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Abstract: The Kovdor alkaline-ultrabasic massif (NW Russia) is formed by three consequent
intrusions: peridotite, foidolite-melilitolite and phoscorite—carbonatite. Forsterite is the earliest
mineral of both peridotite and phoscorite-carbonatite, and its crystallization governed evolution
of magmatic systems. Crystallization of forsterite from Ca-Fe-rich peridotite melt produced
Si-Al-Na-K-rich residual melt-I corresponding to foidolite-melilitolite. In turn, consolidation of
foidolite and melilitolite resulted in Fe-Ca-C-P-F-rich residual melt-II that emplaced in silicate rocks
as a phoscorite—carbonatite pipe. Crystallization of phoscorite began from forsterite, which launched
destruction of silicate-carbonate-ferri-phosphate subnetworks of melt-II, and further precipitation
of apatite and magnetite from the pipe wall to its axis with formation of carbonatite melt-III in
the pipe axial zone. This petrogenetic model is based on petrography, mineral chemistry, crystal
size distribution and crystallochemistry of forsterite. Marginal forsterite-rich phoscorite consists
of Fe2*-Mn-Ni-Ti-rich forsterite similar to olivine from peridotite, intermediate low-carbonate
magnetite-rich phoscorite includes Mg-Fe3*-rich forsterite, and axial carbonate-rich phoscorite and
carbonatites contain Fe?*-Mn-rich forsterite. Incorporation of trivalent iron in the octahedral M1
and M2 sites reduced volume of these polyhedra; while volume of tetrahedral set has not changed.
Thus, trivalent iron incorporates into forsterite by schema (3Fe2")oet — (2Fe3* + O)oet that reflects
redox conditions of the rock formation resulting in good agreement between compositions of apatite,
magnetite, calcite and forsterite.

Keywords: forsterite; typochemistry; crystal structure; Kovdor phoscorite-carbonatite complex

1. Introduction

Phoscorite and carbonatite are igneous rocks genetically affined with alkaline massifs [1]. Many
(phoscorite)-carbonatite complexes contain economic concentrations of REE (Bayan Obo, Cummins
Range, Kovdor, Maoniuping, Mt. Pass, Mt. Weld, Mushgai Khudag, Tomtor, etc.), P (Catalao, Jacupiranga,
Palabora, Kovdor, Seligdar, Sokli, Tapira, etc.), Nb (Araxa, Catalao, Fen, Lueshe, Mt. Weld, Oka, Panda
Hill, St. Honoré, Tomtor, etc.), Cu (Palabora), Fe (Kovdor, Palabora, etc.), Zr (Kovdor, Palabora, etc.),
U (Araxa, Palabora, etc.), Au, PGE (Catalao, Ipanema, Palabora, etc.), F (Amba Dongar, Maoniuping,
etc.) with considerable amounts of phlogopite, vermiculite, calcite and dolomite [2-8]. The Kovdor
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phoscorite—carbonatite complex in the Murmansk Region (Russia) has large resources of Fe (as magnetite),
P (as hydroxylapatite), Zr and Sc (as baddeleyite), and also contains forsterite, calcite, dolomite,
pyrochlore and copper sulfides with potential economic significance. Early, we have described in
detail the geology and petrography of the Kovdor phoscorite—carbonatite complex [9,10] and the main
economic minerals: magnetite, apatite and baddeleyite [11-13]. In this series of articles, we would like to
show results of our study of potential economic minerals, namely forsterite, sulfides and pyrochlore.

Phoscorite is a rock composed of magnetite, olivine and apatite and is usually associated with
carbonatites [1]. Between the phoscorite and carbonatite, there are both gradual transitions (when
carbonate content in phoscorite exceeds 50 modal % the rock formally obtains name carbonatite [1])
and sharp contact (carbonatite veins in phoscorite). However, temporal relations between rocks of
marginal and internal parts of phoscorite—carbonatite complexes as well as the processes that caused
formation of such zonation are still unclear. The mechanism of formation of phoscorite—carbonatite rock
series is widely discussed (see reviews e.g., in [8,14-19]). Most of researchers believe that phoscorite
as a typical rock occurring « ... around a core of carbonatite» is a result of a separate magmatic
event preceding carbonatite magmatism (e.g., [20-22]). Some researchers suggest that carbonate-free
phoscorite enriched by apatite and silicates (mainly forsterite) is the earlier rock in this sequence,
while later carbonate-rich phoscorite and phoscorite-related carbonatite (i.e., the same phoscorite with
carbonate content above 50 vol %) are formed due to the reaction between phosphate-silicate-rich
phoscorite and carbonate-rich fluid or melt [21,23-28]. Some researchers divide phoscorite—carbonatite
process into numerous separate intrusive events. They mainly substantiate their approach with the
presence of sharp contacts between the rock varieties [29,30].

We believe that 3D mineralogical mapping is the best way to reconstruct genesis of any
geological complex including phoscorite—carbonatite. This approach enabled us to establish a clear
concentric zonation of the Kovdor phoscorite—carbonatite complex in terms of content, composition
and properties of all economic minerals [11,13,24]. In general, the pipe marginal zone consists of
(apatite)-forsterite phoscorite carrying fine grains of Ti-rich magnetite (with exsolution lamellae of
ilmenite), FeMg-bearing hydroxylapatite and FeSi-bearing baddeleyite; the intermediate zone contains
carbonate-free magnetite-rich phoscorite with medium to coarse grains of MgAl-bearing magnetite
(with exsolution inclusions of spinel), pure hydroxylapatite and baddeleyite; and the axial zone of
carbonate-rich phoscorite and phoscorite-related carbonatite includes medium- to fine-grained Ti-rich
magnetite (with exsolution inclusions of geikielite-ilmenite), Sr-Ba-REE-bearing hydroxylapatite and
Sc-Nb-bearing baddeleyite [11].

Consequently, phoscorite and phoscorite-related carbonatite of the Kovdor alkaline-ultrabasic
massif consist of four main minerals belonging to separate classes of compounds: silicate—forsterite,
phosphate-apatite, oxide-magnetite and carbonate—calcite, which compositions do not intercross
(besides Ca in calcite and apatite and Fe in olivine and magnetite). Therefore, we can use content,
composition and grain-size distribution, etc. of apatite for phosphorus behavior analysis, magnetite
characteristics for iron and oxygen activity estimation, and forsterite and calcite characteristics for
silicon and carbon evolution studies.

Forsterite can be the main key to understanding genesis and geology of the whole Kovdor
alkaline-ultrabasic massif as its formation started from peridotite intrusion and finished with late
carbonatites. In addition, forsterite is another economic mineral concentrated within two separate
deposits [9]: the Baddeleyite-Apatite-Magnetite deposit within the phoscorite—carbonatite pipe and
the Olivinite deposit within the peridotite core of the massif. For this reason, studied in details
forsterite from the Kovdor phoscorite—carbonatite complex will be also compared with forsterite of the
peridotite stock.

