Sr, Zr,
Nb, Ba and REE, and include EGM, lomonosovite, murmanite, lamprophyllite, villiaumite,
loparite, lorenzenite, apatite and titanite. EGM occurs as interstitial and anhedral grains in
Phase II rocks. The HFSE potential of Phase II is in conformable layers of loparite.
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Figure 1. Geological map of the Lovozero complex with inset showing location of Lovozero (star) within the Kola Peninsula.

The rocks of intrusive Phase III comprise a suite of eudialyte lujavrites which cut,
and overlie, the upper part of the rocks of Phase II (Phase III is also referred to as “the
eudialyte complex”).

The dip of the contact between rocks of Phases II and III decreases towards the center
of the complex. The rocks of Phase III form the summits of the mountains of the Lovozero
complex, and the thickness of this suite reaches 400 m but, because of erosion, decreases
from northwest to southeast.

The rocks of Phase III include leucocratic, mesocratic and melanocratic eudialyte
lujavrites, eudialyte foyaite and juvite. The layering is coarser compared to that of Phase
II. The main rock-forming minerals of Phase III are nepheline, microcline, aegirine, EGM,
lamprophyllite and arfvedsonite. EGM is euhedral in Phase III, which is a fundamental
difference to EGM of lujavrites of Phase II. The common accessory minerals of Phase III are
lomonosovite, murmanite, loparite, lovozerite, pyrochlore and sodalite. Some horizons
defined as eudialyte ore contain 25% and up to 95 vol.% of EGM. They are confined to the
upper zone of the Phase III.

Bodies of porphyritic lujavrite are found at the contact to Phase II. They are suggested
to be partly quenched varieties of eudialyte lujavrite. Late melts of Phase III form intrusive
veins of porphyritic lujavrite in Phases I, II and III rocks. They are up to several kilometers
in length and up to 50 m wide, and have phenocrysts of nepheline, microcline, aegirine,
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amphibole, lamprophylite, murmanite, and EGM in a groundmass of the same paragenesis.
Poikilitic sodalite syenite and tawite (sodalite-rich rocks with some aegirine and minor
nepheline, alkali feldspar and eudialyte) form equidimensional, sharply defined bodies
some meters across in Phase II and III lithologies.

3. Samples and Analytical Method

The majority of the studied samples were collected from two drill holes (#178 and
#144). They were drilled through most of the c. 400 thick Phase III. To these were added
field hand samples of porphyritic eudialyte lujavrite and porphyritic murmanite lam-
prophyllite lujavrites. Only cores of well-shaped EGM grains were analyzed in order
to minimize the influence of rimming and overprinting processes. The EGM analyses
were made using Cameca SX50 and CAMECASX 100 electron microprobes with four
wavelength-dispersive spectrometers at the Natural History Museum, London, and at
Vernadsky Institute, Moscow. Operating conditions were in both cases an accelerating
voltage of 15 kV and a 20 nA probe current. A combination of natural minerals, synthetic
compounds, and pure metals, which included synthetic NaNbO3, SrTiO3, CaTiO3, ZrSiO4
and individually REE-doped glasses for the major components were used as standards.
We also used standards from Smithsonian Institution (USA). Trace element analyses were
performed in Frankfurt University, Max Plank Institute in Mainz, Germany, and Vernadsky
Institute, using Thermo Scientific Element 2 ICPMS instruments coupled with a Resonetics
Resolution M-50 excimer laser. The laser spot size varied from 20 to 60 µm. NIST glasses
and Zircon 91500 were used as standards. The following isotopes were used for determin-
ing the abundances of the elements: 29Si, 45Sc, 88Sr, 89Y, 90Zr, 93Nb, 137Ba,139 La,140 Ce, 141Pr,
146Nd, 147Sm, 151Eu, 157Gd, 159Tb, 161Dy, 165Ho, 167Er, 169Tm, 172Yb, 175Lu, 178Hf,181 Ta,
208Pb, 232Th, 55Mn, 57Fe, and 24Mg. Contents were calculated from relative peak intensities
using the PAP-correction.

The compositions of EGM are presented in apfu and ppm depending on the accuracy
of the analyses. The full data set includes 700 analyses in 253 samples.

4. Results and Data Compilations
4.1. Cryptic Variations in Lovozero Cumulus EGM

Elemental contents in EGM of Phase III are shown in Figure 2 relative to the structural
depth of the studied samples. Some crystals show complex zoning and for these we show
averages. All formulae were calculated based on (Si + Zr + Ti + Nb + Hf + Al) = 29 apfu.
The data are consistent with the published information [3,21].

