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Abstract—Olivine-bearing varieties of garnet—clinopyroxene crystalline schists of the Lapland granulite belt
have been studied in detail for the first time. Two types of olivine (iron mole fractions of 27 and 38%) are dis-
tinguished. Olivine with lower Fe content occurs as inclusions in clino- and orthopyroxene and in terms of
CaO and Cr contents is close to magmatic minerals. Olivine with high Fe content presumably suffered high-
and moderate-temperature metamorphism. The olivine-bearing rocks contain several grains of omphacite
with 30—37 mol % jadeite and garnet with 44—50 mol % pyrope, which can be regarded as relict assemblages
of the early stage of eclogitization of a magmatic protolith. The presence of symplectites indicates their retro-
grade transformation during decompression. The protoliths of the studied rocks could be olivine gab-
bronorites and pyroxenites. It was found that the rocks contain high-alumina minerals: corundum, spinel,
and sapphirine. In addition, Al,O; content in some amphibole grains is as high as 19 wt %. This indicates that
the ascent of the deep-seated rocks was accompanied by interaction with Al-rich fluid. The positive Eu anom-
aly in the olivine-bearing rocks and some of their minerals is indicative of the reducing character of fluid.
Activation of fluid reworking leading to the formation and transformation of the olivine-bearing rocks, trans-
fer of alumina and its precipitation at different depths are related to the processes at the base of the Paleopro-

terozoic rift system of Karelides.
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INTRODUCTION

The Lapland granulite belt in the northern Baltic
Shield carries information on the composition of deep
lithosphere. Olivine—pyroxene—garnet rocks were
recently found in its eastern part (Fonarev et al.,
2007). In this paper, we described in detail these rare
rocks to gain a better understanding of the formation
of the deep-seated portions of the Earth’s crust and
granulite belts.

GEOLOGICAL POSITION AND RELATIONS
OF ROCKS

The studied olivine-bearing metamorphic rocks
were found in the Kandalaksha—Kolvitsa massif,
which represents the fragment of the Lapland granu-
lite belt. Granulites gently rest on granite gneisses.
Reverse metamorphic zoning indicates their over-
thrust relations, the nature of which remains unclear.
According to (Marker, 1985, Kozlov et al., 1990),
granulites are volcanosedimentary rocks that were
metamorphosed and exhumed to the surface in a com-
pression setting. Terekhov (2007) believes alternatively
that the granulites and entire Lapland—Belomorian
belt in the Early Paleoproterozoic served as a deep-
seated “pillow” in the rift system of Karelides. The lat-
ter, in turn, were formed by two pulses of magmatic

activity (2.45—2.4 and 2.1—-1.95 Ga), which predeter-
mined defragmentation of Archean crust and forma-
tion of comagmatic rocks at different depths: anortho-
sites (at a depth of 50—45 km), drusites (30—20 km),
layered intrusions (15—3 km), and volcanic rocks
(Mitrofanov and Nerovich, 2003). The Lapland belt is
characterized by tectonic layering: garnet amphibo-
lites—metaanorthosites—garnet—clinopyroxene rocks—
mafic and felsic granulites. The basal part of the Lap-
land granulite nappe is interpreted as a ductile shear
zone made up of garnet amphibolites—tectonites after
different protoliths (Terekhov and Levitsky, 1993).
Similar boundaries of granulite complexes with gran-
ite—gneiss are found widely around the world (Per-
chuk et al., 2002). The boundary is marked by alkali
granites formed at the final stage of nappe formation.
However, these granites are ascribed to A-type gran-
ites generated in an extensional setting (Terekhov and
Efremova, 2005), which is inconsistent with colli-
sional models of the Lapland nappes (Mints et al.,
1996). No age data are available on the rocks of the
Kandalaksha structure, but many determinations were
obtained for compositionally similar Kolvitsa gabbro-
anorthosite massif in the adjacent structure. The tim-
ing of magmatic crystallization and the first stage of
metamorphism of this massif is estimated at 2.45 Ga
(Frisch et al., 1995). Magmatic crystallization and
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Fig 1. Geological position of the olivine-bearing rocks in the eastern part of the Kandalaksha structure. /—garnet amphibolites:
without relicts (a) and with relicts of mafic granulites (b); 2—gabbroanorthosites; 3—garnet—clinopyroxene rocks; 4—the same,
with bodies of the olivine-bearing rocks, mafic and felsic granulites; 5—Belomorian Complex; 6—alkali granites; 7—faults: §—dip

and strike and sampling localities.

subsequent metamorphism occurred under a pressure
of 12—13 kb (Fonarev, 2004). Then, the rocks were
brought to the ductile—brittle boundary, where they
formed protrusions among the rocks of the Belomorian
Complex. During 1.8—1.7 Ga, the granulites together
with the Belomorian Complex were exhumed to the
surface as a metamorphic core, which at present forms
the Lapland—Belomorian belt (Terekhov, 2007).

The olivine-bearing varieties are more massive
rocks than surrounding Grt— Cpx rocks. They compose
lenticular bodies from 0.2 to 3 m thick and from tens to
few hundreds of meters long, which have vague con-
tacts and are practically indistinguishable from the
host rocks. They were found in the eastern part of the
Kandalaksha synform (Fig. 1), in association with
mafic granulites (Grt-Opx-Cpx-Pl rocks) and linear
zones of felsic granulites. Similar sequence is known in
the Por’ya Guba area. The mafic granulites in this area
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are replaced by 2.5-Ga old enderbites (Kaulina and
Bogdanova, 2000), which allows us to consider them
as a framework for gabbroanorthosite intrusions. The
locality of the olivine-bearing rocks in the Kandalak-
sha synform is characterized by steep dipping of rocks
and the presence of ring structures, which are not typ-
ical of other parts of the belt. In terms of some fea-
tures, it may be regarded as the root part of the massif
thrust over the granite-gneiss complex, while the oliv-
ine-bearing rocks may be considered as fragments of
dikes or zones of fluid reworking.

