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Abstract

The nature of the petrogenetic links between carbonatites and associated silicate rocks is still under discussion (i.e., [Gittins
J., Harmer R.E., 2003. Myth and reality of the carbonatite—silicate rock “association”. Period di Mineral. 72, 19-26.]). In the
Paleozoic Kola alkaline province (NW Russia), the carbonatites are spatially and temporally associated to ultramafic cumulates
(clinopyroxenite, wehrlite and dunite) and alkaline silicate rocks of the ijolite—melteigite series [Kogarko, L.N., 1987. Alkaline
rocks of the eastern part of the Baltic Shield (Kola Peninsula). In: Fitton, J.G., and Upton, B.G.J. (eds). Alkaline igneous rocks.
Geol. Soc. Special Publication 30, 531-544; Kogarko, L.N., Kononova, V.A., Orlova, M.P., Woolley, A.R., 1995. Alkaline
rocks and carbonatites of the world. Part 2. Former USSR. Chapman and Hall, London, 225 pp; Verhulst, A., Balaganskya, E.,
Kirnarsky, Y., Demaiffe, D., 2000. Petrological and geochemical (trace elements and Sr—Nd isotopes) characteristics of the
Paleozoic Kovdor ultramafic, alkaline and carbonatite intrusion (Kola Peninsula, NW Russia). Lithos 51, 1-25; Dunworth,
E.A., Bell, K., 2001. The Turiy Massif, Kola Peninsula, Russia; isotopic and geochemical evidence for a multi-source evolution.
J. Petrol. 42, 377-405; Woolley, A.R., 2003. Igneous silicate rocks associated with carbonatites: their diversity, relative
abundances and implications for carbonatite genesis. Period. di Mineral. 72, 9—17)]. In the small (= 20 km?) Vuoriyarvi massif,
apatite is typically a liquidus phase during the magmatic evolution and so it can be used to test genetic relationships. Trace
elements contents have been obtained for both whole rocks and apatite (by LA-ICP-MS). The apatites define a single
continuous chemical evolution marked by an increase in REE and Na (belovite-type of substitution, i.e., 2Ca*" =Na"+REE*").
This evolution possibly reflects a fractional crystallisation process of a single batch of isotopically homogeneous, mantle-
derived magma.

The distribution of REE between apatite and their host carbonatite have been estimated from the apatite composition of a
carbonatite vein, belonging to the Neskevara conical-ring-like vein system. This carbonatite vein is tentatively interpreted as
a melt. So, the calculated distribution coefficients are close to partition coefficients. Rare earth elements are compatible in
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apatite (D> 1) with a higher compatibility for the middle REE (Dg,,:6.1) than for the light (Dy,:4.1) and the heavy (Dyy: 1)

REE.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In some alkaline intrusions, carbonatites are as-
sociated in space and time with a diversity of igne-
ous alkalic silicate rocks (i.e., Woolley, 2003; Gittins
and Harmer, 2003 for recent reviews). The genetic
relationships between these silicate rocks and the
carbonatites remain unclear (see discussion in Gittins
and Harmer, 2003). Does this association reflect a
petrogenetic link (differentiation of a single batch of
melt) or only the spatial juxtaposition of two inde-
pendent magma batches? In the Paleozoic ultramafic,
alkaline and carbonatite province of the Kola Pen-
insula (Russia), carbonatites occur as dykes or mag-
matic bodies crosscutting the ultramafic cumulates
and the alkaline silicate rocks of the ijolite—meltei-
gite series.

Immiscibility between a carbonate—rich liquid and
an alkaline silicate liquid has often been invoked to
explain the close spatial association between carbo-
natite and syenite (or phonolite) (i.e., Lee and Wyl-
lie, 1996). Experimental work (Lee and Wyllie,
1998) on the complex CaO-Na,O—(MgO+FeO)-
(Si0,+Al,05)-CO, system shows that a miscibility
gap can be reached during crystallisation of a paren-
tal carbonated-silicate melt, depending on the system
parameters (P, T, x).

This paper is focused on the small differentiated
Vuoriyarvi (=Vuorijarvi) massif. Whole rock geo-
chemical data (trace elements) on the silicate rocks
and on the carbonatites as well as trace element
compositions obtained on apatites by laser ablation
coupled to an ICP-MS are presented and discussed to
better constrain the possible petrogenetic relations
between the silicate rocks and the carbonatites. We
also attempt to estimate the REE partition coefficients
between apatite and carbonatite melt. Two recent
papers on the REE partition coefficients between
apatite and carbonatite melt (the model calculation
of Biihn et al., 2001, from magmatic fluorapatite of
African carbonatites on one hand and the experimen-

tal work of Klemme and Dalpé, 2003, on the other
hand) give contrasting results.

2. Geological setting

The Kola Peninsula (north-western Russia) con-
sists of three Archean terranes (or blocks) reworked
to different extent during the Palacoproterozoic: the
Murmansk terrane, the Central Kola Composite ter-
rane and the Belomorian terrane (Kratz et al., 1978;
Mitrofanov, 1995). These terranes form the north-
eastern part of the Baltic Cratonic Shield and are
separated by granulite belts and listric first-order
faults. The Kola Alkaline and Carbonatite Province
(i.e., Kogarko, 1987; Kogarko et al., 1995) of Late
Devonian (380-360 Ma) age (Kramm et al., 1993)
comprises numerous ultramafic, alkaline and carbo-
natite intrusions and the two giant agpaitic nephe-
line syenite massifs of Khibiny (=Khibina) and
Lovozero. The massifs were emplaced along reacti-
vated NW-SE Proterozoic lineaments (i.e., the Kan-
dalaksha Deep Fracture Zone, the Kontozero
Graben) and the associated Riedel fractures (Bala-
gansky et al., 1996).

The Vuoriyarvi intrusion (Fig. 1) is a small
(3.5x5.5 km, about 20 km?) elliptical massif
cross-cutting the Archean (2.9 Ga) Belomorian
gneisses (i.e., Timmerman and Daly, 1995 and refer-
ences therein). An isotopic study on the Vuoriyarvi
massif has given a range of intrusion age (Rb—Sr
mineral isochrons) between 375+ 7 and 383 +£7 Ma
(Gogol and Delinitzin, 1999). The massif has a
concentrically zoned structure classically interpreted
as resulting from several magma pulses. The core
zone (= 12 km?) is made of ultramafic cumulates,
mainly clinopyroxenites (grading to nepheline-bear-
ing clinopyroxenites towards the rims) with rare
lenses of wehrlites and dunites (=olivinite of the
Russian authors; i.e., Kukharenko et al., 1965). The
outer rim of the massif is represented by alkaline
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Fig. 1. a) Localisation of the Vuoriyarvi massif in the Kola Penin-
sula. b) Schematic map of the Vuoriyarvi massif (after Kukharenko
et al., 1965), lithologies in italic letters are transformed rocks.

rocks of the ijolite—melteigite series, some ijolites
being partly recrystallised (autometamorphism). Car-
bonatites occur as sheets and dykes and as two
stockworks in the eastern part of the massif: the
“Neskevara” and the “Tukhtavara” stockworks. For-
sterite-, magnetite-, apatite-rich rocks (i.e., phoscor-
ites sensu Russel et al., 1954) are intimately
associated with carbonatites. These phoscorites usu-
ally appear as coarse-grained, very heterogeneous
rocks in hand specimens. It is not possible to collect
representative  samples for geochemical purposes.
The phoscorites were thus not studied in this paper.
The country rocks have been intensively fenitized
over several hundreds of meters.