2. Geological Setting

The Kovdor massif of alkaline and ultrabasic rocks, phoscorite and carbonatites is situated in
the SW of Murmansk Region, Russia (Figure 1a). It is a central-type intrusive complex with an
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area of 40.5 km? at the day surface emplaced in Archean granite-gneiss [31-33]. The geological
setting of the Kovdor massif has been described by [9,21,28,30,34]. The massif consists of a central
stock of earlier peridotite rimmed by later foidolite (predominantly) and melilitolite (Figure 1).
In cross-section, the massif is an almost vertical stock, slightly narrowing with depth at the expense
of foidolite and melilitolite [35]. There is a complex of metasomatic rocks between peridotite core
and foidolite-melilitolite rim: diopsidite; phlogopitite; melilite-, monticellite-, vesuvianite-, and
andradite-rich skarn-like rocks. Host gneiss transforms into fenite at the distance of 0.2-2 km from
the alkaline ring intrusion. Numerous dikes and veins (up to 5 m thick) of nepheline and cancrinite
syenite, (micro)ijolite, phonolite, alnoite, shonkinite, calcite, calcite and dolomite carbonatites cut into
all the above mentioned intrusive and metasomatic rocks [9].
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Figure 1. (a) Geological map of the Kovdor alkaline-ultrabasic massif, after Afanasyev and Pan’shin,
modified after [9]; cross-sections of the Kovdor phoscorite—carbonatite complex: (b) horizontal (—100 m,
Y axis shows the North) and (c) vertical along A-B line, after [11].

At the western contact of peridotite and foidolite, there is a concentrically zoned pipe of phoscorite
and carbonatites (Figure 1b,c) highly enriched in magnetite, hydroxylapatite and baddeleyite.



Minerals 2018, 8, 260 40f 23

The marginal zone of this pipe is composed of (apatite)-forsterite phoscorite (Figure 2a,b), the
intermediate zone consists of low-carbonate magnetite-rich phoscorite (Figure 2c) and the axial zone
contains calcite-rich phoscorite (Figure 2d) and phoscorite-related calcite carbonatite (non-vein bodies
characterized by transient contact with phoscorite). Numerous carbonatite veins cut the phoscorite
body, with the highest concentration of veins encountered in its axial, calcite-rich zone (Figure 1b,c
and Figure 2e,g). Main varieties of phoscorite and phoscorite-related carbonatite are shown in Table 1.
However, there are no distinct boundaries between these rocks, and artificial boundaries between them
are quite conventional [10]. Zone of linear veins of dolomite carbonatite (Figure 1b,c) extends from
the central part of the phoscorite—carbonatite pipe to the north-east and associates with metasomatic
magnetite-dolomite-serpentine rock, which replaced peridotite or forsterite-rich phoscorite [9,11,24].

Gradually zoned phoscorite-carbonatite pipe

Marginal zone Axial zone
i i Low-carbonate Calcite-rich phoscorite
Fo(F)-phoscorite +Ap(A)= AF-phoscorite  +Mag(M)= magnetite-rich +Cal(C)=  and phoscorite-related
mod. % phoscorite calcite carbonatite

Figure 2. Relations of major rocks within the Kovdor phoscorite—carbonatite pipe. BSE-images (a—d,g)
of main rock types, photo of outcrop (e) and image of thin section in transmitted light (f). (a) 914/185.2;
(b) 993/132.3; (c) 981/217.1; (d) 1006/436.1; (f,g) 927/21.7.

Table 1. Main varieties of phoscorite and phoscorite-related carbonatite [10].

Mineral Content, Modal %

Group of Rock Rock
Fo Ap Mag Cal
Forsterite-rich phoscorite Forsteritite (F) 85-90 0-5 1-8 -
(Cal < 10 modal %, tof ite ph .
Mag < 10 modal %) Apatite-forsterite phoscorite (AF) 10-85  10-80 0-8 0-5
Low-carbonate magnetite-rich Magnetite-forsterite phoscorite (MF) 10-70 0-5 15-85 0-5
phoscorite Magnetite-apatite-forsterite phoscorite (MAF) 10-70  10-70  10-70 0-8
(Cal < 10 modal %, Magnetite-apatite phoscorite (MA) 0-5 5-50 40-85 0-5
Mag > 10 modal %) Magnetitite (M) 0-8 0-5 8095 05
Calcite-magnetite-apatite-forsterite phoscorite (CMAF) ~ 10-60  10-60  10-55 1040
Calcite-magnetite-forsterite phoscorite (CMF) 10-70 0-5 15-60  10-45
Calcite-rich phoscorite Calcite-apatite-forsterite phoscorite (CAF) 10-45  20-55 2-8 20-40
(10 modal % < Cal < 50 modal %) Calcite-magnetite-apatite phoscorite (CMA) 0-6 10-63  11-79 1045
Calcite-apatite phoscorite (CA) 2-6 50-65 1-6 2741
Calcite-magnetite phoscorite (CM) 0-5 0-5 70-84  16-20
Phoscorite-related carbonatite Calcite carbonatite (C) 0-35 240 135  50-82

(Cal > 50 modal %)
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3. Materials and Methods

For this study, we used 540 thin polished sections of phoscorite (mainly), carbonatites and
host rocks from 108 exploration holes drilled within the Kovdor phoscorite—carbonatite complex.
The thin polished sections were analyzed using the LEO-1450 scanning electron microscope (Carl Zeiss
Microscopy, Oberkochen, Germany) with energy-dispersive analyzer Rontek to obtain BSE-images of
representative regions and pre-analyze all minerals found in the samples. The Image] open source
image processing program [36] was used to create digital images from the BSE-images, and determine
forsterite grain size (equivalent circular diameter) and orientation of the grain long axis.

Chemical composition of forsterite was analyzed in the Geological Institute of the Kola Science
Center, Russian Academy of Sciences, with the Cameca MS-46 electron microprobe (Cameca,
Gennevilliers, France) operating in WDS-mode at 22 kV with beam diameter 10 mm, beam current
30 nA and counting times 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 forsterite
analyses is 0.2-0.05 wt % (2 standard deviations) for the major element and about 0.01 wt % for
impurities. Used standards and detection limits are given in Table 2. The systematic errors are within
the random errors.

Table 2. Parameters of EPMA.

Element Type of Crystal Standards DL, wt %
Mg KAP Forsterite 0.1
Al KAP Pyrope 0.05
Si KAP Forsterite 0.05
Ca PET Diopside 0.03
Sc PET Thortveitite 0.02
Ti PET Lorenzenite 0.02
Cr Quartz Chromite 0.02
Mn Quartz Synthetic MnCO3 0.01
Fe Quartz Hematite 0.01
Ni LiF Metal nickel 0.01

n = 5-10 counts for each point (depending on dispersion).

At the X-ray Diffraction Centre of Saint-Petersburg State University, single-crystal X-ray diffraction
experiments were performed on forsterite crystals 919/18.5 (1), 924/26.7 (2), 924/169.1 (3), 966/62.9 (4),
987/67.2 (5) with the Agilent Technologies Xcalibur Eos diffractometer operated at 50 kV and 40 mA. A
hemisphere of three-dimensional data was collected at room temperature, using monochromatic MoK«
X-radiation with frame widths of 1° and 10 s count for each frame. Crystal structures were refined in the
standard setting (space group Pnma) by means of the SHELX program [37] incorporated in the OLEX2
program package [38]. Empirical absorption correction was applied in the CrysAlis PRO [39] program
using spherical harmonics, implemented in the SCALE3 ABSPACK scaling algorithm. Volumes
of coordination polyhedra are calculated with the VESTA 3 program [40]. Crystal structures were
visualized with the Diamond 3.2f program [41].