METHODS

Major oxide composition was determined at the
Vinogradov Institute of Geochemistry, Siberian
Branch, Russian Academy of Sciences, in Irkutsk,
while trace and rare-earth elements were analyzed at
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the Institute of Lithosphere of the Russian Academy
of Sciences by XRF method on a TEFA-III analyzer,
by atomic absorption on a “Perkin-Elmer 5000” spec-
trophotometer, and by ICP-MS at the Institute of
Mineralogy, Geochemistry, and Crystal Chemistry of
the Rare Elements. Compositions of minerals were
analyzed on a “Camebax” microprobe equipped with
EDS “Link-860” at the Institute of Experimental
Mineralogy of the Russian Academy of Sciences,
Chernogolovka. Of over 50 analyzed samples, data on
six olivine-bearing and three olivine-free samples were
used in this work. In each sample, we analyzed 20—
45 grains of different minerals, including rims and cores
of definite minerals, as well as minerals in symplectites.

PETROGEOCHEMISTRY
OF THE OLIVINE-BEARING ROCKS

During study of Grt-Cpx rocks of the Kandalaksha
structure, olivine was identified in six samples. The
finds of this mineral are very unusual of the Lapland
granulite belt. In terms of mineral and chemical com-
position, three samples (20.3, 21.1, 83.2) correspond to
ultramafic rocks, and three samples (13.3, 33.3, 88.1)
are mafic rocks. The ultramafic varieties as compared to
mafic rocks are two—three times higher in MgO, but
have lower contents of alkalis and calcium (Table 1).

The olivine-bearing rocks of ultramafic composition
(type I). Major minerals are represented by Cpx (50—
60%) and Grt (30—35%). Ol content varies from single
grains to 10%, Opx accounts for up to 5%. Bright
brown amphibole and ore mineral account for around
1%. Amphibole is grouped into thin discontinuous
subparallel bands. Biotite forms aggregates of fine
plates with inclusions of Grf and Cpx, sometimes, with
serpentine (Fig. 2a). The rocks have heterogeneous
structure. Less deformed rocks are fine-grained, with
thin-banded structure. Cpx forms light green isometric
and prismatic grains around lmm in size. Opx is
observed as irregular grains or plates up to 1.4 mm
long. Grt is present as fine (less than 0.1 mm), tightly
adjoined grains forming aggregates as bands up to
6 mm in size and patches up to 3.7 x 2.5 mm (Fig. 2e).

The olivine-bearing rocks of mafic composition
(type II). The rocks of this type are close to rocks of
type I, but differ in the presence of 5 to 20% PI. Pre-
dominant minerals are Cpx and Grt (40—50% and
25—5%); Ol accounts for 3—5%. Opx is observed as
single individual grains and in symplectites with Cpx
and P/ (Figs. 3 and 4). In rocks of this type, small Grt
grains are arranged around Cpx and P/ to form rims
(coronas). Accumulations with relicts of Cpx and P/
are less common. Grt also forms chains along cleav-
age planes of PI.

Olivine in the rocks of types I and II varies from 3
to 10%, but is poorly distinguishable in deformed vari-
eties. It is usually represented by small (0.2—0.4 mm)
isometric grains with rounded or finely uneven out-
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lines. There are also large (0.7 X 0.6 mm) grains (Fig. 3a).
Sometimes, olivine has a rhombohedral shape with
smoothed edges. In sample 88.1, olivine grain is
enclosed in Cpx. The outlines of Cpx and O/ are
uneven. Cpx is surrounded by aggregate of finely brec-
ciated grains, which indicates rock deformation
(Fig. 2¢). In sample 21.1, O/ is localized closely to
reticulate serpentine saturated in ore dust (Fig. 2a).
Very small Ol inclusions were found in Cpx (Figs. 2a, 2b)
and Opx (Figs. 3b, 3d).

Composition of Minerals

Olivine. Analysis of 25 grains allowed us to distin-
guish two varieties. Olivine from type I rocks with
higher MgO content is dominated by forsterite com-
ponent, with Fe mole fraction of 27—28%. Olivine in
type-II rocks (FeO > MgO) has higher content of fay-
alite component (35—39%). Fe-rich olivines have
higher chromium content, but lower Mn content and
almost always contain Ti, which is completely absent
in Mg-rich olivines (Table 2). Fine O! inclusions in
Cpx have the higher Mg composition of 82% (Xy;, =
Mg/(Mg + Fe)%). Olivine in orthopyroxene is char-
acterized by Mg number of 74—76%. Composition of
some Ol grains is correlated with that of associated Grr.
In particular, Fe-rich O/ (points 41—43, sample 13.3)
is in contact with high-Fe (Xg, = 61%) garnet, which
contains 52 mol % almandine (point 39, Fig. 4a), but
low pyrope content (34 mol %). High-Mg O/ (point 4,
sample 21.1) is in contact with garnet Grt (point 5)
with low Fe mole fraction and lower almandine con-
tent of 38 mol %, but much higher pyrope content of
48.5 mol. % (Fig. 2b).

Orhopyroxene in different grains have close pro-
portions of major components. The Al,O; content in
most grains is 1—-2 wt % and only one grain contains
4.2 wt%. In some Opx cores are enriched in Al,O; and
TiO, relative to rims. The Cr,O; content usually
accounts for less than 1 wt %, reaching 1.83 wt % only
in one grain, which possibly represents a relict of mag-
matic mineral. Opx in symplectites has lower Mg, but
higher Fe and Mn contents. Orthopyroxenes inter-
grown with Cpx (points 7—6 and 24—25) (Figs. 4b, 4d)
and plagioclase (points 18—17) (Fig. 4c) have similar
compositions.