3. Petrographic description

Only a short description is given below (for more
details, see Brassinnes et al., 2003).

3.1. Ultramafic rocks

The ultramafic rocks which constitute the core of
the Vuoriyarvi massif are mainly clinopyroxenites;
more rarely wehrlite and dunite. The clinopyroxenites
display typical cumulate texture, varying from ortho-
cumulate to mesocumulate. The essential cumulus
mineral is diopside with subsidiary olivine (Fo87),
perovskite and apatite. The interstitial (=intercumu-
lus) space is filled with anhedral, locally poikilitic,
phlogopite, magnetite, nepheline/cancrinite and cal-
cite. Apatite is locally in equilibrium within anhedral
nepheline (Fig. 2a); elsewhere it occurs as polygonal
grains concentrated in segregation pockets filling frac-
tures. At the periphery of the ultramafic central zone,
the clinopyroxenites are enriched in interstitial liquid
that has crystallised as anhedral nepheline grains.

3.2. Alkaline silicate rocks of the ijolite—melteigite
series

Most of the samples studied are ijolites; melteigites
are much less common. Two families of ijolite have
been distinguished: 1) cumulates with large (few mm)
euhedral, slightly zoned, aegirine—augite crystals sur-
rounded by subhedral nepheline associated with mag-
netite (and schorlomite); 2) ijolites with euhedral,
complexly zoned aegirine—augite and large euhedral
titanite included in a fine-grained matrix (some tens of
um) made of nepheline and cancrinite. Locally, large
subhedral nepheline grains are granulated to small
subgrains that grade into the fine-grained matrix. Ap-
atite (up to >1 mm) is present in both types of ijolite
as subhedral grains located either in the interstitial
space between the aegirine—augite grains (Fig. 2b)
or in the fine-grained matrix.

3.3. Carbonatite

Several generations of carbonatite (named CI to
CIV) have been described by Kapustin (1980). Only
the apatite-bearing carbonatites of the early stages CI
and CII are briefly described in this paper. They are
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Fig. 2. Microphotographs of the main lithologies of the Vuoriyarvi massif. a) Clinopyroxenite (VJA74) with cumulus diopside and perovskite;
the interstitial space is filled with euhedral apatite and anhedral nepheline—natural light; b) General view of ijolite (VJA71) with subhedral
apatite grains between large aegirine—augite crystals, schorlomite and cancrinite—natural light; ¢). Apatite-and tetraferriphlogopite-bearing
carbonatite (BR64)—crossed nicols; d) Silicate-rich (forsterite, diopside, phlogopite) and apatite-bearing carbonatite (BR18)—crossed nicols.
(Di: diopside, Ap: apatite, Pe: perovskite, Ne: nepheline, Ae—Au: aegyrine—augite, Can: cancrinite, Sch: schorlomite, Ph: phlogopite, Ol:

olivine, Cc: calcite and Tph: tetraferriphlogopite).

generally calciocarbonatite and occur in the field as
stocks and/or in a conical-ring-like vein system. They
can be rich in accessory silicates (forsterite, diopside,
phlogopite/tetraferriphlogopite), in euhedral apatite
(generally of mm size but occasionally up to 1 cm),
and in oxides (magnetite, pyrochlore,. . .).

Sample BR64, which belongs to the Neskevara
conical-ring-like vein system, only contains tetrafer-
riphlogopite, apatite, magnetite and calcite (Fig. 2c).
The calcite grains are generally anhedral, but slightly
elongated and display consertal textures. Euhedral
apatite displays strong preferred orientation (magmat-
ic flow texture?). This sample is tentatively interpreted
as a rapidly crystallised melt. It is indeed petrograph-
ically very similar to thin (= 1 cm) carbonatite vein-
lets that are obviously much closer to a quenched melt
than to a magmatic body.

Sample BR18, from the Tukhtavara stock, contains
olivine, magnetite, phlogopite, diopside (Fig. 2d).
Subhedral apatite, olivine and diopside are not orien-

tated and are englobing anhedral calcite (interstitial
material?). Petrographic status of this carbonatite
(melt or cumulate) is difficult to assess.

Locally, large (= 1 mm) fragmented dark-brown-
ish pyrochlore crystals containing numerous calcite
inclusions have been observed (i.e., sample BR30).

4. Analytical techniques

Major and trace (Y, Nb, Ta and the REEs) elements
were determined for whole rock samples (Table 1) by
inductively coupled plasma emission mass spectrom-
etry (ICP-MS) at the “Musée Royal de I’Afrique
Centrale, Département de Géologie”, Tervuren, Bel-
gium using a VG Elemental Plasma Quad instrument.
Details of the analytical procedure have been given by
André and Aschepkov (1996). The precision of the
measurements is generally better than + 5% for con-
centrations > 1 ppm.
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Table 1
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a) Whole rock analyses (major and trace elements) of representative clinopyroxenites (P), ijolites (A) and carbonatites (C) of the Vuoriyarvi
massif; b)Average major element compositions (wt.%) of the apatites (bdl=below detection limits)

(a)
Sample VIA 45 VIJA 60 VIA 73 VIA 74 VIA 71 VIA 72 BR 18 BR 30 BR 35 BR 64
Rock type P P P P A A C C C C
Major elements (wt.%)
SiO, 41.07 36.99 36.03 39.11 34.70 35.48 7.01 2.23 2.49 1.25
TiO, 2.94 451 5.26 2.33 1.88 3.24 0.29 0.08 0.12 0.08
ALO; 5.33 3.31 4.24 2.84 13.42 16.04 0.81 0.03 0.40 0.31
Fe,03 8.17 14.10 8.34 7.25 6.75 6.80 2.35 0.54 1.01 2.57
FeO 4.97 7.64 5.99 4.36 4.08 438 1.62 1.37 0.86 2.05
MnO 0.17 0.20 0.22 0.17 0.25 0.23 0.17 0.25 0.10 0.12
MgO 12.41 12.70 10.41 11.16 3.96 3.51 4.17 2.43 2.57 1.84
CaO 21.24 17.95 22.32 26.05 15.70 11.10 45.38 49.39 52.09 52.19
Na,O 0.97 0.61 1.19 0.67 9.56 11.22 0.30 0.32 0.09 0.11
K,0 0.86 0.62 1.05 0.21 0.56 0.72 0.57 0.25 0.23 0.26
P,0s 0.31 0.03 3.39 4.74 2.37 0.52 4.36 5.79 1.74 3.41
PF 1.39 0.90 1.31 0.57 5.44 5.51 33.34 37.03 38.71 36.65
Total 99.83 99.57 99.76 99.46 98.66 98.76 100.37 99.73 100.40 100.84
Trace elements (ppm)
Nb 97.0 47.0 388.0 48.0 221.0 437.0 53.0 1300.0 47.0 10.0
Ta 11.1 42 25.0 42 47.0 103.0 6.7 1.3 6.7 0.6
Y 22.0 20.0 49.0 34.0 88.0 35.0 121.0 79.0 67.0 41.0
La 97.0 55.0 392.0 113.0 162.0 113.0 368.0 482.0 300.0 147.0
Ce 235.0 118.0 729.0 208.0 406.0 314.0 793.0 996.0 609.0 306.0
Pr 30.0 15.1 82.0 25.0 56.0 47.0 103.0 125.0 73.0 39.0
Nd 111.0 58.0 286.0 96.0 234.0 187.0 391.0 449.0 269.0 146.0
Sm 15.9 9.5 42.0 16.1 43.0 30.0 63.0 60.0 39.0 23.0
Eu 4.3 2.8 12.7 5.0 13.3 8.7 19.4 17.3 11.8 6.6
Gd 10.7 7.6 31.0 13.5 35.0 19.9 51.0 42.0 30.0 17.3
Dy 5.0 4.0 15.3 7.3 22.0 9.6 30.0 19.8 16.0 9.1
Ho 0.7 0.6 22 1.1 3.8 1.3 4.9 3.1 2.5 1.4
Er 1.4 1.1 39 22 8.2 2.6 10.4 6.1 5.1 3.1
Yb 0.9 0.6 1.7 1.2 5.4 1.4 6.2 3.7 3.0 1.9
Lu 0.1 0.1 0.2 0.1 0.7 0.2 0.8 0.5 0.3 0.2
> REE 1547.8 510.5 2392.7 721.5 1730.2 1743.7 2163.4 3617.2 1671.9 870.0
(La/Yb)n 70.9 59.3 161.4 64.0 20.4 533 40.3 88.5 67.9 53.4
(b)
Sample VIAT4 VJATL BR 18 BR 35 BR 64
Rock type P A C C C