Up through the Phase III, cumulus EGM becomes progressively depleted with Fe from
1.81 to 1.57 apfu and enriched in Mn from 0.74 to 1.08 apfu. The Mn/Fe ratio increases
from 0.41 to 0.68. Na and K in EGM is near constant up the stratigraphy from 16.41 to
16.95 apfu and from 0.23 to 0.22 apfu, respectively. Sr and Ba contents in EGM decrease
systematically upward from 12,200 to 8050 ppm Sr and from 3400 to 700 ppm. Ba. REE + Y,
including HREE, increase from 15,200 to 16,100 ppm in EGM from the upper part of Phase
III while the sum of HREE gradually decreases.

Ti and Nb contents in EGM vary little in Phase III with Ti decreasing from 0.26 to
0.21 apfu and Nb decreasing from 3400 to 3100 ppm. Cl in EGM increases systematically
upward from 0.86 to 1.23 apfu, while S decreases from 0.13 to 0.07 apfu. Contents of U and
Th in EGM are low in our data and not very accurate due to analytical uncertainty, but
suggest an upward increase in both elements from 20 to 80 ppm U and 30 to 70 ppm Th.

4.2. Data for Comparison between Ilímaussaq and Lovozero

To allow comparison between EGM in Lovozero and Ilímaussaq we chose to calculate
average compositions of EGM in the two complexes. The Lovozero average (Table 1)
is based on our data and the average of Ilímaussaq EGM (Table 2) on the supplemen-
tary data in [9] providing 20 averages, excluding compositions from hybrid rocks and
marginal pegmatites.
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Table 1. Average compositions of EGM in Lovozero rocks.

Element Max Min Average

ppm

Nb 13,600 1900 5600
Sr 25,600 3800 13,400
Ba 7400 90 3200
La 9300 1110 3600
Ce 25,700 2200 9000
Pr 4400 300 1600
Nd 7800 500 3300
Sm 1300 300 700
Eu 250 100 200
Gd 800 300 600
Tb 150 50 100
Dy 850 300 600
Ho 200 60 100
Er 500 200 350
Tm 70 20 50
Yb 500 140 300
Lu 80 20 50

∑REE 51,800 5500 20,500
Y 4900 1500 3200

Th 70 20 40
U 70 30 40

a.p.f.u.

Na 18.46 2.99 15.27
K 0.65 0.06 0.19
Ca 6.00 2.51 4.15
Fe 2.68 0.33 1.42
Mn 1.98 0.52 1.03
Ti 0.52 0.10 0.21

∑REE + Y 1.43 0.12 0.43
Cl 1.55 0.10 1.13

Mikhailova et al. [21]; Mikhailova et al. [2]; Wu et al. [22]; Schilling et al. [3]; Kogarko, Nielsen [14].

Table 2. Average compositions of EGM in Ilímaussaq rocks.

Element Average Element Average Element Average

ppm

Nb 6600 Sm 800 Tm 100
Sr 700 Eu 70 Yb 700
Ba 700 Gd 800 Lu 90
La 4600 Tb 140 ∑REE 20,200
Ce 6300 Dy 1000 Y 5100
Pr 900 Ho 200 Th 30
Nd 3800 Er 700 U 50

a.p.f.u.

Na 13.78 Fe 2.44 Nb 0.20

K 0.19 Mn 0.36 ∑REE + Y 0.54

Ca 5.35 Ti 0.02 Cl 1.19
Marks et al. [9]; Wu et al. [22]; Pfaff at el. [23]; Borst et al. [8]; Schilling et al. [3].

Average EGM of Ilímaussaq shows an average Fe of 2.44 apfu and 0.36 apfu Mn. In
contrast, Lovozero shows Fe average of 1.42 apfu, and a Mn average of 1.03 apfu. The large
difference in the Fe content probably reflects the higher average Fe content in the rocks
of the Ilímaussaq intrusion of 10.18 wt% [6,24] compared to 5.5. wt% in Lovozero [19].
The average Mn content in Ilímaussaq rocks is only 0.19 wt% compared to the Lovozero
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rocks—0.33 wt%. The Mn/Fe ratio in Phase III liquidus EGM is therefore 0.73 compared to
0.15 in Ilímaussaq. Although the data shows some scatter, the Mn/Fe ratios increase in
both complexes with the fractionation of the remaining bulk magmas (Figure 2; see also
Figure 3 in [8] and Figure 4 in [9]).

The contents of Ti and Nb are low in Lovozero as well as Ilímaussaq EGM. The
average for Ti in Lovozero is 0.22 apfu, and the average for Nb 4900 ppm (Table 1). In
Ilímaussaq Ti is much lower with an average 0.02 apfu and Nb a bit higher with 6600 ppm
(Table 2, [3,8,22]).