Clinopyroxene from type I rocks contains 2.53—
5.44 wt % Al,O5 and 1.75—3.14 wt % Na,0O. The jade-
ite end member varies from 7.6 to 23.1 mol % (Fig. 5a).
Clinopyroxene from type Il rocks has somewhat dif-
ferent composition. It shows higher Al,O; (4.01—
7.23 wt %, reaching 8.97—12.41 wt % in some sam-
ples), Na,O (2.80—5.33 wt %), and jadeite (18.2—
36.9 mol %). In both rock types, Cpx is heterogeneous
in composition and differs within one sample (Fig. 5a).
It usually reveals a prograde zoning, with rims higher
in jadeite (by 5—11 mol %) than cores. In two grains
from sample 13.3, this difference is 14 and 16 mol %:
Vol. 54
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1 2 3 4 5 6 7 8 9
Component

21.1 83.2 88.1 13.3 33.3 83.1 13.1 70.1 81.1
SiO, 40.32 41.51 44.78 46.04 48.36 45.57 47.31 49.63 53.28
TiO, 0.12 0.23 0.22 0.20 0.77 1.82 0.48 0.50 1.98
Al,O4 8.67 11.64 15.14 18.01 17.81 18.98 19.25 26.55 11.80
FeOyy 18.43 21.16 17.94 14.34 13.73 14.81 12.23 5.04 18.66
MnO 0.21 0.25 0.20 0.16 0.18 0.15 0.14 0.08 0.32
MgO 24.04 17.37 13.74 10.81 6.94 5.74 8.23 1.50 2.63
CaO 4.87 7.11 6.82 8.01 9.58 10.19 9.10 12.97 7.66
Na,O 0.65 1.20 1.48 2.05 2.36 2.59 2.73 3.05 1.36
K,O0 0.14 0.09 0.26 0.29 0.18 0.13 0.42 0.33 1.70
P,0Os 0.03 0.04 0.05 0.04 0.11 0.06 0.06 0.12 0.61
L.O.I. 2.43 0.20 0.51 0.06 0.11 0.04 0.13 0.16 0.44
Cr 100 39 38 — 156 57 — — —
Ni 94 610 410 407 163 96 308 15 46
Co 160 140 107 — — 49 — - —
\% 30 45 45 — - 320 — — —
Rb 4.1 2 1 2 2 3 5 14 41
Ba 63 42 66 99 128 67 105 — 459
Sr 122 120 170 185 262 327 212 — 70
Zr 12 42 49 36 31 36 52 14 293
Y 2.6 2 8 4 11 8 13 8 81
La 2.3 2.1 4.2 3.7 6.7 3.6 6 8.6 29
Ce 4.8 2.7 6.6 3.7 8.7 6.6 8.8 19 79
Nd 2.3 2.4 2.0 5.6 7.8 3.2 6.5 8 41
Sm 0.48 1.00 2.00 1.90 2.3 1.20 1.90 0.90 10.00
Eu 0.20 0.28 0.50 0.60 1.1 0.73 0.80 1.30 3.00
Gd 0.46 0.73 0.60 0.80 1.3 1.00 1.20 1.80 11.00
Er 0.31 0.46 0.60 0.50 1.1 1.10 0.80 0.90 7.00
Yb 0.33 0.16 0.30 0.22 0.82 0.43 0.34 0.70 5.40
(La/Yb), 4.7 8.7 9.3 11.2 6 5.7 12 8.8 3.6
F, % 43.4 54.6 56.3 56.6 66.5 74.4 60.1 77.1 68.1
Olivine X X X X X — - — -
Orthopyroxene X X X X X - X — —
Clinopyroxene X X X X X X X X X
Garnet X X X X X X X X X
Plagioclase — — X X X X X X X
Amphibole X X X - — X X X X
Spinel — — X X X — X — —
Sapphirine — — X — — — — — —
Corundum — — — — X — X — —

(1-5) olivine-bearing rocks; (6—7) garnet—clinopyoxene crystalline schists; (8) metaanorthosite; (9) garnet amphibolite. X—mineral is present.
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Fig. 2. Microimage of the olivine-bearing (samples 21.1 (a and b) and 88.1 (c and d)) and Grt-Cpx ultramafic rocks (sample 20.3
(e and f). (a)—sheared rock: its large grains and serpentine (dark in the top left corner) are elongated in the same direction. (a) Fine
Ol inclusions in Cpx, points 16 and 20; (b) fine O grains: points 4 and 9 in Cpx with 16% jadeite are in contact with Grf grains
(points 5, 11) with 43.7 and 48.5 mol % pyrope; (c) zone of brecciated olivine-bearing rock with Cpx “eye” and Ol inclusion. Crossed
nicols; (d) spinel lamellae in plagioclase; (e) part of the band formed by Crt, Grt (points 3, 7) have weak reverse zoning, like Cpx in
points 25, 26; (f) —Grt (points 9, 11, 13)—Cpx (points 10, 14) symplectite with lamellae of spinel (point 8—light) and corundum
(point 12—dark). Cpx from points 10 and 14 has the highest Al,03;—13.86 and 14.48%, respectively. Hereinafter, black circles show
the analyzed (Grv), light circles, all other minerals: olivine (O/), orthopyroxene (Opx), clinopyroxene (Cpx), plagioclase (P/),
spinel (Spl), serpentine (Serp), hornblende (Hb), corundum (Crn), biotite (Br).