(n=13) 2*S.D. (n=28) 2*S.D. (n=10) 2*S.D. (n=14) 2*S.D. (n=15) 2*S.D.
SiO, 0.69 0.25 0.76 0.39 1.16 0.06 1.22 1.16 0.13 0.11
FeO 0.06 0.11 0.09 0.14 0.04 0.06 0.01 0.05 bdl 0.07
MnO 0.04 0.10 0.02 0.05 0.01 0.05 bdl - bdl
CaO 56.03 1.10 55.85 1.33 55.31 0.31 55.11 0.83 56.22 0.61
Na,O 0.07 0.08 0.12 0.04 0.06 0.02 0.14 0.15 0.17 0.11
P,0s 39.27 0.77 40.19 0.67 39.21 0.63 39.10 2.25 42.35 0.84
LayO5 0.02 0.04 0.21 0.06 0.25 0.07 0.31 0.18 0.05 0.02
Ce,05 0.08 0.16 0.57 0.24 0.56 0.08 0.80 0.36 0.11 0.04
F 1.26 0.11 1.68 0.16 2.86 0.60 2.87 1.07 2.55 0.73
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Table 1 (continued)

(b)

Sample VIAT74 VIATI BR 18 BR 35 BR 64
Rock type P A C C

(n=13) 2*S.D. (n=38) 2*S.D. (n=10) 2*S.D. (n=14) 2*S.D. (n=15) 2*S.D.
Cl bdl - bdl - - bdl - bdl -
O=F —0.53 —0.71 —1.20 —1.21 —1.07
O0=Cl - - - -
Total 96.98 98.77 98.36 100.50

Mineral compositions have been obtained by
electron microprobe (Camebax Microbeam instru-
ment at the University of Nancy I, France) operat-
ing at an accelerating voltage of 15 kV, a beam
current of 10 nA and a counting time per element
of 10 s for major elements and 20 s for trace
elements. For accessory minerals, a bivoltage pro-
gram was used, giving 15 kV for major elements
and 20 kV for trace elements. Standards used were
a combination of natural and synthetic minerals and
data correction was by a ZAF method (Henoc and
Tong, 1978). Apatite average compositions are
given in Table 1.

Trace elements (and more specifically the rare
earth elements and Y) were analysed in apatite from
ultramafic rocks, alkaline silicate rocks and carbona-
tites using in situ LA-ICP-MS. The data were collect-
ed with a UV Fisons laser ablation microprobe
coupled to a VG Elemental Plasma Quad (PQ2
Turbo Plus) ICP-MS (Musée Royal de I’Afrique
Centrale, Tervuren). Representative data and ranges
of variations are given in Table 2. The laser micro-
probe used in this study is based on a continuum
Minilite Q-switched Nd:YAG laser operating in the
far-UV (266 nm) wavelength. The power of the
output beam is maximum (2 mJ/pulse) for a 10 Hz
repetition rate of pulse, that is attenuated in agree-
ment with the appropriate energy to the crater size
requirement. The craters are in the range 40-60 pm.
The focusing on the sample is done manually through
a high magnification lens (1500x). Each sample and
standard was ablated for 27 s corresponding to 12 s of
pre-ablation, followed by 15 s of data acquisition.
The raw data on each isotope peak were subtracted
from the gas blanks and normalised to the **Ca signal
and then compared to calibration lines. The calibra-
tion lines are based on the NIST 612 and NIST 610

glasses and on a laboratory apatite standard (an
unzoned apatite from Madagascar) to constrain the
matrix effects. Typical theoretical detection limits for
semi-quantitative analyses (>background+3 ¢) are in
the range 30-300 ppb for Y, La, Ce, Pr, Eu, Sm, Gd,
Ho, Lu, 500 ppb—1.25 ppm for Nd, Dy, Er and Yb.
The limits for quantitative analyses are greater, 300
ppb—2.40 ppm for Y, La, Ce, Pr, Eu, Sm, Gd, Ho, Er,
Lu, 3.50-4.50 ppm for Nd, Dy and Yb. The typical
precision and accuracy for a laser microprobe analy-
sis (calculated on 10 analyses on NIST612 and
NIST610 glasses and on 17 analyses on laboratory
apatite standard) range from 3-11% for NIST612,
from 5-12% for NIST610 and from 7-15% for the
laboratory apatite standard.

5. Results

Before the discussion of the trace elements con-
tents in apatite, it seems useful to summarize the
whole rock geochemical data (spidergrams, REE
plots) that have been briefly presented by Brassinnes
et al. (2003).

5.1. Trace elements geochemical data of whole rocks

Only samples that have homogeneous grain size
and that do not present any evidence of brecciated
texture and/or mixed material were selected for whole
rock analyses. Ten c.a. 500 g fresh samples (4 clin-
opyroxenites, 2 ijolites and 4 carbonatites) have been
analysed.