Cation contents were calculated in the MINAL program by D. V. Dolivo-Dobrovolsky [42].
Statistical analyses were implemented with the STATISTICA 8.0 [43] and TableCurve 2D [44] programs.
Geostatisical studies and 3D modeling were conducted with the MICROMINE 16.1 [45] program.
Interpolation was performed by ordinary kriging.

Abbreviations used include Ap (hydroxylapatite), Bdy (baddeleyite), Cal (calcite), Cb (carbonate),
Chu (clinohumite), Clc (clinochlore), Di (diopside), Dol (dolomite), Fo (forsterite), Mag (magnetite),
Nph (nepheline), Phl (phlogopite), Po (pyrrhotite), Spl (spinel), Srp (serpentine) and Val (valleriite).
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4. Results

4.1. Content, Morphology and Grain Size of Forsterite

Peridotite contains 40-90 modal % of forsterite that has rounded isometric grains (Figure 3a) up
to 12 cm in diameter. Interstices within forsterite aggregate are filled with short prismatic grains of
diopside (up to 50 modal %), phlogopite plates (up to 15 modal %), anhedral grains of (titano)magnetite
(up to 10 modal %), and fine-granular nests of hydroxylapatite (up to 5 modal %). Within the forsterite
grains, there are lens-like inclusions of diopside with skeletal or tabular crystals of relatively pure
magnetite inside (Figure 3b), as well as rounded inclusions of calcite. Typical products of forsterite
alteration include serpentine (lizardite and clinochrysotile), clinochlore and, rarely, clinohumite. Near
the contact with foidiolite intrusion, forsterite is intensively replaced with newly formed diopside,
phlogopite (Figure 3a) and richterite, up to transformation of peridotite into diopsidite and/or
phlogopite glimmerite.

Phoscorite contains 0-90 modal % of forsterite (Figure 4a). The highest content usually occurs in
marginal forsteritite and apatite-forsterite phoscorite (89 and 53 modal % correspondingly, Figure 2a,b
and Figure 3c,d). In intermediate low-carbonate magnetite-rich phoscorite, average content of
forsterite decreases from 42 modal % in magnetite-forsterite (MF) phoscorite (Figure 3f) to 28 modal %
in predominant magnetite-apatite-forsterite (MAF) phoscorite (Figures 2c¢ and 3e), and then to
4 modal % in apatite-magnetite (AM) phoscorite and 2 modal % in magnetitite (M). Average content
of forsterite in axial calcite-rich phoscorite varies from 28-21 modal % in calcite-magnetite-forsterite
(CMF) and calcite-magnetite-apatite-forsterite (CMAF) phoscorite (Figure 2d) to 3 modal % in
calcite-magnetite-apatite (CMA) and calcite-magnetite (CM) phoscorite. Lastly, phoscorite-related
carbonatite contains 5 modal % of forsterite [24].

Gradual decrease of forsterite content from earlier forsteritite of the marginal zone to later
carbonatites is accompanied by regular changes in morphology and grain size of forsterite as well as
in its relations with other rock-forming minerals. In the marginal forsterite-rich phoscorite, forsterite
forms spherical (small) to ellipsoidal (large) grains (Figure 2a,b) or, more rarely, well-shaped short
prismatic crystals with a:c = 1:1.3. Average equivalent circular diameter of forsterite grains is 0.18 mm
(Figure 4b), and grain size distribution is negative-exponential (Figure 5), when cumulative frequencies
are concave down in log-log space (Figure 5d), and linear in semilog space (Figure 5c). There is
insufficient anisotropy in grain orientation (Figure 5e). When forsterite content sufficiently exceeds
apatite content, then hydroxylapatite fills interstices between forsterite grains. In this case, forsterite
grains contain numerous inclusions of hydroxylapatite. Its content increases in the vicinity of large
segregation of hydroxylapatite (Figure 3d). If the amount of hydroxylapatite increases, then spatial
separation of forsterite and hydroxylapatite is observed (Figure 3e). Such monomineral segregations
randomly alternate with areas evenly filled with apatite and forsterite (Figure 2b). Moreover, there
are indications of co-crystallization of forsterite and hydroxylapatite. In this case, forsterite grains
contain numerous inclusions of apatite and have sinuous boundaries (Figure 3c). In addition, forsterite
grains sometimes contain prismatic inclusions of baddeleyite (up to 20 um long, Figure 2f) as well as
spherical inclusions (“drops”) of calcite (up to 60 pm in diameter, Figure 3c) and, rarely, dolomite (up
to 20 um in diameter). Magnetite occurs mainly within apatite segregations or fills interstices between
forsterite grains together with hydroxylapatite.

In the intermediate low-carbonate magnetite-rich phoscorite, average size of forsterite grains is
0.19 mm (Figure 4b), grain size distribution is the same as in the marginal forsterite-rich phoscorite
(Figure 5h,i), but without anisotropy in grain orientation (Figure 5j). Magnetite content growth leads
to concentration of magnetite and forsterite in separate monomineralic nests (Figure 3f); however,
hydroxylapatite still closely associates with magnetite. Forsterite grains obtain mirror-like faces at the
boundary with calcite nests and veinlets. Similar to marginal (apatite)-forsterite phoscorite, forsterite
grains usually contain ellipsoidal inclusions of hydroxylapatite, prismatic inclusions of baddeleyite
and spherical “drops” of calcite and dolomite (Figure 3g) in the pipe intermediate zone.
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Figure 3. Morphology of forsterite and its relations with other minerals in rocks of the Kovdor
alkaline-ultrabasic massif: (a) replacement of forsterite with diopside and phlogopite in peridotite
10p/76.01; (b) grain of forsterite with inclusions of diopside and magnetite in peridotite 912/231.6;
(c) co-crystallization of forsterite (with inclusions of calcite) and hydroxylapatite in AF phoscorite
934/112.1; (d) interstitial segregations of magnetite and hydroxylapatite in AF phoscorite 976/33.1;
(e) network of forsterite grains in MAF phoscorite 932/205.9; (f) typical MF phoscorite 983/64.6;
(g) inclusions of hydroxylapatite, calcite and dolomite in forsterite grains of MAF phoscorite 938/30.6;
(h) well shaped crystals of forsterite with inclusions of hydroxylapatite and calcite in CMF phoscorite
953/6.0. (a,e) images of polished thin section in transmitted light; (b—d,f-h) BSE images. Mineral
abbreviations see in the Section 3.



Minerals 2018, 8, 260

—2000X
I

—2500X —2000X —2500X
I I I

--500Y

-1000Y

[ [T
3 123 217 31 modal % <0.05

0.15

0.30 0.45mm

8 of 23
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Figure 5. Grains of forsterite in thin sections of AF phoscorite 937/177.0 (a), MAF phoscorite 899/82.9
(f) and CMAF phoscorite 996/241.2 (k), corresponding histograms of equivalent circular diameter
(b,g/1), cumulative frequency diagrams in semilog (c,h,m) and double logarithmic (d,i,n) coordinates,

and orientation of elongated forsterite grains in the sections (e,j,

0).