GEOCHEMISTRY INTERNATIONAL  Vol. 54 No. 11 2016
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Fig. 3. Microimage of type-11 olivine-bearing rocks: samples 13.3 (a and b) and 33.3 (c—f) (a) OI grain (points 41—43) in contact
with Opx (point 40) and Grt (points 39, 44: pyrope 33.6 and 34.8 mol %); (b) Pl with grains of Grt and relicts of omphacite (points
21, 22 and 24, 25), surrounded by Grt rim (pyrope 26—29 mol %), one grain (point 17) contains omphacite inclusion (point 18,
jadeite 36.9% with high Al,O3 — 13.18%); (c) unzoned Grt (pyrope 42 mol %) among grains of homogenous Opx, dark—chains of
sodic P/ (An 18.5 mol %); (d) small inclusions of O/ (points 31, 34) in Opx; (e) Grt rims around Cpx and P/, Cpx of complex com-
position (points 4—7), one of the rim is jadeite 27 mol %, Grt is unzoned, contains 44.8 mol % pyrope, i.e., compositions of Cpx
and Grt in this domain are close to those of eclogite; (f) oriented corundum crystals with visible axial zone in plagioclase.
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Fig. 4. Microimage of the olivine-bearing rock (sample 13.1) (a) symplectitic Cpx with Gr rim; (b) Cpx symplectite (point 6) with
Opx (point 7), and (point 8) with P/ (point 9); (c) amphibole (points 19, 20) among Opx (points 18)— P/ (point 17) symplectite;
(d) Opx (point 24)—Cpx (point 25, jadeite 5.7 mol %) and Cpx (point 26, jadeite 6.0 mol %)— P! (point 27, An 21.6 mol %) sym-
plectites; (f) PI prism (An 27.6%) bent during rock deformation, with Grt rim; (f) P (points 41 and 45) with spinel lamellae.

33.7 and 36.10 mol % jadeite in rims. Both these grains
are small, with uneven margins, and are enclosed in
plagioclase An 35 mol %. Individual grains show com-
plex zoning. In particular, the profile across Cpx
(points 4—7) in sample 33.3 (Fig. 3e) shows the fol-
lowing variations in jadeite content: 27.0, 20.5, 23.1,
25.5 mol %. Thus, one zones are close to omphacite,
while others, to diopside. This Cpx is surrounded by
Grt rim with pyrope content of 44.0 and 44.8 mol %
(points 8, 9, Fig. 3e). In Cpx from symplectites, jadeite
varies from 14 to 1.8 mol %, which is 8—10 mol %
lower than in individual grains. The lowest jadeite
content (1.8 mol %) was found in Cpx (point 23, sam-
ple 20.3) from symplectite with hornblende. Cpx in
symplectite with Grt (Fig. 2f, sample 20.3) has the
highest Al,O; contents (13.86—14.48 wt % — points 10,
14), but is depleted in Na,O (2.14 and 1.44 wt %) and
jadeite (15 and 10 mol %, respectively). Grt in this
symplectite (points 9, 11, 13) is characterized by suffi-
ciently high (32, 36, 33.5 mol %) content of pyrope
component. It is also enriched in calcium component
(35.9 mol %), but depleted (0.6 mol %) in spessartine
end member. Garnet of such composition is close to
the eclogitic garnet. Garnet in this symplectite con-
tains numerous lamellae of corundum (point 12) and

GEOCHEMISTRY INTERNATIONAL

spinel (point 8, Fig. 2f). We may suggest that the
development of Grt after Cpx was controlled by Al-rich
fluid, excess of which saturated newly formed Cpx and
precipitated as corundum. Cpx grains with 28—
36.9 mol % jadeite in rims and 18—23 mol % in cores
are regarded as close to omphacite formed under con-
ditions of prograde metamorphism, i.e. as relict eclog-
itic minerals. Cpx with the lower jadeite content (2.4—
1.8 mol %) represents transformed omphacite. It is
characterized by the lowered content of Al,O; and
Na,0, higher MgO, being close to diopside—salite.

We pay particulate attention to Cpx with 36.9 mol %
jadeite, which occurs as oikocryst in Grt with 29.5 mol %
pyrope (point 18, samples 13.3, Fig. 3b). Metamorphic
conditions for eclogites from the Gridino area, Belo-
morian zone, were determined at 865°C and 14.5 kb
using mineral pair: omphacite (jadeite 40 mol %)—gar-
net (pyrope 27 mol %) (Volodichev et al., 2004). The
studied Cpx inclusion and host Grf are similar in com-
position to the mineral pair from the Gridino eclogites.
We may suggest that omphacite inclusion in Grt, and
above described omphacite in P/, were formed in simi-
lar conditions comparable with P—7 conditions of the
Gridino eclogites, which correspond to the eclogite
facies.