The four clinopyroxenites display large ranges of
trace elements content: i.e., > REE varies from 510
to 2392 ppm with (La/YDb)y in the range 60-160;
Nb in the range 47-98 ppm with one perovskite-



Table 2

Trace element compositions and average composition of the apatites from the Vuoriyarvi massif (bdl=below detection limits)

Sample Clinopyroxenite VJIA74 Avge 2 S.D.
Petrography Disseminated Segregation pocket n=49

Grain n° 1 1 2 2 3 4 4 4 5 6 7 7 8 9 10 11

Position Core Rim Core Rim Core Core Rim1 Rim2 Core Core Core Rim Core Core Core Core

La 4355 3563 7240 3350 369.8 3839 339.7 335.0 371.7 398.7 933.3 852.3 5599  799.7 652.0 772.2 578.0 376.8
Ce 659.1 4589 996.8  448.7 5269  548.0 446.7 448.7 563.9 530.2 1650.3 1360.9 917.6 1319.3 974.8 1191.6 905.0  689.8
Pr 73.6 52.0 112.0 52.7 61.3 63.6 55.6 52.7 61.2 64.9 206.9 172.1 106.9 157.2 129.6  152.7 109.0 87.1
Nd 280.9 1945 401.3 2122 2473 2309 212.8 212.2 243.1 249.8 729.8 660.2  404.0 593.9 461.3 5582 408.0 3199
Sm 60.0 38.7 69.5 45.8 47.7 46.9 44.2 458 51.3 524 101.3 92.5 61.7 90.0 73.6 85.4 67.0 36.7
Eu 17.5 12.8 18.5 15.8 16.0 15.7 14.6 15.8 14.6 18.0 27.7 23.9 18.6 23.7 21.8 22.9 19.0 8.3
Gd 56.7 35.9 494 45.5 46.3 429 47.5 45.5 48.2 53.9 65.5 63.3 53.8 67.2 60.8 68.3 53.0 20.5
Dy 28.8 21.2 29.8 25.7 29.7 28.8 28.4 25.7 26.5 30.4 26.0 30.9 28.3 314 294 37.2 28.0 8.6
Ho 53 4.0 52 5.0 5.5 5548 5052 5.6 4.8 4.9 5.1 5949 5.7 5.0 1.3
Er 8.0 6.1 8.5 8.7 8.1 8.8 7.1 8.7 6.8 9.5 6.3 7.7 7.6 8.6 7.2 9.3 8.0 2.8
Yb 4.1 2.6 5.1 3.8 3.7 4427 3.8 3.0 4.6 bdl 2.4 2.3 4338 33 3.0 2.2
Lu 0.6 0.3 0.5 0.8 0.8 0.5 bdl 0.8 bdl 0.4 bdl 0.4 0.6 0.6 bdl 0.4 bdl -

Sr 3270.2 4112.5 42245 36854 3599.8 3638.3 3369.0 3685.4 29354 3818.6 3619.2 3616.9 3762.6 3677.4 3634.3 3727.1 3716.0 465.6
Y 140.1 113.4 137.7 1346 1429 137.8 127.6 134.6 126.7 155.2 116.6 142.6 1312 139.7 125.7  150.0 139.0 33.5
> REE 1630.1 1183.3 2420.5 1199.8 1363.3 1380.0 1203.9 1199.8 1395.5 1418.4 3753.0 3271.5 2166.4 3101.8 2419.2 2907.2 2183.0 1545.0
Sample Tjolite VJA71 Avge 2 S.D.
Grain n° 1 1 2 2 3 3 4 4 5 5 6 6 7 7 g g 7
Position Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim

La 1885.6 1812.3 23052 2305.0 1828.7 1952.6 1980.8 2057.7 21434 2105.1 21053 2089.6 22344 2169.1 2017.6 1938.0 1997.0 364.2
Ce 4044.7 3941.8 5007.0 48829 3887.6 4019.4 4100.8 4171.2 46774 4370.1 4396.8 43943 4740.2 4772.0 4132.3 4194.1 4260.0 796.2
Pr 550.6 5302  695.1 683.2 547.0 5372 5571 5774 6214  608.1 617.8  617.6 7043  689.8 547.8 583.1 593.0 122.5
Nd 2185.8 2151.1 2589.2 25763 21544 2181.2 23849 2306.1 24373 2301.6 2437.7 2304.8 2590.2 2503.1 2084.5 2207.0 2307.0 358.2
Sm 3277 394.1 382.6 3948 3272  332.1 396.0 359.8 388.2 3413 3494 351.6 389.0 3682 3139 330.8 358.0 52.5
Eu 83.1 106.1 103.1 103.8 85.7 89.3 107.8 91.2 99.6 89.9 98.4 93.2  103.8 92.0 845 8388 940 16.7
Gd 2069 2644 2427 2322 2043 2139 2684 2147 2413 2159 217.6 2004 2452 2258 191.1 208.0 220.0 42.1
Dy 93.8 1415 101.5 94.8 92.2 99.0  145.1 97.9 101.8 102.5 91.4 87.3 97.9 964 78.8 90.0 101.0 325
Ho 16.5 22.6 16.1 14.0 14.8 16.5 24.9 16.2 14.9 14.4 15.5 14.2 15.8 145 13.0 143 16.0 5.7
Er 24.2 39.3 23.4 23.1 19.9 27.5 39.7 22.0 23.6 24.0 20.9 21.1 23.5 209 198 199 250 119
Yb 12.9 20.1 8.9 11.1 13.0 10.0 23.4 11.9 12.4 11.2 12.7 9.9 12.1 10.3 6.8 9.6 13.0 7.5
Lu 1.4 2.7 1.5 1.2 1.3 1.3 2.4 1.5 1.3 1.2 1.2 1.0 1.2 1.5 0.8 1.3 1.0 1.1
Sr 4398.9 44837 47322 45829 4370.8 5600.3 49642 5143.1 51855 4921.8 56142 5126.6 5135.0 4966.3 4820.5 5044.9 4778.0 907.0
Y 334.6 5724 3533 3362 3426 371.1 566.7 3319 321.6 3186 3253 3093 3423 3277 3285 3327 356.0 158.0
>"REE 9433.1 9426.2 11,476.5 11,322.4 9176.2 9480.0 10,031.3 9927.8 10,762.6 10185.2 10,364.8 10,185.0 11,157.9 10,963.7 9490.9 9684.8 9985.0 1603.0
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Sample Carbonatite BR 18 Avge 2 S.D. Carbonatite BR 64

Grain n° 1 1 2 3 4 5 5 6 7 9 n=13 1 1 2 3 3
Position Core Rim Core Core Core Core Rim Core Core Core Core Core Rim Core Core Rim
La 2263.8 2341.7 2615.5 2046.6 22779 2369.4 23432 2361.0 2348.1 2249.5 2381.6 2296.0 319.1 3474 4120 317.6 382.3 652.9
Ce 4647.2 4793.7 5436.6 4472.8 47443 4890.8 48922 47785 49324 43238 48719 47550 788.7 800.8 888.1 734.8 965.4 14199
Pr 6974 6903 7644 6019 7042 664.6 682.0 6835 6444 6144 6914 6670 118.5 113.6 128.6  108.8 128.7 210.7
Nd 2802.3 26437 2919.0 2311.5 2662.2 2751.9 2728.1 2761.4 26984 24545 2671.7 2643.0 430.0 4374  529.9 446.0 536.0 834.0
Sm 4715 4497 5346 413.8 460.6 491.0 4762 476.0 4745 4214 4634  460.0 72.6 70.2 83.5 76.5 909 129.1
Eu 130.5 1389 14438 1255 1278 136.0 137.0  138.8 133.7 1209 1353 131.0 15.7 21.9 24.8 23.1 244 389
Gd 3194 3143 3533 3006 3342  339.1 310.0 360.7 337.0 290.7 3152 322.0 48.2 55.2 57.8 50.1 59.8 90.0
Dy 177.6  189.0 2002 179.7 177.8 1864 1944 189.5 1753 169.3 1844 1820 27.0 29.0 27.5 28.7 26.8  40.6
Ho 29.7 29.8 323 28.1 28.7 30.4 323 33.6 28.8 28.9 30.4 30.0 3535 42 4239 5.7