The average Na + K in EGM from Lovozero is 15.46 apfu and only slightly higher
than in EGM of Ilímaussaq with 13.97 apfu. Na + K remain near constant up the eudialyte
complex in Lovozero and through the Ilímaussaq stratigraphy, probably due to control
by the proportion of the main liquidus phases comprising nepheline, microcline, aegirine,
amphibole near the eutectic of nepheline syenites [15,25].

The content of Sr and Ba in Ilímaussaq EGM is very low (<0.1 apfu) while Lovozero
EGM is enriched in these elements with averages for Sr of 9100 and for Ba of 1300 ppm.
Sr and Ba in cumulus Lovozero EGM decrease systematically upward from 12,200 to
8050 ppm and from 3400 to 700, respectively (Figure 2).

The average of total REE + Y in EGM from Ilímaussaq and Lovozero are slightly
different with an average of 0.43 apfu in Lovozero (Table 1) and 0.54 apfu in Ilímaussaq [9]
(Table 2). Note should be taken that the Ilímaussaq apfu is based on La, Ce and Nd and
that the real REE + Y number would be higher. A gradual decrease in HREE relative to
LREE upward in Lovozero EGM (Figure 2) suggests a slightly elevated partition of HREE
over LREE in minerals crystallized from the remaining bulk liquid.

The average content of Cl in Lovozero and Ilímaussaq was compared with 1.12 and
1.2 apfu, respectively. S occupy the same structural position as Cl in eudialyte [11]. The
growth of Cl content in cumulus Lovozero EGM (from 0.86 to 1.23 apfu) and in Cl/S reflects
the general differentiation trend in Lovozero. In EGM of Phase II the Cl/S ratio is 0.16 and
increases to 0.36 in the upper part of Phase III. In Ilímaussaq EGM, Cl noticeably decreases
with fractionation and especially in the latest crystallized units. Decrease in Cl is seen as
the consequence of crystallization of Cl-bearing sodalite and EGM [8,26].The U average
content of 40 ppm in the Lovozero EGM is slightly lower in comparison with 50 ppm in
Ilímaussaq EGM. The Th average is up to 30 ppm in both Complexes. [3,8,22,23]. There is
an increase in the average contents of U and Th in Lovozero cumulus EGM of Phase III,
likely due to a sharp decrease in the crystallization field of loparite [19,27].

4.3. REE and Trace Elements Spectra

The normalized REE trace elements highlight differences between EGM in Ilímaussaq
and Lovozero. All chondrite normalized REE spectra of Lovozero EGM lack a negative
Eu anomaly and contain high Sr contents (Figure 3, Table 1), whereas all EGMs from
Ilímaussaq have a clear negative Eu anomaly and very low Sr contents. In Figure 3A the
slope of the REE spectra of Lovozero EGMs is gentle with highest values for the LREE.
The average Ce/Y ratio is 1.08. In Ilímaussaq the spectra show more variation (Figure 3C).
The average for HREE is almost flat until the deep Eu anomaly and a steepening in LREE
trend. The average Ce/Y ratio is 1.63 in Ilímaussaq EGMs. The normalized trace elements
plots (Figure 3B,D) show that the Ilímaussaq EGM are strongly depleted in Sr compared to
Lovozero, an observation already made and discussed by [9].
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5. Discussion
5.1. EGM as Liquidus Phase in Phase III

Phase III of Lovozero is characterized by cumulus layers of EGM. Phase III represents
the last c. 15 vol.% of the Lovozero complex. EGM started to crystallize in Phase III as
euhedral grains (Figure 4) as part of the liquidus paragenesis and in equilibrium with
nepheline, aegirine, microcline, amphibole (e.g., [14] and references therein). EGM accu-
mulated in potential ores in consequence of saturation in the bulk melt with components
needed for nucleation of EGM. The compositional variation in EGM in the 400 m profile in
Phase III (Figure 2) therefore records the evolution of the remaining bulk melt and allows
comparisons to other EGM crystallizing complexes, such as Ilímaussaq.

We add that primary, crystallized microinclusions in cumulative EGM in eudialyte
lujavrites (Figure 5) support that accumulated EGM crystals in Phase III formed on the
liquidus. In heating experiments, melt starts to form inside the inclusions at c. 650 ◦C
and microcline, sodalite, aegirine, lamprophyllite are completely resorbed during gradual
heating up to 900 ◦C. All phases are completely dissolved at 970 ◦C and the walls of
the inclusion were partly melted [28]. The observed content of 1.2 wt% ZrO2 in the
homogenized melt is very close to the level saturation needed for EGM crystallization in
alkaline melt [14].