Vol. 54
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Sample 21.1 Sample 83.2
Component,
Wlf[ % 1 4 9 16 20 14 15 24 28 29
Incl. Incl. Incl. Core Incl. Rim Core Core Core Core
SiO, 38.65 38.34 38.9 38.08 38.18 36.73 36.35 37.50 36.90 36.79
TiO, - - - — — 0.02 0.02 0.04 — 0.04
Al,O4 0.06 — - — — 0.03 0.03 0.08 0.05 0.09
Cr,04 0.04 0.06 0.06 0.05 0.09 0.12 0.12 0.06 — 0.06
FeO 24.43 24.74 23.83 24.72 25.16 33.82 32.83 32.21 31.86 32.68
MnO — 0.13 0.18 0.08 0.2 0.02 0.22 0.02 0.02 0.10
MgO 36.75 36.7 36.87 37.03 36.28 32.02 31.51 33.74 32.98 32.56
CaO 0.06 0.03 0.14 0.01 0.09 0.03 — 0.05 - 0.02
K,O 0.01 — 0.02 0.03 — 0.01 — 0.02 0.04 0.02
F, % 27.20 27.40 26.60 27.20 28.00 37.20 36.90 34.90 35.10 36.50
¢« one grain —
Sample 13. Sample 33.3 Sample 88.1
Corr‘:f;o%‘em’ 41 42 43 31 34 21 23 24 27 37 35
Rim 1 Core Rim 2 Incl. Incl. Core Core Rim Core Core Rim
SiO, 36.42 35.77 36.13 38.33 38.28 36.14 35.88 35.48 35.65 35.57 35.85
TiO, — — 0.11 — — 0.01 — — — — 0.03
Al,O4 0.04 — 0.22 - — 0.19 0.06 0.03 0.03 0.11 0.07
Cr,03 0.09 0.26 0.13 0.20 — 0.12 — - - 0.07 —
FeO 33.22 33.47 33.54 24.64 24.99 31.99 33.41 33.90 33.17 33.39 33.06
MnO 0.13 0.04 0.23 0.19 0.30 0.15 0.04 0.20 0.05 0.06 0.11
MgO 29.61 30.02 29.21 36.61 36.33 31.28 30.60 30.33 31.06 30.77 30.54
CaO 0.00 0.00 0.11 — - 0.07 0.01 0.03 - — 0.06
K,O0 — 0.04 0.06 0.03 0.10 0.04 - 0.04 0.04 0.04 —
F, % 38.60 38.50 39.20 27.40 27.80 36.50 38.00 38.50 37.50 37.80 37.7
¢« one grain — «one grain—

Samples 21.1 and 83.2 have ultramafic composition, while samples 13.3, 33.3, and 88.1 have mafic composition. Numerals in the sec-
ond row from the top denote the number of measured grain; F, % = Fe/(Fe + Mg).

Garnet. More than half of the garnet grains show
retrograde zoning and only one grain reveals prograde
zoning (points 36, 37, sample 13.3). Other grains
demonstrate complex zoning or are homogenous in
composition. Zoning is weak: cores are only 2—7%
higher in pyrope molecule. Most of the Grt grains
contain from 33 to 43 mol % pyrope end member
(Fig. 5b). In terms of calcium content, garnets are
subdivided into two types. One type contains 27—
35 mol % Ca end member, at less than 1 mol % spes-
sartine and the lowered content of almandine. Such
grains are likely close in composition to eclogitic gar-
net. Other garnets contain 38—44 mol % pyrope, only
12—15 mol % grossular, but have higher contents of
spessartine and almandine. These grains likely experi-

GEOCHEMISTRY INTERNATIONAL Vol. 54 No. 11

enced retrograde transformations. Two grains (point 37,
sample 20.3 and point 5, sample 21.1) differ in the
highest content of pyrope molecule — 47.6 and 48.5%.
These grains are associated with Cpx (points 35 and 7,
samples 20.3 and 21.1) containing 7.7 and 16.4 mol %
jadeite. This clinopyroxene contains two small O/
inclusions (Fig. 2b). Association of high-pyrope Grt
and low-jadeite Cpx is frequently observed. Small
unevenly shaped Grt grains were found in P/ (Fig. 2b).
One of them (points 7, 8) has unusual composition: it
opposite rims differ by 7 mol % in terms of pyrope and
almandine content, while calcium and spessartine end
members show almost two times difference. Grains of
Grt and omphacite present in P/ were likely formed at
the early stage of eclogitization, owing to the interac-
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(a)
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tion between olivine and labradorite with paerticipa-
tion of diopside. Unusual composition of Gt is likely
related to the zoning of primary labradorite.

Plagioclase is present in the type II rocks. It forms
three morphologies: large crystals, chains of small
grains, and symplectitic intergrowths. The three vari-
eties are different in composition. Large prisms are
represented by oligoclase (An 26—28 mol %) and
andesine (An 33—35 mol %). They contain numerous
randomly oriented spinel lamellae, which were formed
owing to the acidification of Pl, i.e. decrease of anor-
thite component. The compositor of P/ in the sym-
plectites with Cpx and Opx corresponds to the sodic
oligoclase (An 22—16 mol %). Small grains localized
between Grt or Grt and Cpx and forming chains have
similar composition (points 26, 1, Figs. 3c, 3e).

Amphibole is observed as single grains superim-
posed on the early minerals, as well as in symplectite
intergrowths. It is usually green, but acquires bright
brown coloration in association with brown biotite in
sample 13.1. These minerals contain up to 3 wt % TiO,
In some amphiboles, Al,O; content increases up to
19 wt %, accounting for 10—15 wt % in most grains.
Enrichment of amphibole in Al,O; may indicate the
elevated activity of this oxide at the late stages of the
rock evolution.

High-Alumina Minerals

High-alumina minerals previously unknown in the
Lapland granulite belt have been revealed in the stud-
ied rocks: corundum, spinel, and sapphirine. Corun-
dum is observed as thin (acicular) prisms 0.1—0.5 um
wide and up to 100 um long, which are oriented in two
directions at angle of approximately 80°—90°, which
approximates exsolution lamellae. It was found in P/
(An 27.4%) (Fig. 3f) and Cpx—Grt symplectite (Fig. 2f).
Corundum contains hundredths of a percent of some
petrogenic components. Spinel occurs as lamellae in
plagioclases from all samples of type-II rocks and
more rarely in Grf forming symplectites with Cpx
(sample 20.3). This symplectite contains not only spi-
nel (point 8), but also corundum (Fig. 2f). Lamellae
are fine randomly oriented thin laths 10—60 um long
(Figs. 3b and 4f), but sometimes they show systematic
orientation, like corundum (Fig. 2d). Spinel contains
1.5—2 times more FeO than MgO. Composition of P/
with spinel inclusion corresponds to oligoclase An
27% (samples 13.1 and 88.1). Sapphirine was found in
sample 88.1 as symplectites with PIl. The occurrence of
sapphirine in retrograde eclogites is usually inter-
preted as evidence for ascent of deep-seated rocks at
high temperature (Sabau et al., 2002). It should be
noted that the finds of sapphirine are confined to the
objects that experienced complex structural transfor-
mations, as well as to the rocks having peculiar fea-
tures, for instance, positive Eu anomaly (Thomas and
Nixon, 1987).
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P—T Estimate of the Formation of the Rocks
of the Kandalaksha Structure