Er 46.7 47.5 48.6 47.9 47.5 49.7 47.9 52.8 49.0 47.8 49.0 48.0 4152 5.3 5158 6.3
Yb 27.6 25.3 30.3 29.4 28.5 29.5 26.1 29.0 29.9 23.2 29.6 28.0 5427 2.1 2.3 4.1 1.8
Lu 3.2 3.4 32 39 33 3.4 3.7 3.5 3.6 2.9 4.2 3.0 0.7 bdl bdl 0.3 bdl bdl

Sr 3199.6 3261.7 3240.2 3152.8 31269 3243.8 3115.6 3140.1 3041.3 4080.7 3316.6 3295.0  548.4 2222.5 2406.4 2109.0 2367.4 3083.4
Y 6343 6603  737.1 6672 6839 711.8 709.8 6866 6855  639.1 727.1 679.0 82.6 72.7 78.7 78.8 82.3  111.1
> REE 11,616.9 11,667.4 13,082.7 10,561.8 11,596.9 11,942.1 11,873.2 11,868.3 11,855.2 10,747.1 11,828.0 11,567.0 1757.2 1887.0 2163.8 1797.5 2228.2 3430.1
Sample Avge 2 S.D.
Grain n°® 4 5 6 6 7 8 9 10 11 12 13 13 14 15 16 16 1740
Position Core Core Core Rim Core Core Core Core Core Core Core Rim Core Core Core Rim

La 454.0 4412 4910 5741 4812 4344 3298 384.3 347.4 385.5 380.5 385.6 3842 3456 3535 562.8 417.0 1758
Ce 1033.7 971.6  1162.8 1204.3 12324 981.8 780.6 961.6 800.8 832.7 903.1  907.0 881.1 769.8  819.0 1203.9 966.0 375.7
Pr 146.3 142.9 179.4 171.3 178.1 140.9 110.6 129.2 113.6 121.1 126.9 130.8 123.6 104.2 119.6 182.7 137.0 553
Nd 593.4 6335 792.1 6912  711.2  593.8 4832 4853 4374 496.1 4682  541.1 5144 4725 490.1 761.2 566.0 219.5
Sm 91.4 87.0 102.8  107.5 1013 859 78.1 81.1 70.2 84.0 84.0 83.7 83.8 79.4 80.4 1104 89.0 27.4
Eu 28.6 25.4 24.0 31.9 26.2 23.4 21.0 23.6 21.9 22.3 23.8 24.6 21.4 20.7 23.0 32.0 250 9.1
Gd 71.6 60.2 66.5 75.0 65.4 69.7 56.0 55.7 55.2 58.7 55.2 61.0 59.6 53.8 543 707 61.0 19.3
Dy 29.6 29.1 30.8 34.0 25.4 27.1 26.4 30.4 29.0 23.3 28.3 27.8 26.3 24.1 272 349 29.0 7.5
Ho 49 43 4.2 4.6 4.1 43 3.8 3.7 3.5 42 43 4.0 4.5 4.1 3.5 4.9 4.0 1.1
Er 6.3 4.5 5.0 5.5 4.9 5.6 42 4.6 52 5.1 5.0 5.4 52 5.7 4.5 7.0 5.0 1.4
Yb 1.8 1.8 2.3 2.2 1.7 1.7 1.7 1.7 2.7 1.6 1.9 22 1.7 2.2 bdl 2.2 2.0 1.2
Lu 0.4 bdl bdl bdl bdl bdl bdl 0.4 bdl 0.3 0.3 bdl bdl bdl bdl bdl bdl -

Sr 2383.8 27447 2707.8 2617.4 23773 2067.2 2284.0 2401.0 2222.5 2067.9 2427.0 2249.5 2363.2 2093.7 2177.3 2502.0 2315.0 485.7
Y 90.1 84.1 85.8 100.5  88.8 85.8 75.1 82.5 72.7 74.6 84.3 82.4 83.4 76.3 78.1 99.9 84.0 17.5
>"REE 2461.9 2401.6 2860.8 2901.6 2832.0 2368.6 1895.4 2161.6 1887.0 2035.0 2081.4 2173.2 2105.9 1882.1 1974.9 2972.7 2302.0 872.6
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bearing sample at 388 ppm; Ta from 4.2 to 25 ppm.
These variations appear to be directly correlated to
the apatite modal abundance and to the amount of
intercumulus material that is highly enriched in in-
compatible elements when compared to the cumulus
diopside.

The ijolites have REE abundances (3 REE = 1750
ppm and (La/Yb)y varying from 20 to 53) in the
range of the clinopyroxenites but they are enriched
in Nb (221-437 ppm) and in Ta (47-103 ppm).

The carbonatites display large variation in trace
element contents (3 REE: 870-3617 ppm with (La/
Yb)n=40-88; Nb: 10-53 ppm, but as high as 1300
ppm for the pyrochlore-bearing carbonatite). These
REE contents are well below the average calciocarbo-
natite of Woolley and Kempe (1989) as also observed
for other Kola carbonatites (i.e., Kovdor; Verhulst et
al., 2000).

All the analysed samples of the Vuoriyarvi massif
plot along a well defined linear array in the Y-Ho
diagram (Fig. 3), this array is characterised by a Y/Ho
ratio of 22.7 (#=0.987) which is below the chondritic
value of 28.7 (McDonough and Sun, 1995). In
evolved systems such as alkaline intrusions and car-
bonatites, Nb and Ta can be fractionated by the crys-
tallisation and the segregation of Nb-and Ta-rich
minerals (Jochum et al., 1986). In the Vuoriyarvi
samples, the observed perovskite and pyrochlore are
indeed characterized by high to very high Nb/Ta
ratio, 19 and 5000, respectively (unpublished micro-
probe data). The whole rock pyroxenites display ho-
mogeneous Nb/Ta ratio (9-11) that is quite
comparable to the ratio of the depleted mantle (7—
10; Weyer et al.,, 2003). One cumulus perovskite-
bearing pyroxenite has a significantly higher ratio of
16. The two ijolites have lower ratio, around 5. The
carbonatites have variable ratios, from 8 to 16 except
sample BR30 (that contains clastic pyrochlore) that
has a Nb/Ta ratio of 1300.

5.2. Apatite chemistry: evolution of the composition in
the Vuoriyarvi massif

Hogarth (1989) defined 5 substitution mechanisms
for apatite, the two most important ones, the belovite-
type (2Ca*'=Na"+REE*") and the britholite-type
(Ca®"+P "=REE*"+Si*") concern the substitution
in the M crystallochemical site (Fig. 4).