Minerals 2021, 11, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 5. Microinclusions in EGM ore, Phase III, field of view 110 µm. 

The systematic compositional evolution in EGM in Lovozero conforms with our un-
derstanding of EGM as cumulus phase that is separated from bulk magma during the 
cooling. The EGM crystals were isolated in the mushes or cumulus layers at the floor or 
roof and avoided re-equilibration. In addition, the very high contents of EGM crystals in 
some layers point to a physical accumulation process and consequently to convective mo-
tion in the magma chamber. We believe that the fractionation of the bulk melt as moni-
tored in cores of EGM crystals up through the Phase III (Figure 2) is best understood as 
crystallization of EGM during classic convection of the magma and gravitational accumu-
lation of formed crystals. 

5.2. Geochemical Signature of EGM in Lovozero and Ilímaussaq 
The chemical fingerprints of EGM crystallizing magmas are best seen in the substi-

tutions for major elements in EGM. We therefore focus on the minor and trace elements 
of EGMs in Lovozero and Ilímaussaq. The contents of Sr and Ba are high in Lovozero 
(Table 1) and very low (<0.1 apfu) in Ilímaussaq EGM (Table 2). In both complexes Sr and 
Ba decrease in content with fractionation. In lovozero we tentatively correlate the de-

Figure 5. Microinclusions in EGM ore, Phase III, field of view 110 µm.



Minerals 2021, 11, 548 10 of 14

The systematic compositional evolution in EGM in Lovozero conforms with our un-
derstanding of EGM as cumulus phase that is separated from bulk magma during the
cooling. The EGM crystals were isolated in the mushes or cumulus layers at the floor or roof
and avoided re-equilibration. In addition, the very high contents of EGM crystals in some
layers point to a physical accumulation process and consequently to convective motion in
the magma chamber. We believe that the fractionation of the bulk melt as monitored in
cores of EGM crystals up through the Phase III (Figure 2) is best understood as crystalliza-
tion of EGM during classic convection of the magma and gravitational accumulation of
formed crystals.

5.2. Geochemical Signature of EGM in Lovozero and Ilímaussaq

The chemical fingerprints of EGM crystallizing magmas are best seen in the substi-
tutions for major elements in EGM. We therefore focus on the minor and trace elements
of EGMs in Lovozero and Ilímaussaq. The contents of Sr and Ba are high in Lovozero
(Table 1) and very low (<0.1 apfu) in Ilímaussaq EGM (Table 2). In both complexes Sr and
Ba decrease in content with fractionation. In lovozero we tentatively correlate the decreases
with crystallization of lamprophyllite. The proportion of lamprophyllite significantly in-
creases in Phases III, where lamprophyllite forms mushes of very small crystals, especially
in the uppermost parts of Figure 6.
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In Lovozero Ti and Nb in EGM decrease with fractionation (Figure 2), most likely
due to arrival of liquidus lamprophyllite with up to 29 wt% TiO2 and murmanite with up
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to 30 wt% TiO2 and up to 22 wt% Nb2O5. The presence of lamprophyllite and murman-
ite phenocrysts in porphyritic eudialyte lujavrites supports that they are on liquidus in
Phase III melt.

In Ilímaussaq the content of Ti and Nb decreases upwards [8] until a reversal in the
aegirine lujavrites in top of the profile of [8,9] and records a larger compositional spread
in the lujavites and the syenites (naujaites) under the roof of the intrusion. The average
Nb content in Ilímaussaq EGM is 6600 ppm [3,8,22]. Nb and Ti contents in the uppermost
parts of Ilímaussaq are influenced by the crystallization of rinkite that concentrate Ti and
Nb and aenigmatite with Ti of 7–9 wt% [8,9].

5.3. Chemical Composition and Petrogenetic Implications of EGM in the Lovozero and
Ilímaussaq Complexes

Lovozero and Ilímaussaq Complexes expose the spectacular layering of horizons
containing EGM. Repetitive model layering and cryptic variation in compositions of liq-
uidus phases are characteristic for layered intrusions and layering caused by fractional
crystallization. There are no abrupt changes in the compositional trends of EGM during the
differentiation of Phase III in Lovozero (Figure 2) and as suggested above, the main mech-
anism of layering in Lovozero Phase III was continuous accumulation of crystallization
products in the intermittent floor of the magma chamber due to gravitational separation
and crystal mush formation in a closed system. Exception was trapping of small crystals of
EGM in the roof of the magma chamber [14] in a process similar to that suggested for small
apatite crystals in ores of Khibiny complex [29].