P—T conditions estimated with TPF software for
the Kandalaksha anorthosite massif and garnet—
cliopyroxene rocks confined to its upper part were
used to construct a metamorphic evolution path of
these rocks (Fonarev et al., 2007). This evolution was
polymetamorphic with ultrahigh (1000—1040°C)
temperature of peak metamorphism at high pressures
around 14—15 kb. Most part of garnet was formed at
peak conditions and its composition has been pre-
served in some grains during subsequent prograde
processes. The rocks of the Kandalaksha Massif were
metamorphosed at higher P—T conditions as com-
pared to the Kolvitsa Massif. Three tectonothermal
events are recorded. As in other cases (Fonarev, 2004),
the evolution of the region represents an alternation of
subisobaric cooling and subisothermic decompres-
sion. The rocks from the eastern part of the Kandalak-
sha structure, which are spatially associated with oliv-
ine-bearing varieties, yield even higher metamorphic
parameters of 7—900°C and P—16.5 kb (Skublov and
Terekhov, 2009).

REFE Distribution in the Studied Rocks and Minerals

Data on the REE composition of all rock varieties
of the Lapland granulite belt have been reported in
(Terekhov and Leyvitskii, 1993; Skublov, 2005). Mafic
granulites are subdivided into two groups (Fig. 6a).
One group is characterized by the tholeiitic REE pat-
tern typical of the amphibolite and granulite xenoliths
in Archean granite gneisses of the Karelian and Kola
cratons (Terekhov and Efremova, 2005). Other, high-
Al group, has a differentiated REE pattern with
(La/Yb), = 5-9. In terms of REE distribution pattern
and other parameters, the high-alumina granulites are
similar to the calculated primary composition of lay-
ered intrusions and drusites and could be considered
as the early phases of the deep-seated crystallization of
yet undiffereniated magma of the Paleoproterozoic
plume (Sharkov et al., 1997). Unlike the widest spread
granulites, all olivine-bearing varieties show low REE
abundances, weak fractionation, and positive Eu
anomaly (Figs. 6b, 6¢). The Eu anomaly is frequently
thought to be related to P/, but samples 21.1 and 83.2
contain no plagioclase. The positive Eu anomaly is
observed in Cpx and Grt from sample 83.1 (Fig. 6d)
(Skublov and Terekhov, 2009). Such REE distribution
in the indicated minerals is rare phenomenon and was
noted in the xenoliths in volcanic pipes (Chu Lee
etal., 1997). Grr with positive Eu anomaly was also
found in Grt-2Px granulite xenoliths in the Devonian
volcanic pipe on Elovy Island in Kandalaksha Bay
(Fig. 6f) (Koreshkova et al., 2001). The studies of the
REE distribution pattern in the minerals of the Lap-
land belt show that garnet, clinopyroxene, and amphi-
bole have high REE abundances and the negative Eu
anomaly (sample 81.1), even if bulk rock, for instance,
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metaanorthosite, has positive Eu anomaly (for instance,
metaanorthosite) (sample 70.1). Note that garnets
from metaanorthosite and garnet amphibolite have
similar REE distribution pattern and the negative Eu
anomaly (Fig. 6¢), although replaced P! is character-
ized by the positive Eu anomaly. Thus, the olivine-
bearing varieties and their minerals have anomalous
REE distribution pattern possibly inherited from com-
positionally peculiar protoliths or caused by the influ-
ence of mantle-derived reduced fluids.

DISCUSSION

Garnet (pyrope 29.5 mol %, grossular 22.4 mol %)—
clinopyroxene inclusion (jadeite 36.9 mol %) pair
found in the studied rocks may be regarded as assem-
blage of the early stage of eclogitization of a magmatic
protolith. In sample 88.1, one grain similar in compo-
sition to omphacite reveals a prograde zoning
(30.5 mol % jadeite in rim and 19.4 mol % in core).
There are garnet grains with 40—44 mol % pyrope,
30—35 mol % grossular, and the lowered content of

GEOCHEMISTRY INTERNATIONAL

almandine and spessartine. P/ (An 34%) from sample
13.3 contains two omphacite grains (jadeite 33.7 and
36.1 mol %) with prograde zoning and several Grt
grains, one of which is enriched in grossular and
pyrope components but depleted in almandine and
spessartine. This Cpx— Grt assemblage is also related to
the early metamorphic stage, when interaction
between olivine and labradorite with participation of
diopside resulted in the formation of omphacite and
garnet. The characteristic feature of the studied rocks
is the coexistence of high-jadeite Cpx and low-pyrope
Grt or, vice versa, relatively low-jadeite Cpx and high-
pyrope Grt. Most of Grt grains show weak reverse zon-
ing. Several grains are homogenous and only one grain
shows normal zoning and possibly represents a relict
mineral. Reverse zoning of Grt indicates that it was
formed during retrograde metamorphism, while weak
zoning or even its absence are indicative of insignifi-
cant change in fluid composition. The position of Grt
data points in the diagram (Fig. 5b) shows that the
rocks during ascent suffered eclogite- to amphibolites-
2016
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facies metamorphism. Thus, the considered rocks are
retrograde altered eclogites.