Apatites from the various lithologies of the Vuor-
iyarvi massif have been analysed (Table 1B from
major elements; Table 2 for trace elements). All ana-
lysed apatites have F content between 1.2 and 3.2
wt.% (below the stoechiometric values of 3.77
wt.%, except one analyses at 4.2 wt.%) corresponding
to 0.62 to 1.67 F atoms by p.fu.; they are thus
fluorapatites. The apatites define a single, continuous
evolution trend in diagrams illustrating element sub-
stitutions. In the clinopyroxenites, the apatite is Ca-
rich (=9.97 p.fu.) and correlatively Na-and REE-
poor (<0.07 p.fu.) while in the carbonatites, it is
significantly enriched in REE (0.08-0.22 p.f.u.; Bras-
sinnes et al., 2003) and poorer in Ca (<9.92 p.fu.).
The apatite from the ijolites is intermediate in com-
position between those of the clinopyroxenites and of
the carbonatites, but closer to the former. The Si
content of the apatites is significantly lower in the
clinopyroxenites (0.09-0.15 p.f.u) and ijolites (0.9—
0.16 p.f.u.) than in the carbonatites (0.12—0.29 p.f.u.).
The F content also increases in the sequence clinopyr-
oxenite (0.62 p.f.u.)— ijolite (0.93 p.f.u.)—carbonatite
(1.67 p.fu.). All the apatites analysed by LA-ICP-MS
are rich in REEs (Fig. 5) with Lay values in the range
1000-10000 and Yby in the range 8-100,
corresponding to strong LREE enrichment, with
(La/Yb)y varying from 49-240 and (La/Nd)y>1.
There is no Eu anomaly which may be taken as
evidence for oxidizing conditions.

Forty nine analyses of apatite have been performed
on 13 different crystals in the clinopyroxenite VIA74.
Taken altogether these analyses show a quite large
range of values: X REE=1183-3753 ppm with (La/
Yb)y varying from 49-240; Sr=2935-4224 ppm (Fig.
5a). Five analyses performed on a single apatite crys-
tal display some heterogeneity: the core is enriched in
REE (1630 ppm) when compared to the rim (1183
ppm). Discrete, isolated apatite crystals disseminated
in the sample show more variability from grain to
grain (1183 to 2420 ppm of REEs; average of 29
spots: 1442 ppm; (La/Yb)y 49 to 96). This variability
could be related to the crystallisation of apatite from a
more or less evolved interstitial liquid.

The polygonal apatite from segregation pockets in
the clinopyroxenite (20 spots in 7 different crystals) is
systematically enriched in REEs (2166 ppm to 3753
ppm; average value (n=20 spots): 2734 ppm with
(La/Yb)y=70) when compared to discrete apatite.
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Fig. 3. Binary isovalent Y-Ho trace element diagram.

In the ijolite VIA71, 27 analyses of apatite have
been made on 8 grains (Fig. 5b). The range of trace
elements contents is quite narrow (3 REE: 9176
11477 ppm, with (La/Yb)y: 74 up to 145, Y: 309-
572 ppm, Sr: 4371-5614 ppm). These apatites are not
zoned.

The apatites of two carbonatites have been studied
in detail. The apatite of the carbonatite BR18 is quite
homogeneous (Fig. 5c¢) from grain to grain and is
almost unzoned; it is rich in all trace elements
(X REE:10562-11942 ppm with one core analysis at
13082 ppm, (La/Yb)n: 55-175, Y:634-737 ppm,
Sr:3041-4080 ppm). The apatites from BR64 are
slightly more heterogeneous (Fig. 5d); their trace
element content is significantly lower: 3 REE: 1797
3430 ppm, Y:73-111 ppm, Sr:2067-3083 ppm. They

025

Belovite-type substitution I

0.00

REE” + Si* (p.f.u)

9.72 9.77 9.82 9.87 9.92

Ca™ (p.f.u)

Fig. 4. Substitution schemes for apatite (in atoms per formula unit). a) Ca®>" versus Na"+REE*" (belovite-type); b) Ca®"+P>*

REE*"+Si*" (britholite-type).

are slightly zoned, the REE content increases from the
core to the rim of the grain (2200 to 3400 ppm,
respectively). The HREE content (Yb, Lu) of these
apatites is quite low, close to the limit of quantitative
measurements; this explain the large range of calcu-
lated (La/Yb)y ratios (96-240). It has been shown
before (Fig. 3) that the Y/Ho ratio of the whole rocks
is constant in the Vuoriyarvi massif. The apatites of
the clinopyroxenite display Y /Ho ratios (range:23.4—
29.7) close to the whole rock ratio and to the chon-
dritic value. They have slight negative cerium anom-
aly, Ce/Ce* ranging from 0.71 to 0.87. Similar
anomalies have been observed for apatite of the
early stage carbonatites (Hornig-Kjarsgaard, 1998;
Biithn et al., 2001). Apatites from the ijolite have
slightly lower Y/Ho ratio (24.9-20.4) and less pro-
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Fig. 5. Apatite chondrite normalised REE diagrams: a) in the clinopyroxenite VIA74 (n=49). b) in the ijolite VIA71 (n=27). ¢) in the silicate-
rich carbonatite BR18 (n=13). d) in the carbonatite BR64 (n =40). For each rock type, the minimum and maximum values have been reported,
as well as the average value and the range (shaded area). Normalizing values from McDonough and Sun (1995).

nounced anomaly (Ce/Ce*:0.91-0.96). The apatites
from the carbonatites have still lower Y/Ho ratio,
down to 16.11 and almost no Ce anomaly (Ce/Ce*
ranges from 0.87 to 1.05).

The Y/Ho ratios in the apatites and their respec-
tive whole rocks allow to test if the fractionation of
apatite occurred under closed system conditions. As
all the whole rock samples plot within error limits
along a single line (Fig. 3), it can be stated that these
elements were not fractionated during the whole
magmatic evolution. Nevertheless, the Y/Ho ratio
of apatite decreases from a chondritic value (27.7)
in the clinopyroxenite down to = 16 in the carbo-
natite. This significant decrease could be related to
the contemporaneous fractionation of a Y—rich phase
in the carbonatites. This phase could be either an Y-
rich mineral, like monazite or xenotime, or fluid
inclusions trapped in the carbonatite. Monazite and
xenotime are frequently observed as inclusions in
apatite or as outer grains on apatite surface in geo-

logical environments where fluids are abundant (Har-
lov and Forster, 2003). Monazite is a typical
accessory mineral in the Vuoryarvi carbonatites
(Kukharenko et al., 1965; Bulakh et al., 2000).
Fluids are known to complex more easily Y than
Ho (Bau, 1996), so that fluid inclusions could have
high Y/Ho ratios. The system had to remain closed
to keep constant the ratio in the whole rock carbo-
natite, the high Y/Ho ratio of the monazite/xenotime
or of the fluids counterbalancing the low Y/Ho
ratios of the apatite.

5.3. REE distribution between apatite and the host
rock: an approach to the apatite—carbonatite melt
partition coefficients?