In the axial calcite-rich phoscorite and phoscorite-related carbonatite, minor forsterite occurs as

xenomorph rounded grains within its monomineralic nests, and well-shaped short prismatic crystals
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(up to 15 cm long) at the contact with calcite segregations (Figure 3h). Average size of forsterite grains
is 0.2 mm (Figure 4b), grain size distribution is exponential (Figure 5m,n), and anisotropy of grain
orientation is strong (Figure 50). Inclusions in forsterite grains become rarer and smaller, and mainly
consist of rounded hydroxylapatite and prismatic baddeleyite.

Vein calcite and dolomite carbonatites include only 1 modal % of small idiomorphic grains of
forsterite (Figure 2g). The mineral concentrates in marginal parts of the veins intersecting forsterite-rich
host phoscorite. Usually, such crystals are free of inclusions.

In all rocks of the Kovdor phoscorite-carbonatite complex, forsterite is usually partially replaced
by secondary phlogopite, clinochlore, clinohumite, valleriite, serpentine, and dolomite, with clear
correspondence to the pipe zonation. Apo-forsterite phlogopite occurs throughout the pipe volume;
but in phoscorite-related carbonatite, it is more sparsely spread (Figure 6a). At first, mica forms
polycrystalline rims around forsterite grains, and later, it forms large flexural plates with forsterite
relics inside. Secondary clinochlore closely associates with phlogopite, forming rims around resorbed
forsterite grains (Figure 3d), and its distribution within the phoscorite—carbonatite pipe is similar
to mica (Figure 6a). Dolomite and serpentine replace forsterite predominantly within linear zone
of dolomite carbonatite (Figures 2a and 6b), finally forming magnetite-dolomite-serpentine rocks
after peridotite and forsterite-rich phoscorite [11,24]. Besides, serpentine associates closely with
valleriite (Figure 6¢), which content predictably increases in sulphide-bearing phoscorite. Apo-forsterite
clinohumite occurs mainly in axial carbonate-rich phoscorite and carbonatites (Figure 6d): at first, as
thin rims around forsterite grains, then, as comparatively large grains (up to 2 cm in diameter) with
rare relics of forsterite.
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Figure 6. Relation of apo-forsterite phlogopite, clinochlore, serpentine, dolomite, valleriite and
clinohumite with forsterite and distribution of these minerals within the Kovdor baddeleyite-apatite-
magnetite deposit at horizon —100 m. BSE-images: (a) MAF phoscorite 992/0.9; (b) AF phoscorite

970/93.1; (c) AF phoscorite 966/165.1; (d) MAF phoscorite 986/82.2. Mineral abbreviations see in the
Section 3.
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4.2. Chemical Composition

Despite the long history of the Kovdor study, only 16 chemical analyzes of forsterite from
this massif can be found in the literature [9,21,30,46,47]. Average data on chemical composition
of forsterite are listed in Table 3. As compared with forsterite from phoscorite and carbonatites,
forsterite in peridotite is relatively enriched in CaO and NiO. In the phoscorite—carbonatite complex,
forsterite contains minor amounts of the substitutions; however, this is enough to define zonation
of the phoscorite—carbonatite pipe. In particular, the highest content of FeO (the average content
10 wt %) characterizes forsterite from marginal (apatite)-forsterite phoscorite, the highest content of
CaO (about 0.2 wt %) is predictably found in forsterite from carbonatites. The highest content of
minor substitutions of TiO, and NiO (up to 0.07 and 0.06 wt %, correspondingly) occur in forsterite
from marginal forsterite-rich phoscorite, and comparatively high content of Cr,O3; and Sc,O3 (up to
0.04 and 0.11 wt %, correspondingly) is typical for forsterite from axial calcite-rich phoscorite and
phoscorite-related carbonatite. Usually, forsterite grains do not have any chemical zonation; however,
some crystals of this mineral from forsterite-rich phoscorite contain iron-rich core and iron-poor
marginal zone that differ by approx. 3 wt % in terms of MgO content.

Table 3. Chemical composition of forsterite (average - SD/min-max).

Phoscorite Carbonatites
Rock Peridotite - - - -
(Ap)-Fo Low-Cb Mag-Rich Cal-Rich Phoscorite-Related Vein
n 7 39 176 117 20 7
Si0,. wt % 4114+ 09 40.8 £ 0.6 409 + 0.6 40.8 + 0.6 40.8 + 0.6 40.8 + 0.7
2/ ° 40.37-42.63 39.73-42.55 38.48-42.21 39.33-43.98 39.60—42.01 39.65-41.68
MeO 47 £2 52+1 53+1 52+1 53+1 52+2
g 44.12-50.26 47.73-53.87 47.10-55.25 46.65-55.93 48.51-54.43 48.53-53.69
FeO 10+1 7+1 6+t1 6+1 6+1 6+1
8.68-12.11 4.43-11.10 3.48-8.82 1.53-10.89 3.73-10.22 4.22-8.04
MnO 04+0.2 0.34 £ 0.07 03+0.3 0.33 £ 0.06 0.34 £ 0.09 0.33 £ 0.04
0.10-0.55 0.23-0.56 0.14-0.49 0.19-0.53 0.25-0.66 0.28-0.39
CaO 03 +0.1 0.13 £+ 0.08 0.12 £ 0.08 0.13 £ 0.08 0.17 £ 0.06 0.19 £ 0.16
0.13-0.36 <0.03-0.40 <0.03-0.55 <0.03-0.60 0.09-0.31 0.05-0.49
TiO <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
12 <0.02-0.02 <0.02-0.07 <0.02-0.05 <0.02-0.04 <0.02-0.03 <0.02-0.03
Al,O3 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
<0.02 <0.02
Cr,05 ~0.02-0.03 <0.02 <0.02 <0.02 ~0.02-0.04 <0.02
. 0.10 £0.05 <0.02 <0.01 <0.01
NiO <0.02-017  <0.01-0.06 <0.01-0.03 <0.01-0.03 <001 <001
<0.02 <0.02
Sc,05 <0.02 <0.02 £0.02-0.03 “0.02-011 <0.02 <0.02
Mg, apfu 1.75 + 0.06 1.87 £ 0.04 1.89 + 0.03 1.89 + 0.04 1.89 + 0.03 1.88 + 0.04
& ap 1.66-1.82 1.77-1.92 1.74-1.95 1.75-1.99 1.79-1.93 1.8-1.93
Fe2* 0.21 £0.03 0.11 4+ 0.04 0.09 £+ 0.03 0.08 + 0.04 0.09 +0.03 0.09 +0.04
€ 0.15-0.24 0.05-0.21 0.00-0.18 0.00-0.23 0.03-0.17 0.04-0.17
Fe3+ 0.01 £+ 0.01 0.02 £+ 0.02 0.03 £+ 0.02 0.03 £ 0.02 0.03 £ 0.02 0.03 £ 0.02
0.00-0.03 0.00-0.07 0.00-0.11 0.00-0.09 0.00-0.05 0.00-0.06
Mn 0.01 0.01 0.01+0.01 0.01 0.01 0.01
0.00-0.01 0.00-0.01 0.00-0.01 0.00-0.01 0.00-0.01 0.00-0.01
Ca 0.01 0.00 0.00 0.00 0.00 0.00
0.00-0.01 0.00-0.01 0.00-0.01 0.00-0.02 0.00-0.01 0.00-0.01
Si 1.02 +0.03 0.99 £+ 0.01 0.99 £+ 0.01 0.99 £ 0.01 0.98 £ 0.01 0.99 £ 0.01
0.98-1.08 0.97-1.04 0.93-1.03 0.95-1.06 0.97-1.00 0.97-1.01