Orthopyroxene experienced multiple metamorphic
transformations, which follows from the variable con-
tent of alumina (1.2—4.2%) and its symplectitic inter-
growths with Cpx and Pl Opx in symplectites has ele-
vated FeO and MnO contents, which correspond to
relatively low P—T conditions. There are also single
grains of relict magmatic Opx with low content of
Al O; (less than 1.5 wt %) and high (up to 2 wt %)
Cr,0;. Some minerals in the olivine-bearing rocks are
characterized by the elevated contents of Al,O;,
whereas Opx shows an opposite trend. The Al,O; con-
tent is usually no more than 4.2%, whereas hyperst-
hene in the mafic granulites from the Lapland Belt
contains 5—7%_sometimes up to 11% Al,O; (Krylova,
1983). The Al,O; content in hypersthene shows a pos-
itive correlation with pressure, increase of which up to
10—11 kb facilitates Al,O5 solubility in the mineral.
Further increase of pressure causes an opposite effect
(Drugova et al., 1972). The Al,O; content also
decreases with increasing temperature. An increase of
pressure and temperature leads to the change of coor-
dination Aly;/Al;y ratio, which makes aluminum more
mobile and causes its removal from hypersthene
(Mysen and Boettcher, 1975). Thus, we may suggest
that the low Al,O; in Opx may indicate its formation at
pressure more than 11 kb.

Of special interest is olivine. There are grins with
higher and lower Fe contents. The latters are usually
observed as inclusions in Cpx and Opx. Olivine is usu-
ally magmatic in origin, although there are examples
of its secondary formation (Peltonen, 1990). The
characteristic feature of metamorphic olivine is its
high Fe mole fraction (25—40%), which is not typical
of olivine from ultramafic—mafic magmatic rocks
(Smol’kin et al., 2000). No signs of olivine develop-
ment after other minerals are observed in the studied
polished thin sections. In contrast, the occurrence of
fine olivine crystals as inclusions in Cpx and Opx may
indicate its early origin. These inclusions have the
lower Fe mole fraction, contain 0.06—0.14 wt % CaO,
and possibly represent relicts of magmatic rock. High-
Fe olivine is devoid of CaO. In one sample, olivine is
in contact with Grt containing 50% pyrope molecule
and bears traces of deformations, as other minerals.
All presented data suggest that the olivine may be con-
sidered as relict magmatic mineral. Why is olivine pre-
served during retrograde processes? The studies by
(Bazylev et al., 2003) showed that olivine is more sta-
ble than ortho- and clinopyroxenes during high-tem-
perature and retrograde metamorphism.

The studied olivine-bearing rocks may be com-
pared to veined rocks of the Main Range anorthosite
massif, which are known as harrisites (Chistyakov and
Kudryashova, 2010). The Main Range Massif is cor-
related with the anorthosite massifs of the Lapland
Belt: Kandalaksha, Kolvitsa, and Sal’nye Tundras
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(Priyatkina and Sharkov, 1979). Howeyver, it differs in
the presence of garnet and olivine—plagioclase rocks
(troctolites). Olivine in troctolites has magmatic com-
position (Foys_gy) (Sharkov and Chistyakov, 2012).
But olivine in the harrisites—lenticular small intrusive
bodies made up of the troctolite—gabbronorite
series—has essentially different composition (F0;,_4g),
which is close to olivine from the studied rocks. Har-
risites are characterized by complex morphology and
oriented subparallelly to the layering of host anortho-
sites. They are characterized by the low contents of
TiO,, Cr, Ni, Co, and REE with positive Eu anomaly.
Thus, the olivine-bearing rocks of the Kandalaksha
massif are texturally and geochemically similar to
harrisites representing the late derivatives of the
Main Range intrusion. Therefore, not only the Kan-
dalaksha anorthosite intrusion, but also minor bod-
ies of the olivine-bearing rocks may be derivatives of
the Sumian plume.

Geochronological and petrological data obtained
by many researchers indicate that the granulite meta-
morphism in the Lapland Belt started immediately
after magmatic crystallization of the gabbroanortho-
site intrusions and caused their metamorphism at peak
parameters of P = 13—14 kb and 7'— 900°C (Fonarev,
2004). Peak metamorphic parameters of 7—900°C
and P—16.5 kb for the olivine-bearing varieties of the
Kandalaksha massif are higher in pressure than those
determined for the Kandalaksha—Kolvitsa fragment
and the entire Lapland belt and correspond to the
eclogite facies conditions. Similar situation is typical
of the Belomorian belt, where 2.45 Ga-old gab-
bronorite dikes cutting across the amphibolite-facies
rocks contain eclogite assemblages (Travin and
Kozlova, 2005). The reasons for the selective eclogiti-
zation remain controversial but facts indicate the lead-
ing role of deformation and related fluid flows during
formation of these rocks (Aranovich and Kozlovskii,
2009). The magmatic protoliths of the olivine-bearing
rocks were emplaced at the deeper seated levels than
the Belomorian dikes. For this reason, the studied
rocks have no cross-cutting relations, but the degree of
their metamorphism is higher (16.5 kb and 900°C)
(Fonarev et al., 2007; Skublov and Terekhov, 2009) than
surrounding framework (12—14 kb and up to 900°C)
(Fonareyv, 2004).