Another development is noted in the Ilimaussaq Complex [8,30]. The elemental trends
are systematic in the layered kakortokites (LLK and TLK) but deviate in aegirine lujavrites
and the most evolved part of the intrusion (Figure 6 in Borst et al. [8]) and more evolved
lujavrites [26]. This suggests changes either due to new phases on liquidus or, e.g., mixing
and reaction with residuals and fluids from compacting mushes. Changes in the partition
coefficients of liquidus phases would also affect the composition of EGM. As shown by,
e.g., [31,32] the compositions of cumulus phases in layered intrusions can be changed
dramatically by subsequent reaction with intercumulus melts and fluids and contribute to
the scatter in the evolutionary trends.

5.4. The Proposed Parental Melts of Lovozero and Ilímaussaq

The most significant difference between EGM from the two complexes is the distinct
negative anomalies in Sr and Eu in Ilímaussaq EGM. No plagioclase would have been on
liquidus during fractional crystallization of parental olivine nephelinites or melanephelinite
melts of the KACP. The fractionating phases in the olivine nephelinite/melanephelinite lin-
eages are olivine, melilite and clinopyroxene. They do not concentrate Eu or Sr due to very
low distribution coefficients [33–35]. Nor does nepheline when melts become more evolved
(e.g., Larsen [36]). The results also confirm that the oxygen fugacity of Lovozero Complex
was very close to the QFM buffer system [37] and EGM mostly contained Eu3+ [38].

In stark contrast, all chondrite normalized REE spectra of Ilímaussaq EGM have a
negative Eu anomaly and very low Sr content [9]. Important fractionation of plagioclase
is envisaged to have depleted the evolving melt in Eu2+ and Sr. Following and agreeing
with [9] the parental melt of the Ilímaussaq complex, at least at some stage, crystallized
plagioclase. This suggests that melt(s) of the Ilímaussaq complex formed by fractional crys-
tallization processes from an alkali olivinebasaltic or basanitic parent common throughout
the Gardar province [39–42]. It would have plagioclase as the main leucocratic mineral.
Although the mineralogy and many other features are common to Lovozero and Ilimaussaq
they may have very different parents and evolutionary trends.

The mafic dykes or the Gardar province are transitional basalts with transitional
olivine basalt parents. Their lightly increased alkalies may allow the term trachybasalt
for the mafic members or at least for those that are close to the critical plane of Si-
undersaturation [41]. They are Fe-rich and some plot in the basanite field of the total
alkalies diagram versus SiO2 (TAS), even though they crystalize plagioclase. Such Fe-rich
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Gardar melts would fractionate to Fe-rich trachyandesite and most likely end up in the
undersaturated minima and crystallize monzonites, syenites and eventually small residual
volumes of nepheline syenites toward the SiO2-undersaturated minimum. In this light, the
origin of the large volume of peralkaline melt in Ilimaussaq complex remains enigmatic.

6. Conclusions

1. The petrographic observations show that EGM is an early cumulus mineral in the eu-
dialyte complex (Phase III of Lovozero) and crystallized simultaneously with the other
liquidus minerals nepheline, microcline, aegirine and amphibole. As liquidus phase,
EGM monitors the evolution of the bulk melt and convection in the magma chamber.

2. The data demonstrate a systematic stratigraphic variation in major and trace element
composition of liquidus EGM in the Lovozero eudialyte complex (Phase III). No
abrupt changes are observed in the compositional trends of EGM. The distribution of
elements follows an almost linear trend.

3. The seemingly systematic evolution of bulk melt suggests uninterrupted magma
chamber scale convection and continued gravitational accumulation of liquidus
crystals or crystal mushes in a closed magma chamber as main mechanism for the
lithological layering and evolution in Lovozero Phase III. In addition, floatation in
convective magma carried extremely small crystals of, e.g., EGM and lamprophyllite
to the top and roof of the magma chamber.

4. A marked negative Eu anomaly and low Sr point to plagioclase fractionation during the
evolution of the parental melt of Ilímaussaq and an olivinebasaltic or basanitic parent.
In Lovozero, the absence of Eu anomaly and high Sr point to a melanephelinitic parent.

5. Ilímaussaq EGMs show a marked shift in compositional trends especially in late
crystallized lujavrites [8,30]. The marked changes are suggested due to mixing with
residual melts from crystal mushes or the arrival of new phase on liquidus. Al-
ternatively, changes in the partition coefficients would affect the compositions of
EGM as would subsequent reaction with intercumulus melts and by re-equilibration
processes (e.g., [31,32]).
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