Forsterite composition was recalculated at three cations per formula unit and O = 4 apfu, which
permitted to obtain more realistic results than calculations based on 3 cations per formula unit or
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O = 4 apfu (no Fe*-Fe?* re-distribution), Si = 1 and O = 4 apfu (excess of cations in the octahedral
M position), M = 2 and O = 4 apfu (deficit of Si). The result showed that in the average 30% of
iron is in the three-valent form. There are significant correlations between Mg, Fe?*, Fe** and Mn
(r = £0.49-0.96, p = 0.0000) and weak correlations of these elements with Ca (Figure 7). Factor
analysis of the cation contents (in apfu) was performed according to the principal components analysis
with normalization and varimax rotation (Table 4). The analysis enabled us to reveal the following

isomorphic substitutions:
Mg?" + 2Fe>" ¢+ 4(Fe, Mn)**

Mg?* + 2Fe>* <+ 2(Fe, Mn, Ni)?* + Ti**

(Fe?*) = 2.053 — 1.042(Mg), r = —0.956, p = 0.0000
(Fe*) =—0.588 + 0.327(Mg), r = 0.485, p = 0.0000
(Fe**) = 0.066 — 0.425 (Fe>*), r = —0.688, p = 0.0000
(Mn) = 0.062 — 0.029(Mg), r=-0.710; p = 0.0000
(Ca) =0.044 — 0.022(Mg), r=-0.309; p = 0.0000

100 Mg

Fe?*

o Forsterite-rich phoscorite

Low-calcite magnetite-rich

Fed+ ° phoscorite
. Carbonate-rich phoscorite and
phoscorite-related carbonatite
+ Vein calcite carbonatite
° Mn
0.012 .
0.008 y
7 0589 &
0.004
0.016 o o Ca
+
0.008 @ O °,
ol o
0.000 ?&; g 00
0.10 0.004 0.012 0.002 0.014

Figure 7. Matrix diagram for major octahedral cations of forsterite (apfir).

Table 4. Results of factor analysis of forsterite composition.

Factor Loadings

Variables
Factor 1 Factor 2
Mg —0.927 —0.248
FeZ* 0.961 0.179
Fe3* —0.680 —0.021
Mn 0.676 0.219
Ca 0.357 0.014
Ti 0.164 0.844
Ni 0.090 0.861
Explained variance 2.863 1.596
% of total variance 40.9 22.8

Factor loadings above 0.6 are shown in bold.

These substitutions result in clear concentric zonation of the Kovdor phoscorite—carbonatite
complex in terms of forsterite composition (Figure 8). The features of forsterite composition (see above)
and these figures show that the pipe marginal zone consists of Fe>*-Mn-Ni-Ti-rich forsterite similar
to olivine from peridotite, the intermediate zone includes Mg-Fe3*-rich forsterite, and the axial zone
contains FeZ"-Mn-rich forsterite. In addition, the content of Fe3* in forsterite increases with depth.
The tendency is accompanied by growth of Mg and Mn cumulative concentration with depth; however,
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these elements themselves vary in inverse proportion to each other. Ca content in forsterite increases
sufficiently in carbonate-rich rocks located deeper than —500 m.

—2500X —2000X —2500X —-2000X —2500X —2000X —2500X —2000X —-2500X —2000X
Mg?* Fe? Fe* : Mn2* Ca* A
-100Z2 -100Z2 -100Z 5 \ -100Z2 -100Z
| = & o 1l = &' |l L
>
o
- ERS 4O
@
>—
o
- -| -4 F E =]
T
L 5
- . <4 F 40
o
S
|

-100Z 0Z

-500Z

—2000X —2000X —2000X —2000X —2000X

L — L L —— [E— ]
<1.850 21.930 <0.080 20.150 <0.015 20.045 <0.005 =0.008 <0.002 20.005 a.p.fu.

Figure 8. Variations in forsterite composition (apfir) within the Kovdor baddeleyite-apatite-magnetite deposit.

As noted earlier [9,11,13,24], chemical compositions of other minerals also change in accordance
with a concentric zonation of the Kovdor phoscorite-carbonatite complex. Therefore, compositions
of forsterite and other rock-forming and accessory minerals must be interdependent. Figure 9 shows
correlation coefficients between main components of forsterite and co-existing rock-forming minerals.
Forsterite composition closely correlates with composition of apatite, magnetite and calcite, with
fundamental role of the main scheme of isomorphism, Mg?* + 2Fe3 + 0 <+ 4Fe?* that reflects redox
conditions of the rock formation. In fact, oxidized condition results in presence of Fe>* instead of Fe?*
in melt/fluid/solution, and thus in crystallization of Mg-Fe*-rich members of the corresponding
mineral series, while reduced conditions cause domination of Fe?* and formation of ferrous members
of these series.

As aresult, in marginal forsterite-rich phoscorite, predominant «ferrous forsterite» associates with
Fe?*-Si-rich hydroxylapatite, Mn-Si-Ti-Zn-Cr-rich magnetite, and Fe?*-rich calcite. In the intermediate
low-carbonate magnetite-rich phoscorite, predominant Fe**-bearing forsterite occurs together with
pure hydroxylapatite, Mg-rich magnetite and pure calcite. In the axial calcite-rich phoscorite and
phoscorite-related carbonatite, «ferrous forsterite» again predominates in the associations with
Fe?*-Mn-rich hydroxylapatite, Ca-V-rich magnetite and Fe?*-rich calcite. Comparison of the maps
shown in Figure 8 with the corresponding schemas for associated rock-forming minerals [11] also
confirms the above conclusion.

Electron spin resonance spectroscopy performed by Zeira et al. [48] demonstrated incorporation of
Fe®* in forsterite structure into M1 and M2 octahedral sites. According to Janney and Banfield [49], during
oxidation under acidic conditions, incorporation of Fe** into octahedral sets of olivine is compensated by
vacancies in octahedral sets: (3Fe?*)oet — (O + 2Fe3*)oe (laihunite schema). Under alkaline conditions,
olivine oxidation is accompanied by leaching of SiOy-tetrahedra: (4Fe®")oet + (4Si* et — (4Fe3)oet + (O
+ 3Si*")er. Due to permanent deficit of tetrahedral cations in forsterite (see Table 3) and alkaline nature
of the Kovdor phoscorite—carbonatite complex, we assume that forsterite oxidation follows the latter
schema. However, this assumption should be confirmed with X-ray crystal study.
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(Apatite)-forsterite phoscorite Low-carbonate Calcite-rich phoscorite and
magnetite-rich phoscorite phoscorite-related carbonatite
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Figure 9. Correlation coefficients of forsterite composition with hydroxylapatite, magnetite and
calcite compositions.