In addition to the high aluminum content in rock-
forming minerals, the olivine-bearing rocks contain
corundum, spinel, and sapphirine. Spinel and sap-
phirine occur in symplectites, whereas corundum
form well-shaped prismatic crystals, some of them are
very thin and may be termed acicular or filamentary.
Such comparison is intensified by the presence of axial
zone in corundum from sample 33.3 (Fig. 3f). It is
known that the grown filamentary crystals often have
axial channel. The studies of filamentary crystals, in
particular, corundum, show that such morphologies
are generated from a gas phase (Berezhkova, 1969).
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This indicates a fluid influx of alumina, which is also
supported by enrichment in Al,O; (up to 14 wt %) of
Cpx in symplectites with Grt, where lowered Al,O,
should be expected. Many amphibole grains contain
up to 19% Al,O;. This indicates the contribution of
alumina-rich fluid at different stages of regression.
The activity of alumina-rich fluid flows in this region
is also supported by the presence of high-alumina
metasomatites in the Earth’s crust sequence initially
localized above the Kandalaksha Massif. These are
cordierite—sillimanite, kyanite, fuchsite—garnet, and
miaceous rocks (Terekhov, 2007).

One of the geochemical characteristics of the
Earth’s crust composition is the presence of the nega-
tive Eu anomaly. With allowance for the fact that the
total crust has no Eu anomaly, some researchers sug-
gest the presence of the positive Eu anomaly in the
lower crust (Taylor and McLennan, 1985). It is related
to the presence of residues remained after extraction of
granites that formed upper crust. However, most of
the known granulites have no positive Eu anomaly.
The maximum positive Eu anomalies were found in
felsic granulites, which is inconsistent with the model
of granite extraction (Rudnic, 1992). Therefore, the
finds of rocks with complementary positive Eu anom-
aly has remained an urgent problem. Geochemical
feature of the studied olivine-bearing rocks is the pres-
ence of Eu anomaly in their bulk composition, as well
as in garnet and clinopyroxene. It is generally known
that REEs are linked to volatiles (Balashov, 1976). The
appearance of the positive Eu anomaly could be
related to the deep-seated reducing fluids, which
extract from the rock such elements as Ti, Cr, Zr,
REE, and to lesser extent, Eu. Such mechanism of the
formation of the positive Eu anomaly was proposed for
veined felsic rocks (Terekhov and Shcherbakova,
2004). Intense fluid reworking related to the forma-
tion of eclogites leads to the total REE decrease and
the appearance of the positive Eu even in such REE-
enriched mineral as zircon (Kaulina et al., 2010;
Berezin et al., 2013). In the considered rock complex,
the activity of endogenous fluid may be related to the
decompression in the rift zone of the Baltic Shield. In
the present-day position, this zone includes the Pech-
enga—Imandra—Varzuga and Karelian trough belts,
which in the Paleoproterozoic were localized above
the granulite metamorphic zone (rift pillow) (Terek-
hov, 2007).

Minor bodies of the olivine-bearing rocks in the
Kandalaksha structure could be “echo” of the deeper
seated and larger scaled phenomena, and their study
provides insight into petrogenetic processes at the lith-
osphere base. Similar rocks presumably compose the
root parts of young rift systems, while their volumes
should be more, thus increasing their role in the pet-
rochemical differentiation of the Earth’s crust. Using
the studied olivine-bearing rocks as an example, we
may suggest that significant upper mantle volumes

GEOCHEMISTRY INTERNATIONAL

TEREKHOV et al.

made up of the olivine—pyroxene—garnet rocks,
piclogites (after Anderson, 1989), could be formed not
only during underplating and emplacement of deep-
seated magmas, but also under the effect of fluid-
assisted metamorphic processes.

CONCLUSIONS

The olivine-bearing garnet—pyroxene rocks stud-
ied for the first time in the Lapland granulite belt for-
mally may be correlated with piclogites. The study of
minerals in these rocks revealed several zoned pro-
grade metamorphosed omphacite grains containing
30—37% jadeite in rims and garnet with 45—50%
pyrope. The presence of relict omphacite and garnet
suggests that the considered rocks are transformed
eclogites.

A wide compositional range of clinopyroxene and
garnet, the presence of their grains with normal,
reverse, and complex zoning, and the absence of the
equally transformed mineral pairs (usually, a combi-
nation of high jadeite and low pyrope, or vice versa),
indicate a repeated change of P— T parameters leading
to the mineral transformations.

Olivine in the considered rocks possibly represents
relict magmatic mineral. Olivine with lower Fe con-
tent is observed as inclusion in the clino- and orthopy-
roxenes and in terms of CaO and Cr contents is close
to magmatic minerals. Varieties with higher Fe con-
tents likely suffered high to moderate-temperature
metamorphism.

According to geochemical features of the studied
rocks and the presence of olivine and coronite tex-
tures, the protoliths of the studied rocks could be
mafic (olivine gabbronorite) and ultramafic rocks
(websterites), which likely are facies analogues of the
gabbroanorthosites of the Lapland Belt.

The olivine-bearing rocks contain corundum, spi-
nel, and sapphirine, as well as have elevated Al,O,
contents in some clinopyroxenes and amphiboles (13—
14 wt % in pyroxene and 17—19 wt % in amphibole).
This indicates that the ascent of the deep-seated rocks
to the surface was assisted by Al-rich fluid. These flu-
ids presumably extracted from rocks some compo-
nents, including REE (besides Eu). The reducing
character of the fluid is confirmed by the presence of
the positive Eu anomaly in the bulk rock composition
and in the constituent rock-forming minerals.

Activation of fluid reworking leading to the forma-
tion of the olivine-bearing rocks, their transformation,
transfer of alumina and its precipitation at different
depths are related to the decompression at the base of
the Paleoproterozoic rift system of Karelides. Similar
processes possibly led to the formation of the deeper
seated olivine-bearing eclogites (piclogites).
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