Apatite is classically interpreted as a liquidus phase in
carbonatite melt (Eby, 1975; Le Bas and Handley, 1979;
Eriksson et al., 1985; Le Bas, 1989; Gittins, 1989). But
few trace element partition coefficients between apatite
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and carbonatite melt, Da“p‘?;};ite,carbmme melt have
been reported in the literature. Two recent studies
(Blihn et al., 2001; Klemme and Dalpé, 2003) give
contrasting results. Biithn et al. (2001) have calcula-
ted the partition coefficients for fluorapatite in car-
bonatite magmas for a fractionating assemblage of
calcite +fluorapatite +clinopyroxene (the latter has a
minor role on the REE evolution). The estimated
Dvalues were chosen to reproduce the observed
relationships in natural carbonatites from various
African complexes. Bithn et al. (2001) concluded
that the rare earth elements are compatible in apatite
(D aRpEEte/carbonatite melt™ 1) and increase regularly from
La to Lu, i.e., D;,<Dy, From their experimental
study (at 1 GPa and 1250 °C) along the join CaCOs—
Cas(PO4)3(OH, F, Cl), Klemme and Dalpé (2003)
measured the compositions of the apatite crystallised
in carbonatite melt. The calculated partition coeffi-
cients show that the rare earth elements are incom-
patible in apatite, that is DaRpF;Ete/carbonaﬁte melt<1.
Moreover, the partition coefficients show a convex-
upward pattern that means that the intermediate REE
(Sm—Gd) have higher D values than the light (La—
Pr) and heavy (Yb—Lu) REE. Similar convex-upward
patterns have been obtained for apatite from various
silicate melts (Watson and Green, 1981), but in all
silicate systems, the REEs are compatible in apatite
(De}i)]z]tzite/carbonatite melt>1)- Watson and Green (1981)
noted that the apatite/melt REE partition coefficients
significantly decrease with decreasing silica activity,
from a granite melt to a basanite melt. Klemme and
Dalpé (2003) suggest that their very low (<1) D
values can be related to the very low (close to zero)
silica activity of the carbonatite melt. Another expla-
nation could be proposed: besides melt composition,
P and T can have a profound effect on mineral-melt
partitioning (see review in Blundy and Wood, 2003).
The variations of the D values with pressure can lead
to contrasting results (either decreasing or increasing
D with increasing P) depending on the material (i.e.,
Chamarro et al., 2002 for clinopyroxene-silicate
melt). The accommodation of REE in apatite with
increasing P is not known.

The field relations and the petrographic features of
carbonatite BR64 suggested that it could be inter-
preted as a “quenched melt”. Using the average com-
position of the apatite and the REE partition
coefficients (both minimum and maximum values

Table 3

Estimated distribution coefficients (REE+Y') between apatite and carbonatite host rock and partition coefficients from the literature

La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu
Ap./C. h. rck. 4.1 6.1
Ap./C. h. rck.
Watson and Green (1981) Ap./basan.

Biihn et al. (2001)

1.0
8.4
1.8
5.6-8.7 6.0-9.5 6.2-10

44 3.8 2.1 2.1
17.2

5.6
19.0

6.1
23.9

6.1

5.4
20.1

4.7

BR 64

8.4

12.5 9.2

17.0
4.0

342
4.5

2845 3.6-6.5

23.6

159

8.1

1

BR 18

54-84 —

4.1-7.1 4.5-7.5 5.1-8.1

0.43-0.55 —

0.13
2.70

24-34

0.9-1.5 1.8-2.5

Ap./C. melt

0.23-0.34

0.49-0.58 —
0.26

0.23-0.33 0.19-0.40 0.31-0.45 -

0.07
2.62

Klemme and Dalpé (2003) Ap./C. melt

0.41
1.00

0.3

0.29

0.11 0.22

0.11

Cpx/C. melt 0.09

Klemme et al. (1995)

0.41

0.49

2.00-2.34 —

Per./Alk. bslt.
Watson and Green (1981) for a basanite, Biihn et al. (2001) and Klemme and Dalpé (2003) for carbonatite melts.

Nagasawa et al. (1980)

Ap.: apatite, C. h. rck: carbonatite host rock, basan: basanite, C. melt: carbonatite melt, Cpx: clinopyroxene, Per: perovskite and Alk. Bslt.: alkali basalt.
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were used) of Klemme and Dalpé (2003) and Biihn et
al. (2001) (see Table 3), the range of REE concentra-
tions in the carbonatite melt in equilibrium with apa-
tite has been calculated. Obviously, the liquid
calculated with the low partition coefficients values
of Klemme and Dalpé (2003) has a much higher REE
content (1263—1813 ppm La) than the one obtained
with the D values of Biihn et al. (2001) (278463 ppm
La). The (La/Yb)y ratios are also different (= 140
and = 950, respectively) because the variation of the
Drygg values with atomic number is very different in
the two sets of partition coefficients. The two ranges
of calculated carbonatite liquid composition are not
overlapping but they, nevertheless, both fall in the
range of the carbonatite analyses of Woolley and
Kempe (1989). We have tried to estimate the partition
coefficients from our own data. Strictly speaking, we
estimate the REE distribution between apatite and
host carbonatite (as an approximation of carbonatite
melt). The contribution of the apatite to the bulk rock
REE budget has been subtracted in order to obtain the
REE content of the host carbonatite ((whole rock REE
content — (apatite REE content * apatite modal per-
centage)). The average composition of the 40 ana-
lysed spots (including core and rim analyses) have
been used. The modal abundance of apatite is derived
from the P,Os content of the whole rocks (see Table
1): it is 8.1%. The estimated partition coefficients,
D;aiﬁte/carboname melt are given in Table 3 and com-
pared with the values of Biihn et al. (2001) and
Klemme and Dalpé (2003). These partition coeffi-
cients are plotted (Fig. 6) in function of the cation
radius (in six fold coordination from Shannon, 1976).
The law of partitioning is near-parabolic (as first noted
by Onuma et al., 1968) which is typical for partition
coefficients in the lattice-strain model (Blundy and
Wood, 1994). The regression curve does not fit
very well for the heavy REE (Er—Yb) and Y. In
fact, these elements have quite low contents, close
to the quantification limits of the LA-ICP-MS instru-
ment used. Our estimated partition coefficients are
quite close to those obtained by Watson and Green
(1981) for apatite crystallising from a basanite melt.
Interestingly, basanite is strongly silica-undersaturat-
ed like the olivine-bearing melanephelinite (or mel-
amelilitite) that is considered as the parental magma
of the ultramafic, alkaline and carbonatite complex
(i.e., Veksler et al., 1998a).

100 1

@ Carbonatite BR18
O Carbonatite BR64

10 4

Apatite/carbonatite melt
partition coefficients

IHHHHIIHH|||HHHIIH\]]ll!mlllmllll"

0.1 g T T T T
0,80 0,85 0,90 0,95 1,0 1,05

Cation radius (;i)

Fig. 6. Estimated distribution coefficients (REE+Y) versus cation
radii (in six fold coordination from Shannon, 1976) between apatite
and carbonatite host rock. Comparison with the data of Watson and
Green (1981) for a basanite (1*), Biihn et al. (2001) and Klemme
and Dalpé (2003) for carbonatite melts (2* and 3*, respectively).

The same procedure has been applied to the carbona-
tite BR18, even if it is probably not a quenched melt.
This rock 1is significantly enriched in REE
(ZREE=2163 ppm) and in silica (7 wt.% SiO,)
when compared to BR64. The D values obtained are
higher than for BR64 but the profiles are similar.