4.3. Single Crystal X-ray Diffraction

For the X-ray crystal study, we selected 5 forsterite crystals with various content of Mg, Fe?*
and Fe>* from different zones of the phoscorite-carbonatite pipe (Table 5). The study details and
crystallographic parameters obtained are shown in Table 6. Final atomic coordinates and isotropic
displacement parameters selected interatomic distances and anisotropic displacement parameters are
specified in the supplementary electronic materials (Tables S1-520 in Supplementary Materials, CIF
data available).

Table 5. Chemical composition of forsterite analyzed with single crystal X-ray diffraction.

Sample 1 2 3 4 5
Drill hole 919 924 924 966 987
Depth, m 18.5 26.7 169.1 62.9 67.2
Phoscorite Mag-Ap-Fo Cal-Mag-Ap-Fo Ap-Fo Mag-Ap-Fo Cal-Mag-Ap-Fo

SiO,, wt % 39.37 40.69 40.71 40.16 40.74
TiO, bd 0.01 0.07 bd bd
FeO 6.20 8.96 8.51 8.42 6.89
MnO 0.30 0.46 0.49 427 0.39
MgO 53.37 47.79 48.96 47.10 52.18
CaO 0.13 0.34 0.06 0.14 0.09
NiO bd bd 0.06 bd bd
Total 99.37 98.25 98.86 100.09 100.29

Mg, apfu 1917 1.778 1.804 1.738 1.871

Fe?* 0.022 0.187 0.176 0.163 0.098
Fe3* 0.103 - - 0.012 0.040
Mn?* 0.006 0.010 0.010 0.090 0.008
Ca?* 0.003 0.009 0.002 0.004 0.002
Ni?* - - 0.001 - -
Tit - - 0.001 - -
Sit+ 0.949 1.016 1.006 0.994 0.980

bd—below detection limit.
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Table 6. Crystal data, data collection and structure refinement parameters of forsterite.

Sample 1 2 3 4 5
Refined formula Mg1_94Fe0_065iO4 Mg1_87F60.13SiO4 Mg1_34Fe0_168iO4 Mgl_ggFeo_nSiO4 Feo_lgMgl.gosiozi
Temperature/K 293(2)

Crystal system orthorhombic
Space group Pnma
1, (A) 10.1899(6) 10.2165(4) 10.2097(4) 10.2027(4) 10.1980(4)
b, (A) 5.9730(4) 5.9911(2) 5.9876(3) 5.9775(3) 5.9810(2)
¢, (A) 4.7403(3) 4.76168(14) 4.7600(2) 4.7541(2) 4.75403(16)
x=B=7,(°) 90 90 90 90 90
Volume, (A%) 288.51(3) 291.453(18) 290.99(2) 289.94(2) 289.970(18)
z 4 4 4 4 4
Peales (g/cmd) 3.279 3.298 3.331 3.299 3.299
p/mm~1 1.321 1.639 1.813 1.544 1.544
Crystal size, (mm®) 0.23 x 0.18 x 0.16 0.27 x 0.21 x 0.18 0.29 x 0.25 x 0.16 0.18 x 0.15 x 0.14 0.19 x 0.17 x 0.16
Radiation MoKu (A =0.71073)
20 range for data 7.99-54.916 7.978-54.914 7.984-54.942 7.99-54.844 7.992-54.86
collection, (°)
—-13<h <11, —-13<h <5, -13<h <3, —13<h <9, —6<h<13,
Index ranges —-7<k<4, —4<k<7, —-6<k<7, —-6<k<7 —-5<k<7,
—-6<1<5 —-6<1<5 —-6<1<3 —-5<1<6 —-6<1<3
Reflections collected 725 755 794 753 738
Independent 361 364 364 363 363
v [Rine = 0.0222, [Rint = 0.0161, [Ring = 0.0291, [Rine = 0.0212, [Rint = 0.0149,
Ryigma = 0.0333] Rsigma = 0.0228] Ryigm = 0.0414] Rsigma = 0.0290] Rsigma = 0.0214]
Data/restraints/
parameters 361/0/42 364/0/36 364/0/42 363/0/42 363/0/42
Goodness-of-fit on F2 1.040 1.146 1.077 1.149 1.253
Final R indexes Ry =0.0334, Ry =0.0274, Ry =0.0260, Ry =0.0239, Ry =0.0258,
[I>=20 (I)] WRy = 0.0852 wR; = 0.0713 wR; = 0.0593 WRy = 0.0602 wR, =0.0683
Final R indexes [all Ry =0.0359, Ry =0.0283, Ry =0.0336, R; =0.0261, Ry =0.0273,
data] wRy = 0.0873 wR; = 0.0722 WR; = 0.0634 wR; = 0.0619 WR; = 0.0690
pealffﬁgf:f (‘il/ff&,S) 0.57/-0.55 0.53/0.69 0.50/—0.48 0.47/-0.60 0.46/—0.65

Forsterite crystal structure (Figure 10a) was firstly described by Bragg and Brown [50]. Ideally,
it consists of a hexagonal close packing of oxygen atoms, where one-half of octahedral interstices is
occupied by M1 and M2 sites and one-eighth of tetrahedral interstices is occupied by Z1 sites. This
structure can be described as heteropolyhedral framework consisting of stacking of identical sheets
parallel to the (001) plane. The sheets, in turn, are based upon chains of edge-sharing M1 octahedra
with adjacent M2 octahedra connected by vertex-shared Z1 tetrahedra (Figure 10b).

Figure 10. Crystal structure of forsterite (1): a general view (a) and heteropolyhedral sheet based on
M1, M2 octahedra (green) and Z1 tetrahedra (yellow) projected along c axis (b).

There are few reports on non-equivalent distribution of magnesium and iron at octahedral M1
and M2 positions of the olivine-type structure [51-54]. This type of cation ordering does not reveal a
correlation between cation distribution and genesis of the crystals, which is typical for amphiboles
and pyroxenes [53,55,56]. In all forsterite analyzed, refined occupations of M1 and M2 sites provide
domination of iron at the “large” M2 site (Table 7, Figure 11a). From the crystal-chemical point of view,
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the substitution M2Mg?* — M2Fe?* is more reasonable than M!Mg?+ — M1Fe?* because the observed
<M2-O> bond lengths of 2.128-2.135 A are closer to ideal <Fe?*-O> distance of 2.180 A [57] than to
<M1-O> distances (2.091-2.099 A). For the same reason, M1 site is theoretically more suitable for
incorporation of Fe** (ideal <Fe*-O> bond length is 2.045 A).

Table 7. Refined iron content of octahedral M1 and M2 sites for 1-5 samples (apfu).

Sample M1 M2
1 0.020 0.035
2 0.057 0.070
3 0.080 0.084
4 0.047 0.057
5 0.04 0.065

The average <M-O> distances increase statistically irregularly with increasing content of Fe*
(Figure 11b), which results in alignment of “small” M1 and “large” M2 octahedra in the Fo-Fa series
(the average <M1-O> and <M2-O> distances are 2.094 and 2.130 A correspondingly in forsterite, and
2.161 and 2.179 A correspondingly in fayalite [58]). In case of sufficient difference between ionic radii
of Mg?* and incorporated elements [e.g., Fe3* (—10.4%) or Mn?*(+15.3%)], trivalent iron occupies
firstly “large” M2 site, and Mn?2+ incorporates into “small” M1 site [59,60]. Since the most significant
difference in sizes of M1 and M2 polyhedra is observed in forsterite Fo; go—Fog gFag 2, incorporation
of Fe®* at the octahedral sites will have maximum impact on the M1 and M2 polyhedra volume in
such forsterites.
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Figure 11. Geometry of coordination polyhedra in crystal structure of forsterites 1-5 (a), scatterplot of
average <M1-O>, <M2-O> and <Z1-O> bond lengths against magnesium content in olivine according
to [61-64], and present data (filled squares and circles) (b), scatterplot of polyhedral volumes (M1, M2
and Z1) against ferric iron content (c).
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In crystal structure of Kovdor’s forsterite, the average <Z1-O> distances range between
1.631-1.637 A, and scattering factors of Z1 sites vary in the range of 13.30~14.00 electrons per formula
unit, which is in good agreement with full occupation of Z1 site by Si atoms only (Figure 11a).
Polyhedral volumes of Z1 tetrahedra are actually unchanged, and this fact does not confirm
incorporation of Fe3* into tetrahedral sites (Figure 11c). The polyhedral volume decreasing with
growth of Fe®* content in our samples confirms incorporation of trivalent iron into octahedral M1
and M2 sites via laihulite-like substitution (3Fe2*)oct <> (2Fe3* + O)oct. Unconstrained refinement of
forsterites with significant amounts of Fe** (samples 1 and 5) with full occupancies of octahedral
(M11.00, M21.00) sites results in significant underestimation of Fe content. This fact also proves
presence of vacancies at octahedral sites only. Consequently, data of crystal structure refinement is
in good agreement with factor analysis and chemical data. Presence of vacations at octahedral sites
of partially “oxidized” olivine questions applicability of distribution coefficients KD and associated
variables [53,65,66].

5. Discussion

We would like to express that forsterite from peridotite has an important feature—bimineral
exsolution lamellae of magnetite and diopside (Figures 3b and 12b). Such lamellae are not found
in forsterite from phoscorite and carbonatites of the Kovdor alkaline-ultrabasic massif; but they are
common in other (ultra)basic complexes where forsterite is enriched in Fe?* and Ca [67,68]. In turn,
Ca-rich forsterite crystallizes from melt with relatively low mg# value MgO/(MgO + FeO) and high
contents of Ca and Na [69]. The fact that ultrabasic melt of the Kovdor massif was enriched in Ca is
confirmed by co-crystallization of forsterite and diopside as well as by presence of numerous calcite
inclusions (“drops”) within forsterite grains (Figure 12b). In addition, Ca-rich foidolite (Figure 2d) and
melilitholite formed later than peridotites contain calcite “drops” inside grains of all the main minerals
including nepheline [24]. Low value of mg# in this melt causes crystallization of titanomagnetite in
interstices of olivine grains (Figure 3a) up to formation of magnetite-rich peridotite (see Figure 1) that
have economic importance [9].

Alkaline melts have relatively higher Fe3* /(Fe3* + Fe?*) ratio, then non-alkaline melts [70,71],
and Fe" is partly included in forsterite. The rock cooling causes exsolution of Fe**-rich forsterite into
diopside and magnetite [72]:

3Fe>* /3510, + Fe?*,Si0y + 4X,Si04 — 2Fe304 + 4X,Si,06, X = Ca, Mg, Fe.

'.‘)1 ) i 100)mf

My

Figure 12. BSE-images of a rim of newly formed “phoscoritic” forsterite-II (Fo” = Fog,Fag) around
relict grain of “peridotitic” forsterite-I (Fo” = FogzFay) in AF-phoscorite 937/114.6 (a) and the enlarged
region demonstrating diopside lamellae and calcite “drops” in forsterite (b). Fo”” = FogsFas. Other
mineral abbreviations see in the Section 3.



Minerals 2018, 8, 260 17 of 23

The pyroxene phase acts as a sink for elements not compatible with the olivine structure, such as
Ca. Pyroxene is formed as long as there is sufficient Ca present and the temperature is high enough for
it to diffuse to the reaction front.

After crystallization of forsterite and diopside in peridotite, residual melt (melt-I) became
comparatively rich in Si, Al, Na and K [21,73]. The melt-I emplaced into contact zone between
peridotite stock and host gneisses and formed ring of foidolite and melilitolite. The next residual
melt-II contained insignificant amount of Si (and Mg), but it was strongly enriched in Fe, Ca, C, P, F and
also Nb, Zr, REE, Th and U. So, it was a real residual melt that was not caused by liquid immiscibility,
because «ore-bearing rare metal carbonatites that are found in association with ultramafic and alkaline
silicate rocks are likely to have formed from a residual liquid after extensive fractional crystallization
of carbonated silicate magma rather than by silicate-carbonate liquid immiscibility» [74]. The possible
existence of carbonatite magmas was experimentally confirmed in the system CaO-CO,-H,O by
Wyllie and Tuttle [75]. There were discovered the liquid immiscibility between albite-rich silicate and
sodium carbonate-rich liquids [76,77], between ijolitic and alkali carbonatitic liquids in experiments on
whole-rock compositions [78], and between alkali-poor silicate and carbonate liquids in the system
albite/anorthite-calcite [79,80]. Studies in NaA1Si30g-NaA15i04-CaCO3-HyO system by [81] and in
Mg,5i04-CaCO3-Ca(OH), system by [82,83] indicated that carbonatite magmas could be produced by
crystal fractionation of silicate magmas of appropriate compositions (for example, SiO,-undersaturated
alkalic liquids with H,O and CO;). For other compositions, this is precluded by the presence of
thermal barriers between high-temperature liquids precipitating silicates, and low-temperature liquids
precipitating carbonates and hydrous minerals [82,83]. Reasons of phosphorus concentration in the
residual melt-1T include enrichment of the melt in Fe3* with further formation of stable complex
Fe3*(PO,4)%~ [84,85] as well as high content of Ca and Mg forming stable complexes (Ca, Mg)-POj, [86].
We believe that residual melt-II intruded into the foidolite-peridotite contact, and rapidly crystallized
from the pipe walls towards its axial zone due to both cooling and blast-like degassing [24]. On this
reason, hydroxylapatite co-crystallized with forsterite contains numerous liquid-vapor inclusions [87].

The crystallization of phoscorite-carbonatite rock series can be considered in systems that are
extensions of well-studied CaO-CO,-H,O [75]. The crystallization of apatite from low-temperature
melts in CaO-CaF;-P,05-H,0 and CaO-P,05-CO,-HyO systems was investigated by Biggar [88].
There is a large field for the primary crystallization of apatite in the ternary systems Caz(PO4),-CaF,-
Ca(OH); and Ca3(PO4)-CaCO;3-Ca(OH),, and the liquid precipitating the apatite persists down to
675 °C and 654 °C at the respective ternary eutectics [89]. Addition of other components to the system
Ca0O-CO;-H,O produces suitable conditions for the crystallization of other calcium-bearing minerals
from low-temperature liquids in the presence of an aqueous vapor phase. Fields for the crystallization
of hydrated and carbonated calcium silicates are found in the system CaO-SiO,-CO,-H,O [90].