The two curves obtained for the apatite/host carbo-
natite of Vuoriyarvi are convex-upward (Fig. 6) and
centered on the middle rare earth elements, the maxi-
mum of the curve corresponds to the cation radius of
Sm. The apatite REE partition coefficient values for
the Vuoriyarvi carbonatites are all higher than 1 (4.1
for La; 6.1 for Sm and 1.0 for Yb for BR64).

6. Discussion on the petrogenetic link between the
ultramafic cumulates, the alkaline silicate rocks
and the carbonatites

In the Vuoriyarvi massif, as well as in many other
massifs of the Kola province, the ultramafic cumulates
(clinopyroxenite), the alkaline silicate rocks and the
carbonatites are closely related in space and time. Is
this association really a coincidence?
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Isotope geochemistry can shed some light on this
problem. For the large and complex massifs of the
Kola Peninsula (i.e., Khibiny, Kovdor, Turiy Mys,
etc...) several papers (Kramm, 1993; Kramm and
Kogarko, 1994; Zaitsev and Bell, 1995; Verhulst et
al., 2000; Dunworth and Bell, 2001) have shown that
the ultramafic rocks, the ijolites—melteigites and the
carbonatites do not display exactly the same initial
Sr—Nd isotopic composition suggesting that they are
not strictly cogenetic even if most samples plot in the
depleted mantle quadrant of the Sr—Nd anticorrelation
diagram, close to the source of the OIBs. In fact, for
the Kovdor massif (Verhulst et al., 2000), the carbo-
natites show quite a large range of isotopic composi-
tions but all the values plot in the depleted quadrant.
As it is very difficult to contaminate carbonatites
because of their very high Sr and Nd content (much
higher than in crustal materials), this spread of com-
position suggests that the Kovdor intrusion behaves
as a complex, open system implying several discrete
magma pulses from the mantle. It has been shown
experimentally (Wyllie and Huang, 1976; Eggler,
1978; Wallace and Green, 1988; Green and Wallace,
1988; Wyllie and Lee, 1998) that carbonatite can be
formed directly by very low degrees of partial melt-
ing of a carbonated upper mantle source. The ultra-
mafic cumulates and the melilitolites are isotopically
compatible with this model. The ijolites—melteigites,
on the contrary, have more scattered isotopic compo-
sitions, with both positive and negative &éNdsgo ma
values pointing to some contamination by crustal
material and/or to magma mixing. Contrary to what
has been observed for the large Kola intrusions, the
small Vuoriyarvi massif presents more uniform iso-
topic composition: the clinopyroxenites, ijolites and
carbonatites have ¥’Sr/®®Srsg0 wa ratios in the narrow
range 0.70303-0.70318 and &¢Ndsgy ma in the range
+3.6 to +6.1 (Balaganskaya et al., 2001; Zaitsev et
al., 2002; our unpublished data). Only a biotite—am-
phibole—calcite vein analysed by Balaganskaya et al.
(2001) has a significantly different isotopic composi-
tions, 0.70341 and +1.8. This sample is in fact not a
true carbonatite, it is more comparable to a fenite.
This narrow range of isotopic composition is in fa-
vour of a single batch of homogeneous mantle-de-
rived melt that crystallised and evolved in a closed
system. The Nb/Ta ratio of the least evolved samples
in the Vuoriyarvi massif (clinopyroxenite) is compa-

rable to the depleted mantle source values (7-10;
Weyer et al., 2003). All the lithologies observed in
the Vuoriyarvi massif are petrogenetically linked;
they have the same age, the same initial Sr—Nd
isotopic composition. Nevertheless, the nature of
this petrogenetic link still needs to be clarified: it
could be the liquid immiscibility between a carbona-
tite melt and an alkaline silicate melt (Lee and Wyllie,
1996; Kjarsgaard and Hamilton, 1998, Veksler et al.,
1998b; Stoppa et al., 2005) or a simple fractional
crystallisation process operating on a single magma
batch derived the depleted mantle (Lee and Wyllie,
1998). There is no evidence for immiscibility be-
tween an alkaline silicate melt and carbonatite, nei-
ther in the field nor in the geochemical data. The
spherulitic textures described by Lapin and Vartiainen
(1983) are interpreted in terms of liquid immiscibility
between sovite and phoscorite (forsterite—magnetite
rocks). These rocks due to their specific structures
may also be interpreted as fluid-explosive breccias
which were discovered and studied in the Kovdor
alkaline-ultramafic massif (Balaganskaya, 1994).
Moreover, the apatites from the ultramafic rocks,
the ijolites and the early carbonatites display contin-
uous geochemical trends, like enrichment in
Na+REE (Fig. 4), a decrease in the Y/Ho ratio in
agreement with an evolution by fractional crystallisa-
tion. The increase in REE content of apatite in the
sequence clinopyroxenite—ijolite—carbonatite implies
that the global REE partition coefficients for the
fractionating mineral assemblage is lower than 1.
During the first fractionation stage, the main phases
that crystallise are clinopyroxene and apatite with
perovskite in subordinate amounts. Using the values
of Klemme et al. (1995) for the partition coefficients
of REE between clinopyroxene and carbonatite melt,
our average estimated values for apatite (Table 3) and
the value of Nagasawa et al. (1980) for the perov-
skite, it can be shown that for a fractionating assem-
blage varying from 98% cpx+1% ap+1% per to 94%
cpx+5% ap+1% per, the global Dgpg varies from
0.14 to 0.30.

The variation of REE content during the magmatic
evolution of the late carbonatite stage of differentia-
tion is difficult to model because carbonatite veins and
phoscorite stocks (or bodies) are intimately related in
the field. Moreover, phoscorites are generally very
coarse-grained, some can be strongly enriched in
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apatites and could be formed by pulses of intensive
apatite crystallisation (Biihn et al., 2001).

7. Conclusion

In the Vuoriyarvi massif, ultramafic cumulates
(clinopyroxenites), alkaline silicate rocks and carbo-
natites are spatially and temporally associated. Apatite
is subhedral to euhedral in ultramafic cumulates and
jolites; it is in equilibrium with the intercumulus
liquid. Some carbonatites, which are mainly found
as thin dykes or sheets are tentatively interpreted as
liquids. They are rich in euhedral apatites. Clinopyr-
oxenites display a large range of trace element content
that is directly related to the proportion of interstitial
liquid. Carbonatites have variable trace element con-
tents depending mainly on their apatite and pyrochlore
modal proportions. The ijolites are more homoge-
neous. All the whole rock samples plot along well-
defined arrays in the Y-Ho diagram suggesting that
they are all cogenetic. The Sr—Nd initial isotopic
compositions are well clustered for all the lithologies
and point to a closed system evolution of a single
batch of mantle-derived magma. The increase of
Na+REE and the decrease of the Y/Ho ratio from
the clinopyroxenites to the carbonatites are in agree-
ment with an evolution by fractional crystallisation.
Distribution coefficients between apatite and host car-
bonatite, interpreted as an approximation of the true
partition coefficients, have been estimated for a car-
bonatite from the Neskevara conical-ring-like vein
system (sample BR64). All the D values are higher
than 1 (the REE are compatible in apatite) and display
a convex-upward pattern when plotted against ionic
radii, pointing to a higher compatibility for the middle
rare earth elements.
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