According to Moussallam et al. [91], silica and carbonate form two separate subnetworks.
Phosphorus in silicate melts also forms separate clusters that confine iron within stable complexes
Fe3*(POy) [86]. It seems likely that structure of the phoscorite melt was constituted by interconnected
subnetworks of SiO4-tetrahedra and COjs-triangles with local domains of POjy-tetrahedra and
Fe3*(POy)-clusters, without a liquid immiscibility [92]. Interaction of this melt with silicate rock
launched forsterite crystallization, sometimes with grains of primary “peridotitic” forsterite as seed
crystals (Figure 12a). Exponential distribution of forsterite grain size (see Figure 5) shows slower
diffusion rates of magnesium and silica, which seems to be the main factor of size-independent
(constant) crystal growth [93]. At the contact with the carbonates (predominantly calcite), forsterite
grains of phoscorite and phoscorite-related carbonatite became larger (see Figure 4b) and well-shaped
(see Figure 3h) due to collective recrystallization. Similar processes are typical for magnetite [12].

Crystallization of forsterite from residual melt-II near the pipe wall and top resulted in depletion
of the melt in Mg, which launched apatite precipitation with the melt cooling. In turn, formation
of apatite destroyed Fe3*(POy)-complexes and launched magnetite crystallization. Consequently,



Minerals 2018, 8, 260 18 of 23

crystallization front moved rapidly from the pipe wall towards its axis accompanied by separation of
volatiles. This process resulted in concentration of residual carbonate melt-III in the pipe axial zone.

Carbonate melts are low-viscous and remain interconnected up to 0.05 wt % melt [94]. In addition,
silicate melt selectively wets the grain-edge channels between solid phases, excluding the carbonate
melt to the center of melt pockets, away from grain edges [95]. These features of carbonate melts
enable us to understand why forsterite grains can crystallize from carbonate-rich melt according to
low-rate diffusion mechanism, and why they obtain predominant orientation in carbonate melt flow
(see Figure 5).

Water solubility in carbonate melts is significantly higher than in alkaline silicate melts, reaching
values of nearly 15 wt % at 100 MPa and 900 °C [96]. The depth of —200 to —400 m is probably
the interval of separation of water, CO,, F and other volatiles from phoscorite-carbonatite melt.
These volatiles reacted with early crystallized phoscorites and phoscorite-related carbonatites in the
pipe axial zone, with formation of later water/fluor-containing apo-forsterite minerals (phlogopite,
clinochlore, clinohumite, etc.—see Figure 6). The final products of this process were staffelite breccias
(fragments of altered phoscorite and carbonatites cemented by colloform carbonate-rich fluorapatite)
filling several funnels in apical part of the phoscorite—carbonatite pipe axial zone [24,97].

6. Conclusions

Three-D mineralogical mapping was used to establish spatial distribution of forsterite content,
morphology, grain size, composition and alteration products within the Kovdor phoscorite-carbonatite
pipe. This work pursues our study of “through minerals” of the Kovdor complex and enables us to
make some interesting conclusions:

(1) Forsterite is the earliest mineral of both peridotite and phoscorite—carbonatite complexes,
and its crystallization governed the further evolution of corresponding magmatic systems.
Thus, crystallization of forsterite from the Ca-Fe-rich peridotite melt produces Si-Al-Na-K-rich
residual melt-I corresponding to foidolite—melilitolite. In turn, consolidation of foidolite and
melilitolite produced Fe-Ca-C-P-F-rich residual melt-II that emplaced in silicate rocks as the
phoscorite—carbonatite pipe. Phoscorite crystallization started from forsterite, which launched
destruction of silicate-carbonate-ferriphosphate subnetworks of the melt followed by precipitation
of apatite and magnetite from the pipe wall to its axis with formation of carbonatite melt-III in
the pipe axial zone;

(2) Growth of forsterite grains from phoscorite—carbonatite melt was diffusion-limited, which causes
constant growth rate of each grain and exponential distribution of grain size;

(3) Chemical composition of forsterite in phoscorite—carbonatite pipe is determined by two schemas
of isomorphism: Mg2+ + 2Fe3* « 4(Fe, Mn)** and Mg2+ + 2Fe3* & 2(Fe, Mn, Ni)?* + Ti*.
Marginal forsterite-rich phoscorite consists of Fe?*-Mn-Ni-Ti-rich forsterite similar to olivine from
peridotite, intermediate low-carbonate magnetie-rich phoscorite includes Mg-Fe>*-rich forsterite,
and axial carbonate-rich phoscorite and carbonatites contain Fe2*-Mn-rich forsterite;

(4) Trivalent iron incorporates into forsterite by scheme (3Fe?*)oct — 2Fe3* + (O)oct that reflects redox
conditions of the rock formation causing significant agreement between compositions of apatite,
magnetite, calcite and forsterite;

(5) Incorporation of trivalent iron at the octahedral M1 and M2 sites decreases the volume of these
polyhedra, while volume of tetrahedral set does not change. Thus, the assumed substitution
(4Fe)oct + (4Si* )ier — (4Fe>*)oet + (3Si** + O)et proposed by D. E. Janney and J. F. Banfield [49]
was not confirmed. Our data show that laihunite-like isomorphism is more common in forsterite
than it was considered to be.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/8/6/260/s1,
Table S1: Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters (A% x 10%)
for Forsterite_1. Table S2: Anisotropic displacement parameters (A% x 103) for Forsterite_1. Table S3: Bond
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lengths for Forsterite_1, Table S4: Atomic occupancy for Forsterite_1. Table S5: Fractional atomic coordinates
(x10%) and equivalent isotropic displacement parameters (A2 x 10%) for Forsterite_2. Table S6: Anisotropic
displacement parameters (A2 x 103) for Forsterite_2. Table S7: Bond lengths for Forsterite_2, Table S8: Atomic
occupancy for Forsterite_2, Table S9: Fractional atomic coordinates (x 10%) and equivalent isotropic displacement

parameters (A2 x 10°) for Forsterite_3. Table S10: Anisotropic displacement parameters (A2 x 10°) for Forsterite_3.
Table S11: Bond lengths for Forsterite_3, Table S12: Atomic occupancy for Forsterite_3, Table S13: Fractional atomic

coordinates (x10*) and equivalent isotropic displacement parameters (A2 x 10°) for Forsterite_4. Table S14:
Anisotropic displacement parameters (A% x 10%) for Forsterite_ 4. Table S15: Bond lengths for Forsterite_4,
Table S16: Atomic occupancy for Forsterite_4, Table S17: Fractional atomic coordinates (x10%) and equivalent
isotropic displacement parameters (A2 x 10°) for Forsterite_5. Table S18: Anisotropic displacement parameters
(A2 x 10%) for Forsterite_5. Table $19: Bond lengths for Forsterite_5, Table S20: Atomic occupancy for Forsterite_5.
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